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Abstract

 

We and others have shown that an increased extracellular
concentration of adenosine mediates the antiinflammatory
effects of methotrexate and sulfasalazine both in vitro and
in vivo, but the mechanism by which these drugs increase
extracellular adenosine remains unclear. The results of the
experiments reported here provide three distinct lines of ev-
idence that adenosine results from the ecto-5

 

9

 

-nucleotidase–
mediated conversion of adenine nucleotides to adenosine.
First, pretreatment of a human microvascular endothelial cell
line (HMEC-1) with methotrexate increases extracellular
adenosine after exposure of the pretreated cells to activated
neutrophils; the ecto-5

 

9

 

-nucleotidase inhibitor 

 

a

 

,

 

b

 

–methylene
adenosine-5

 

9

 

-diphosphate (APCP) abrogates completely the
increase in extracellular adenosine. Second, there is no meth-
otrexate-mediated increase in extracellular adenosine concen-
tration in the supernate of cells deficient in ecto-5

 

9

 

-nucleoti-
dase, but there is a marked increase in extracellular adenosine
concentration in the supernates of these cells after trans-
fection and surface expression of the enzyme. Finally, as we
have shown previously, adenosine mediates the antiinflam-
matory effects of methotrexate and sulfasalazine in the mu-
rine air pouch model of inflammation, and injection of APCP,
the ecto-5

 

9

 

-nucleotidase inhibitor, abrogates completely the in-
crease in adenosine and the decrement in inflammation in this
in vivo model. These results not only show that ecto-5

 

9

 

-nucleo-
tidase activity is a critical mediator of methotrexate- and
sulfasalazine-induced antiinflammatory activity in vitro and
in vivo but also indicate that adenine nucleotides, released
from cells, are the source of extracellular adenosine. (

 

J. Clin.

 

Invest.
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Introduction

 

We have demonstrated previously in both in vitro and in vivo
studies that the antiinflammatory properties of low-dose meth-
otrexate and sulfasalazine are mediated by adenosine, a potent

antiinflammatory autocoid (1–3). Methotrexate and sulfasala-
zine promote adenosine release from a variety of different cell
types and tissues, particularly when the cells or tissues are un-
dergoing a physiologic stress (1, 3). The adenosine released at
inflamed sites interacts with specific receptors on inflamma-
tory cells to diminish inflammation and tissue injury (for a re-
view see reference 4).

The mechanism by which methotrexate and sulfasalazine
promote adenosine release is not well understood. Both meth-
otrexate and sulfasalazine are taken up by cells where they or
their metabolites inhibit 5-aminoimidazole-4-carboxamide ri-
bonucleotide (AICAR)

 

1

 

 transformylase (5–7). The two- to
threefold increase in intracellular (splenocyte) AICAR con-
centration in animals treated with pharmacologically relevant
doses of methotrexate or sulfasalazine is consistent with the
hypothesis that low-dose methotrexate treatment leads to inhi-
bition of AICAR transformylase in vivo (2, 3). Intracellular
AICAR accumulation has been associated with adenosine re-
lease (8–10), although how and whether intracellular AICAR
accumulation promotes adenosine release have not been es-
tablished.

One potential explanation for the effect of AICAR accu-
mulation on adenosine release is that AICAR inhibits AMP
deaminase, thereby increasing intracellular AMP, which may
be dephosphorylated either intracellularly or extracellularly to
adenosine. Alternatively, accumulated AICAR may be de-
phosphorylated to its ribonucleoside, an inhibitor of adenosine
deaminase, an enzyme that irreversibly deaminates adenosine
and deoxyadenosine to inosine and deoxyinosine.

To begin to understand the molecular mechanism by which
methotrexate treatment leads to adenosine release, we tested
the hypothesis that the adenosine released from stressed cells
and tissues after treatment with methotrexate and sulfasala-
zine is derived from the extracellular dephosphorylation of ad-
enine nucleotides rather than the direct release of adenosine.
We report here evidence from both in vitro and in vivo experi-
ments that the methotrexate- and sulfasalazine-mediated in-
crease in extracellular adenosine is accounted for completely
by the extracellular generation of adenosine from adenine nu-
cleotides via the ecto-5

 

9

 

-nucleotidase–catalyzed dephosphory-
lation of AMP.

 

Methods

 

Materials.

 

a

 

,

 

b

 

–Methylene adenosine-5

 

9

 

-diphosphate (APCP) and
carrageenan were obtained from Sigma Chemical Co. (St. Louis,
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MO). All tissue culture media and reagents were purchased from
GIBCO BRL (Gaithersburg, MD). Methotrexate was obtained from
Immunex Corp. (San Juan, Puerto Rico). All other reagents were of
the highest quality obtainable.

 

Isolation of leukocytes.

 

Human neutrophils were isolated from
whole blood after centrifugation through Hypaque-Ficoll gradients,
sedimentation through dextran (6% wt/vol), and hypotonic lysis of
red blood cells. Neutrophils were suspended in Hepes-buffered saline
(HBS) supplemented with Mg

 

2

 

1

 

 and Ca

 

2

 

1

 

 and counted before addition
to confluent human microvascular endothelial cell line 1 (HMEC-1)
monolayers (11).

 

Cell culture.

 

HMEC-1 (obtained from the Centers for Disease
Control and Prevention) was cultured in 96-well plates in 200 

 

m

 

l of
MCDB 131 supplemented with 10% FBS, 3% 200 mM 

 

L

 

-glutamine,
1% penicillin/streptomycin in a 5% CO

 

2

 

 atmosphere at 37

 

8

 

C. Subcon-
fluent (60–70% confluent) monolayers were then washed twice with
fresh medium and incubated for 48 h at 37

 

8

 

C and 5% CO

 

2

 

 atmo-
sphere in fresh medium alone or medium containing methotrexate
(100 nM). Both methotrexate-treated and control HMEC-1 cells
reached confluence under these conditions by the time experiments
with neutrophils were performed.

293T cells, a human renal carcinoma cell line transfected with
large T antigen, deficient for ecto-5

 

9

 

-nucleotidase (CD73 [12]) were
grown to 60–70% confluence (before transfection and treatment with
methotrexate) on 6-well plates in 4 ml DME supplemented with 10%
FCS, 3% 200 mM 

 

L

 

-glutamine, and 1% penicillin/streptomycin at
37

 

8

 

C in a humidified atmosphere of 5% CO

 

2

 

 in air. Monolayers were
then washed, and medium was replaced with either fresh medium
alone or medium containing methotrexate (100 nM). Cells were then
grown to confluence over 48 h. Under these conditions, methotrexate
did not diminish cell proliferation, and the 293T cells grew to conflu-
ence in medium with or without methotrexate.

 

Stimulation of confluent HMEC-1 with PMNs in the presence of
APCP.

 

Monolayers of HMEC-1 cells grown to confluence in 96-well
plates were washed twice with medium. To each well were then
added, sequentially, 50 

 

m

 

l of HBS containing APCP (50 

 

m

 

M) or HBS
alone, 100 

 

m

 

l of HBS containing 1.5 

 

3

 

 10

 

5

 

 PMNs, followed by 50 

 

m

 

l
of either HBS alone or HBS containing the chemotactic peptide

 

N

 

-formyl-methionyl-leucyl-phenylalanine (FMLP, 100 nM). Plates
were then incubated for 2 h (37

 

8

 

C, 5% CO

 

2

 

).

 

Collection of supernatants and pouch exudates for quantitation of
adenosine by HPLC.

 

Aliquots of pouch exudates or cell culture su-
pernates were added to a similar volume of TCA (10% vol/vol) fol-
lowed by extraction of the organic acid with freon/trioctylamine
(77.5/22.5 %, vol/vol). The adenosine concentration of the superna-
tants was determined by reverse-phase HPLC, as we have described
previously (13). Briefly, samples were applied to a 

 

m

 

BondapackC18
column (Waters Corp., Milford, MA) and eluted with a 0–40% linear
gradient (formed over 60 min) of 0.01 M ammonium phosphate (pH
5.5) and methanol, with a 1.5 ml/min flow rate. Adenosine was identi-
fied by retention time and the characteristic ultraviolet ratio of absor-
bance at 250/260, and the concentration was calculated by compari-
son to standards. In some experiments, the adenosine peak was
digested by treatment with adenosine deaminase (0.15 IU/ml, 30 min
at 37

 

8

 

C) to confirm that the peak so identified contains only adeno-
sine (14). Preliminary studies demonstrated that 90% of added aden-
osine is recovered using this technique.

 

Expression vectors and transfection of CD73 into 293T cells.

 

The
p

 

b

 

NT

 

 expression vector was constructed as described and contains a
cDNA for CD73 (15, 16). The empty expression vector, p

 

b

 

neo

 

, which
lacks the CD73 cDNA insert, was used as a negative control (sham
transfection). The expression vectors for p

 

b

 

NT

 

 and p

 

b

 

neo

 

 were trans-
formed into DaH5 

 

Escherichia coli

 

, and positive clones were selected
by ampicillin resistance and restriction enzyme digest. Large scale
plasmid preparations were grown and purified following the instruc-
tions provided in a commercial kit (QIAGEN Inc., Chatsworth, CA).
Medium was removed from subconfluent 293T fibroblasts on 6-well
plates and replaced with 3.7 ml DME containing either methotrexate

(100 nM) or medium alone, supplemented with 10% FCS, 3% 200 mM

 

L

 

-glutamine, and 1% penicillin/streptomycin. After a 4-h incubation
at 37

 

8

 

C in a humidified atmosphere of 5% CO

 

2

 

, cells were transfected
with 300 

 

m

 

l of either a p

 

b

 

NT

 

 or p

 

b

 

neo

 

 plasmid DNA calcium phosphate
solution (5 

 

m

 

g of plasmid per 4 ml of medium) via the calcium phos-
phate precipitation method (17). This medium was removed after a
12–16-h incubation period and replaced with fresh medium or me-
dium in the presence of methotrexate. Cells were incubated for an ad-
ditional 24 h, for a total of 44–48 h of methotrexate treatment (15).

 

Stimulation of 293T fibroblasts with 100 

 

m

 

M hydrogen peroxide,
and collection of supernates for adenosine determination.

 

Transfected
cells were washed twice with HBS and were then treated with 100 

 

m

 

M
H

 

2

 

O

 

2

 

 in Hepes or Hepes alone for 1 h at 37

 

8

 

C and 5% CO

 

2

 

. Superna-
tants were collected for HPLC analysis as described above. Neither
transfection, methotrexate treatment, H

 

2

 

O

 

2

 

, nor their combination
altered cell viability, as determined by release of lactate dehydroge-
nase (LDH), as we have described previously (13).

 

Immunofluorescence.

 

Surface expression of ecto-5

 

9

 

-nucleotidase
(CD73) was determined after immunofluorescent labeling by flow cy-
tometry (FACScan

 

®

 

; Becton Dickinson, Mountain View, CA) using
techniques we have described previously (18). Briefly, cells were
stripped from their substrate after incubation in EDTA (0.01% wt/
vol) in PBS followed by scraping with a rubber policeman. Cells were
washed and then resuspended (2–4 

 

3

 

 10

 

6

 

 in a final volume of 50 

 

m

 

l) in
PBS or PBS containing 25 

 

m

 

g/ml anti-CD73 (1E9 [15]) or FLOPC-21
(a murine mAb directed against an irrelevant antigen). Labeled cells
were then resuspended in 1 ml of PBS/1% sodium azide, washed, and
then labeled by incubation in the presence of purified goat anti–
mouse IgG

 

3

 

 labeled with phycoerythrin (Southern Biotechnology As-
sociates, Inc., Birmingham, AL). Labeling was quantitated by flow
cytometry (FACScan

 

®

 

).

 

Carrageenan-induced inflammation in the murine air pouch.

 

Mice (BALB/c; Taconic Farms Inc., Germantown, NY) were treated
weekly with methotrexate (0.5 mg/kg) or a similar volume of saline
intraperitoneally, followed by induction of inflammation (injection of
1 ml of a suspension of carrageenan, 2% wt/vol) in an air pouch de-
veloped on the back of the mice, as we have described previously (2).
The air pouch exudate was collected, and the number of leukocytes
and adenosine concentration were quantitated, as we have described
(2). In other experiments, the animals received sulfasalazine (100 mg/
kg) or a similar volume of saline daily by gastric gavage during the in-
duction of the air pouch for 3 d. On the third day, inflammation was
induced by injection of carrageenan (3).

 

Statistical analysis.

 

Data were analyzed using a two-tailed Stu-
dent’s 

 

t

 

 test with the statistical package included in EXCEL (Mi-
crosoft, Inc., Redmond, WA).

 

Results

 

To determine whether adenosine is generated extracellularly
from nucleotides or is released from an intracellular store, we
determined the effect of the ecto-5

 

9

 

-nucleotidase inhibitor
APCP (50 

 

m

 

M) on adenosine release from HMEC-1 cells ex-
posed to stimulated neutrophils. We found, as we have re-
ported previously for fibroblasts and human umbilical vein en-
dothelial cells, that stimulated neutrophils promote adenosine
release from methotrexate-treated HMEC-1 (Fig. 1; 

 

P

 

 

 

,

 

 0.01,

 

n

 

 

 

5

 

 6). The ecto-5

 

9

 

-nucleotidase inhibitor APCP did not de-
crease significantly adenosine concentrations in supernates of
control monolayers but abrogated completely the methotrex-
ate-induced adenosine increase in supernates of methotrexate-
treated HMEC-1 cells (

 

P

 

 

 

,

 

 0.01, 

 

n

 

 

 

5

 

 6). These findings are
consistent with the hypothesis that the increased extracellular
adenosine concentration present in supernatants of methotrex-
ate-treated HMEC-1 cells is derived from nucleotides released
into the extracellular space.
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To confirm the hypothesis that adenosine is formed extra-
cellularly by the ecto-5

 

9

 

-nucleotidase–mediated dephosphory-
lation of AMP, we determined the effect of methotrexate on
adenosine release from cells deficient in ecto-5

 

9

 

-nucleotidase
(293T cells [12]). Because these cells adhere poorly to their
substrate after exposure to stimulated neutrophils, a phenome-
non which might reflect significant cellular injury, we studied
the effect of oxidant stress (H

 

2

 

O

 

2

 

, 100 

 

m

 

M), a stress that leaves
the monolayers intact, on adenosine release by 293T cells. Su-
pernatants of 293T cells did not contain detectable adenosine,

whether the cells were resting, treated with methotrexate, ex-
posed to H

 

2

 

O

 

2

 

, or treated with methotrexate followed by H

 

2

 

O

 

2

 

(Table I). After transfection and expression of ecto-5

 

9

 

-nucle-
otidase (optimal expression at 24 h; Fig. 2), adenosine could be
detected only in the supernate of cells pretreated with meth-
otrexate followed by H

 

2

 

O

 

2

 

 treatment, but not in sham-trans-
fected cells (Table I). These studies provide more rigorous
proof of the hypothesis that adenine nucleotide, released in
excess from methotrexate-treated cells, is converted extracel-
lularly to adenosine by the action of ecto-5

 

9

 

-nucleotidase.
Moreover, the strong correlation of the results obtained with
ecto-5

 

9

 

-nucleotidase–deficient cells with the results obtained
using the ecto-5

 

9

 

-nucleotidase inhibitor APCP confirms the se-
lectivity of the inhibitor as far as adenosine production is con-
cerned.

In previous studies, we have demonstrated that methotrex-
ate promotes a marked increase in adenosine release into an
inflammatory exudate, and that the increase of adenosine di-
minishes inflammation (2). To test further the hypothesis that
adenosine is derived from the extracellular dephosphorylation
of AMP by ecto-5

 

9

 

-nucleotidase, we determined the effect of
the ecto-5

 

9

 

-nucleotidase inhibitor APCP on inflammation in
the murine air pouch. As we have reported previously, meth-
otrexate treatment promoted adenosine release (

 

P

 

 

 

,

 

 0.01, 

 

n

 

 

 

5

 

6) and diminished leukocyte accumulation in the murine air
pouch (Fig. 3; 

 

P

 

 

 

, 0.05, n 5 6). Injection of APCP into the in-
flamed air pouch did not affect either adenosine release or leu-
kocyte accumulation in control animals or animals treated with
dexamethasone (data not shown), but abrogated completely
the methotrexate-mediated increase in exudate adenosine
concentration (P , 0.01, n 5 6) and decrease in leukocyte ac-
cumulation (P , 0.05, n 5 6). These results parallel the results
of the in vitro experiments and confirm the hypothesis that
methotrexate treatment leads to increased extracellular aden-
osine concentrations by a mechanism which is dependent
upon the extracellular dephosphorylation of adenine nucle-
otides.

We have demonstrated previously that adenosine also me-
diates the antiinflammatory effects of sulfasalazine in the mu-
rine air pouch model of inflammation (3). Therefore, we deter-

Figure 1. The effect of the ecto-59-nucleotidase inhibitor APCP (50 mM) 
on methotrexate (MTX)-mediated increases in extracellular adeno-
sine. Subconfluent monolayers of the HMEC-1 were incubated with 
medium alone (CTRL) or medium plus methotrexate (0.1 mM) for 
48 h (378C, 5% CO2) until confluent. After washing, the monolayers 
were then exposed to stimulated (FMLP, 100 nM) neutrophils (1.5 3 
105 per well) for 2 h (378C, 5% CO2) before the supernates were col-
lected and adenosine was quantitated, as described. Shown are the re-
sults (6SEM) of six experiments.

Table I. Adenosine Release by 293T Cells: The Effect of 
Methotrexate, H2O2, and Expression of Ecto-59-nucleotidase

Medium
Medium 1

H2O2

Metho-
trexate

Metho-
trexate 1 H2O2

No transfection ND ND ND ND
Sham transfection ND ND ND ND
Transfection and

ND ND ND 6566 nM*
expression of
ecto-59-nucleotidase

293T cells were grown to 60–70% confluence before transfection with
pbneo expression vector alone (sham transfection) or the pbNT vector
containing cDNA for CD73, as described. Cells were then cultured for a
further 44–48 h in the presence or absence of methotrexate (1 mM) be-
fore washing and exposure of the cells to H2O2 (100 mM). After 3 h of
incubation with medium or H2O2, the medium was collected, and the
adenosine content was quantitated by HPLC. In these experiments, all
conditions were performed in triplicate, and the results shown represent
the mean (6SEM) of three different experiments. In parallel experi-
ments, neither methotrexate nor H2O2 treatment increased LDH release
(, 2% release under all conditions) from control, sham-transfected, or
transfected cells. ND, None detected. The lower limit of detection is 5 nM.
*P , 0.001 vs. control, Student’s t test.

Figure 2. 293T cells 
transfected with ecto-59-
nucleotidase express 
the enzyme on their sur-
face. 293T cells trans-
fected with pbNT expres-
sion vector containing 
the coding sequence of 
ecto-59-nucleotidase 
(Transfected) or with 
the expression vector 
alone (Sham Trans-
fected) were harvested 
and labeled for the 
expression of ecto-59-
nucleotidase by immu-
nofluorescence, as 

described. Shown is a single representative cytofluorogram (of six) 
demonstrating surface expression of ecto-59-nucleotidase on 293T 
cells. Labeling of sham-transfected cells did not differ from back-
ground or isotype control–labeled cells.
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mined whether sulfasalazine, which appears to act by the same
mechanism as methotrexate, also increases extracellular adeno-
sine by a mechanism dependent on ecto-59-nucleotidase–medi-
ated dephosphorylation of AMP in the murine air pouch
model. As with methotrexate, inhibition of ecto-59-nucleoti-
dase by APCP reversed completely the sulfasalazine-mediated
increase in exudate adenosine (P , 0.0007, n 5 6) and de-
crease in exudate leukocyte count (P , 0.05, n 5 6; Fig. 4).
These results are consistent with the previous demonstration
that adenosine mediates the antiinflammatory effects of sul-
fasalazine in the murine air pouch model of inflammation, and
confirm our previous demonstration that sulfasalazine and
methotrexate share an antiinflammatory mechanism.

Discussion

We report here three lines of evidence supporting the hypoth-
esis that ecto-59-nucleotidase activity is required for metho-

trexate-mediated increases in extracellular adenosine. First,
the relatively specific inhibitor of ecto-59-nucleotidase, APCP,
blocks completely the methotrexate-mediated increase in ex-
tracellular adenosine in supernates from HMEC-1 exposed
to stimulated neutrophils. Second, cells that do not express
ecto-59-nucleotidase activity do not release adenosine under
any conditions, but after transfection and expression of
ecto-59-nucleotidase on their surface, incubation with H2O2 af-
ter treatment with methotrexate does lead to adenosine re-
lease. Finally, injection of the ecto-59-nucleotidase inhibitor
APCP into the air pouch with the inflammatory stimulus pre-
vents completely the methotrexate- and sulfasalazine-mediated
release of adenosine into the inflammatory exudate, and re-
verses the antiinflammatory effects of methotrexate and sul-
fasalazine. These findings also exclude intracellular adenosine

Figure 3. Injection of the ecto-59-nucleotidase inhibitor APCP (100 mM) 
into an inflamed air pouch reverses the antiinflammatory effects of 
methotrexate and diminishes methotrexate-mediated increase in exu-
date adenosine concentrations. BALB/c mice were treated with four 
weekly intraperitoneal injections of saline (CTRL) or methotrexate 
(MTX, 0.5 mg/kg) before development of the air pouch and induction 
of inflammation by injection of carrageenan. In some animals, the 
carrageenan was suspended in saline containing the ecto-59-nucleo-
tidase inhibitor APCP (100 mM). Shown are the mean (6SEM) num-
ber of leukocytes accumulating in the inflamed air pouches (A) of six 
animals treated as described. Also shown is the mean (6SEM) exu-
date adenosine concentration of the exudates (B) from three of these 
six animals.

Figure 4. Injection of the ecto-59-nucleotidase inhibitor APCP (100 mM) 
into an inflamed air pouch reverses the antiinflammatory effects of 
sulfasalazine and diminishes sulfasalazine-mediated increases in exu-
date adenosine concentrations. BALB/c mice were treated with sa-
line (CTRL) or sulfasalazine (SSA, 100 mg/kg) by oral gavage for 3 d 
during the development of the air pouch. Inflammation was induced 
on the third day by injection of carrageenan, as described. In some 
animals, the carrageenan was suspended in saline containing the 
ecto-59-nucleotidase inhibitor APCP (100 mM). Shown are the mean 
(6SEM) number of leukocytes accumulating in the inflamed air 
pouches (A) of six animals treated as described. Also shown is the 
mean (6SEM) exudate adenosine concentration of the exudates 
from these six animals (B).
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generated as a consequence of adenosine deaminase inhibition
as a source for the enhanced adenosine concentrations in the
supernates of methotrexate-treated cells and the inflammatory
exudates of methotrexate-treated animals.

Previous studies have demonstrated that the low levels of
adenosine found in the supernatant of a variety of different
cell types are derived from adenine nucleotides, but no previ-
ous studies have demonstrated that pharmacologic agents may
enhance this mechanism for increasing extracellular adenosine
concentrations. Thus, Kitakaze and co-workers have reported
that neutrophils release adenosine which is derived primarily
from the ecto-59-nucleotidase–mediated dephosphorylation of
adenine nucleotides (19). Similarly, endothelial cells release
adenine nucleotides, and inhibition of ecto-59-nucleotidase in-
creases adenine nucleotide and decreases adenosine concen-
trations in the supernatant of these cells (20). Both of these ob-
servations depend on the use of an enzyme inhibitor which
may have other effects on adenosine and adenine nucleotide
metabolism as well. Although our studies do not address the
precise metabolic source of extracellular adenine nucleotide
released from normal or stressed cells, our results clearly dem-
onstrate that ecto-59-nucleotidase–mediated conversion of ad-
enine nucleotides is required for methotrexate and sulfasala-
zine to increase adenosine release.

One mechanism by which methotrexate and sulfasalazine
could increase extracellular adenosine is by directly increasing
adenine nucleotide release as a result of cellular injury or ne-
crosis. We found no evidence to indicate that methotrexate,
H2O2, or their combination were toxic to 293T cells (resting or
transfected) or HMEC-1 cells at the concentrations studied
(LDH release). It is more likely that cell necrosis could in-
crease adenine nucleotide release in the inflamed murine air
pouches, although greater necrosis and destruction of pouch
structures are, in fact, observed in the pouches of control than
methotrexate- or sulfasalazine-treated animals. Moreover, there
is a clear inverse correlation between exudate adenosine con-
centration and the number of leukocytes present in the tissue
or the exudate of the air pouches (2, 3).

A second mechanism by which methotrexate and sulfasala-
zine could promote adenine nucleotide release is by promoting
exocytosis of adenine nucleotide–containing intracellular vesi-
cles. Both platelets and neurons release adenine nucleotides as
a result of stimulated exocytosis, although none of the cells
studied here have been shown previously to contain or release
intracellular granules containing adenine nucleotides.

Another more likely explanation for the methotrexate- and
sulfasalazine-mediated increase in extracellular adenosine is
that methotrexate and sulfasalazine modulate purine nucle-
otide metabolism, and thereby promote the release of adenine
nucleotides from the cells studied. Prior studies have demon-
strated that human neutrophils release adenosine without exo-
cytosis (13, 19, 21), and the apparent quantity of adenosine re-
leased is proportional to the “energy charge” of the cells (21).
Madara and colleagues have demonstrated subsequently that
neutrophils directly release AMP (22), which may be con-
verted to adenosine by the action of ecto-59-nucleotidase ex-
pressed on gut epithelial cells (19). Since methotrexate and
sulfasalazine increase adenosine release from HMEC-1 and
293T cells only in the presence of a noxious stimulus (stimu-
lated neutrophils or H2O2), it is most likely that methotrexate-
induced adenine nucleotide (and thus, adenosine) release is
enhanced only under conditions in which the energy charge of

the treated cells or tissues is lowered, as occurs in inflamma-
tion. Whatever the metabolic steps involved, the mechanism
by which adenine nucleotide accumulates extracellularly is not
known. Although it is most likely that adenine nucleotide dif-
fuses or is transported across the plasma membrane, the pro-
cess by which this occurs remains a matter of speculation.

It is also possible that the methotrexate- and sulfasalazine-
mediated increase in extracellular adenosine is due to block-
ade of adenosine uptake or use in the presence of a constant
rate of release of adenine nucleotides. Thus, Deussen et al.
(20) have reported that macrovascular endothelial cells release
adenine nucleotide at a constant rate, and that the adenine nu-
cleotide is converted extracellularly to adenosine under resting
conditions. Moreover, maneuvers which enhanced adenine nu-
cleotide release from endothelial cells or diminished adenosine
use by these cells increased extracellular adenosine concentra-
tions; a greater effect on extracellular adenosine production
was observed when adenosine use was inhibited (20). How-
ever, it is unlikely that methotrexate is acting as a direct inhibi-
tor of adenosine uptake, since methotrexate treatment in-
creases extracellular adenosine but decreases extracellular
hypoxanthine and inosine (1), a finding inconsistent with the
hypothesis that purine uptake is diminished, since inosine and
adenosine share a transporter. In contrast, diminished adeno-
sine use in the presence of constant adenine nucleotide release
may lead to increased extracellular adenosine concentrations,
an increase which is marked at inflamed sites (23). As we have
demonstrated previously, AICAR accumulates intracellularly
after both methotrexate and sulfasalazine treatment (2, 3), and
AICAR undergoes a cycle of dephosphorylation and adeno-
sine kinase–dependent rephosphorylation similar to AMP (24).
Although increased AICAR dephosphorylation–rephosphory-
lation has not previously been associated with cellular stress,
the increased intracellular AICAR concentration present after
methotrexate or sulfasalazine treatment may lead to competi-
tion with adenosine for adenosine kinase–dependent phosphor-
ylation, and thereby diminish adenosine use. Others have re-
ported that adenosine kinase activity is diminished under
conditions of hypoxia, a phenomenon which contributes to in-
creased adenosine release (25). Thus, although the effect of in-
flammation (or H2O2) on adenosine kinase activity has not
been tested, it is possible that diminished adenosine use by ad-
enosine kinase in the presence of modest increases in cellular
AICAR concentration leads to a marked increase in extracel-
lular adenosine concentration.

Both methotrexate and sulfasalazine, commonly used and
effective antiinflammatory agents, diminish inflammation by
promoting an increase in extracellular adenosine concentra-
tion. Our results indicate that the capacity of these antiinflam-
matory agents to promote an increase in extracellular adeno-
sine concentration is completely dependent on the extracellular
conversion of adenine nucleotides to adenosine. These obser-
vations suggest further that other agents that promote release
of adenine nucleotides may prove to be effective for the treat-
ment of such inflammatory diseases as rheumatoid arthritis.
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