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The anti-inflammatory actions of methotrexate are critically

dependent upon the production of reactive oxygen species
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1 The mechanism of action by which methotrexate (MTX) exerts its anti-inflammatory and
immunosuppressive effects remains unclear. The aim of this study is to investigate the hypothesis
that MTX exerts these effects via the production of reactive oxygen species (ROS).

2 Addition of MTX (100 nM—10 uM) to U937 monocytes induced a time and dose dependent
increase in cytosolic peroxide [peroxide].y, from 6—16 h. MTX also caused corresponding monocyte
growth arrest, which was inhibited (P <0.05) by pre-treatment with N-acetylcysteine (NAC; 10 mM)
or glutathione (GSH; 10 mM). In contrast, MTX induction of [peroxide].y, in Jurkat T cells was
more rapid (4 h; P<0.05), but was associated with significant apoptosis at 16 h at all doses tested
(P<0.05) and was significantly inhibited by NAC or GSH (P <0.05).

3 MTX treatment of monocytes (10 nM—10 uM) for 16 h significantly reduced total GSH levels
(P<0.05) independently of dose (P>0.05). However, in T-cells, GSH levels were significantly
elevated following 30 nM MTX treatment (P <0.05) but reduced by doses exceeding 1 uM compared
to controls (P <0.05).

4 MTX treatment significantly reduced monocyte adhesion to 5h and 24 h LPS (1 ug ml~")
activated human umbilical vein endothelial cells (HUVEC; P<0.05) but not to resting HUVEC.
Pre-treatment with GSH prevented MTX-induced reduction in adhesion.

5 In conclusion, ROS generation by MTX is important for cytostasis in monocytes and
cytotoxicity T-cells. Furthermore, MTX caused a reduction in monocyte adhesion to endothelial
cells, where the mechanism of MTX action requires the production of ROS. Therefore its clinical

efficacy can be attributed to multiple targets.
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Introduction

The folate antagonist methotrexate (MTX) is a potent
cytotoxic agent, initially developed for the treatment of
malignancies (Farber er al., 1956) and is presently used in
non-neoplastic diseases as an anti-inflammatory agent and
immunosuppressant. MTX is the most widely used drug in
the second line treatment of rheumatoid arthritis (RA) as one
of the few disease modifying antirheumatic agents available.
It has a well-documented efficacy relative to toxicity profile,
however, its ability to reduce radiological progression is
uncertain (Rau et al., 1997).

The immunosuppressive activities of MTX have been
studied in the context of cell proliferation, and recruitment.
Paillot et al. (1998) and Genestier et al. (1998a) describe the
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induction of activation dependent T-cell apoptosis by low
dose MTX in vitro. This is supported by da Silva et al.
(1996), who examined the cytotoxicity of several chemother-
apeutic drugs and observed chromatin condensation,
membrane blebbing and nuclear fragmentation, typical of
apoptosis in Jurkat T cells. However, MTX inhibits growth
and induces terminal differentiation of keratinocytes,
indicating a cell-type specific response (Schwartz et al.,
1995).

MTX mediated modulation of cytokine secretion, particu-
larly IL-1p, IL-6 and TNFa«, and cyclo-oxygenase and
lipoxygenase activities have been widely investigated, however
there is no consistent effect observed either in vitro or in vivo
(Andersson et al., 2000; Bondeson & Sundler, 1995; Hawkes
et al., 1993; 1994; Hu et al., 1998; Sperling et al., 1992;
Williams et al., 1999).
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Recent advances in the molecular studies of inflammation
suggest that cell—cell interactions by specific adhesion
molecules could be important targets for immunosuppression,
where down-regulation of both CD18 on mononuclear cells
and ICAM-1 on endothelial cells has been described
following treatment with MTX during cardiac allograft
transplantation in rats (Ciesielski ez al., 1998a, b).

The cytotoxic actions of MTX have been attributed to its
inhibition of RNA, DNA and protein synthesis, and release
of adenosine. It is thought that the cytotoxicity of MTX is
dependent on its property as a powerful antimetabolite for
folate, competitively inhibiting dihydrofolate reductase
(DHFR), preventing regeneration of tetrahydrafolate (FH4)
from dihydrofolate (FH2) and thereby inhibiting de novo
purine and pyrimidine synthesis (Budzik et al., 2000; as
reviewed in Allison (2000)). However, the anti-inflammatory
actions are unlikely to arise from this property, as
supplementation with folate in RA patients on MTX to
attenuate toxicity does not compromise its clinical efficacy
(Morgan et al., 1994). Furthermore, the dosing regimen for
RA is in the order of three orders of magnitude lower than
for oncological disease (Coombe et al., 1995; Hamilton &
Kremer, 1995; Oguey et al., 1992). Fairbanks et al. (1999)
described that in activated peripheral blood lymphocytes
(PBL), the immunosuppressant properties of MTX resulting
cytostasis were due to the inhibition of the enzyme
amidophosphoribosyl transferase leading to elevated PP-
ribose-P and stimulating UTP synthesis but not via the
inhibition of the two folate dependent enzymes.

Conflicting evidence surrounds the effects of MTX on
blockade of 5-amino-imadizole carboxamide ribonucleotide
(AICAR) transformylase. Intracellular MTX is converted to
the polyglutamated forms, potent inhibitors of AICAR
transformylase leading to an increase in extracellular
adenosine (Baggott er al., 1993; Bannwarth et al., 1994).
Adenosine has been reported to be a potent endogenous anti-
inflammatory purine nucleotide that inhibits superoxide
generation (Cronstein et al., 1985; Roberts et al., 1985),
induces apoptosis in activated PBL (Genestier et al., 1998a),
neutrophil mediated damage to the endothelium and
leukocyte accumulation in the inflamed hamster air pouch
model (Cronstein et al., 1993). In contrast, more recent work
has shown that AICAR transformylase inhibition by
polyglutamated forms of MTX in human T-cells, causes a
dose-dependent reduction in adenosine and guanosine pools
(Budzik et al., 2000). Further, the contribution of adenosine
production in the cytotoxic action of MTX in human or
murine activated T-cells has been described as minimal
(Genestier et al., 1998a; Paillot et al., 1998).

Few redox-altering properties of MTX have been de-
scribed. MTX treatment of peripheral blood neutrophils
(PBN) induces a dose dependent increase in peroxide levels
(Gressier et al., 1994) and is associated with a loss in the
cellular and mitochondrial levels of the anti-oxidant
glutathione (Babiak et al., 1998; Neuman et al., 1999).
Therefore, we propose that generation of ROS is an
important mechanism in the immunosuppressive effects of
MTX. To address this hypothesis, we have investigated the
effects of MTX on monocyte and T cell intracellular redox
status, cell cycle distribution and adhesion of monocytes to
endothelial cells. We show for the first time, that reactive
oxygen species (ROS) are generated by MTX mediating

functional changes in leukocytes, where scavengers of ROS
are effective inhibitors of MTX induced cell cycle arrest,
apoptosis and changes in monocyte-endothelial adhesion.

Methods
Materials

All reagents were obtained from Sigma Chemical Com-
pany (Poole, U.K.) and solvents from Fisher (Loughbor-
ough, UK.) unless otherwise stated. RPMI 1640, foetal
bovine serum and penicillin (1000 U ml~")/streptomycin
(10,000 ug ml~") were purchased from GibcoBRL (Paisley,

U.K.). Isotype negative controls and monoclonal anti-
bodies (MoAb) conjugated to phycoerythrin (PE) or
fluorescein isothiocyanate (FITC) were from Diaclone

Research, (Besangon Cedex, France).

2',7" dichlorodihydrofluorescein diacetate (DCFH-DA) was
dissolved in dimethyl sulphoxide (DMSO) to a stock solution
of 75 mM. Subsequent dilutions were made with DMSO and
serum free RPMI 1640. In the final ROS assay, the final
concentration of DMSO employed did not exceed 0.1%.

Cell culture and stimulation

The acute human T-cell leukaemia cell line Jurkat T-cells and
the human monocytic cell line U937 were maintained in
RPMI 1640 media, supplemented with 10% heat inactivated
foetal calf serum and 1% (of stock) penicillin/streptomycin.
The number of viable cells was determined by Trypan blue
exclusion using an improved Neubauer haemocytometer
(Weber Scientific International Ltd., Teddington, U.K.).
Viable cells at a concentration of 2x 10° ml~' were serum
starved for 4 h in the presence or absence of 10 mMm
glutathione (GSH) or N-acetylcysteine (NAC) in the
described incubator conditions prior to MTX treatment.
Where indicated, cells were treated with MTX for the times
and concentrations noted. All incubations were performed at
37°C in a humidified 5% CO,/95% air incubator. Individual
additions to cell suspensions did not exceed 1% of the total
volume and were dispersed with gentle mixing by pipette.
Control experiments were conducted under identical condi-
tions as tests, employing vehicle treatment.

Primary T cell purification

PWB was diluted with PBS (0.1% BSA; 1:3) and 30 ml were
layered onto 15 ml of Lymphoprep (Nycomed) and centri-
fuged (157 x g 20 min, Heraeus Instruments) at 20°C. Plasma
(5 ml) was taken off to remove platelets and tubes were
further centrifuged at 381 x g for 20 min. Mononuclear cells
at the plasma Lymphoprep interface were transferred to fresh
15 ml tubes, diluted 1:3 with ice cold PBS (0.1% BSA) and
centrifuged for 8 min 235 x g at 2°C. Cells were washed and
resuspended twice in ice cold PBS (0.1% BSA) at 235xg
(8 min, 2°C). Mononuclear cells (MNC) were counted using a
haemocytometer (Neubauer). T cells were isolated using the
T cell negative isolation kit (Dynal), as previously described.
Purity levels assessed as CD3 positivity, using flow cytometry.
Only isolated CD3+ve monocytes of >90% purity were
used for MTX treatment, analysis of intracellular peroxide
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and apoptosis determination. Primary T cell activation was
achieved through culture in RPMI 1640 media, supplemented
with 10% heat inactivated foetal calf serum and 1% (of
stock) penicillin/streptomycin in the presence of PHA
(2 ug ml~") for 3 days, where activation was confirmed by
CD25 expression.

Flow cytometric DNA cell cycle analysis

Cell stimulation was discontinued by removing 1 ml of
treated cell suspension, centrifuging at 1000 x g for 5 min
and washing twice with 1 ml of ice cold phosphate buffered
saline (PBS; 0.137 M NaCl, 0.0027 m KCI, 0.01 M Na,HPO,,
0.002 M KH,PO,4). PBS washed cells were centrifuged at
1000 x g for 5 min, the supernatant removed and the resulting
cell pellet re-suspended in 1 ml hypotonic fluorochrome
solution (50 ug ml~' propidium iodide in 0.1% sodium
citrate and 0.1% Triton X-100). Samples were incubated in
the dark at 4°C for up to 24 h until flow cytometric analysis
(Nicolletti et al., 1991).

Propidium iodide (PI) fluorescence of individual nuclei was
measured using an EPICS® XL-MCL flow cytometer (Beck-
man-Coulter, Miami, U.S.A.) equipped with a 488 nm air-
cooled Argon laser. Forward scatter (FS) and side scatter
(SS) of the nuclei were simultaneously measured in addition
to linear and log red fluorescence (FL3, bandwidth 605 nm—
635 nm). Clumps of nuclei were eliminated by appropriate
gating. For each analysis, 20,000 events were recorded on the
gated FL3 detector. The percentage of apoptotic nuclei was
determined by quantifying the number of hypoploid (sub-
diploid) nuclei. Values were then expressed a percentage of
specific apoptosis according to the formula specific apopto-
sis=(T—C)/(100—c) x 100, where T equals the percentage of
apoptotic events from treated cells, and C equals the
percentage of apoptotic events from control cells (Genestier
et al., 1998b). The percentage of nuclei in the GO/G1 phase of
the cell cycle was quantified using Multi-Cycle for Windows
(Phoenix Flow Systems, San Diego, U.S.A.).

Flow cytometric assay for cytosolic peroxide production

For measurement of cytosolic peroxide ([peroxide].,,) by flow
cytometry, the procedure was adapted from Bass et al.
(1983). Briefly, 50 um of DCFH-DA was added to cell
suspensions 40 min before the termination of the MTX
treatment period. DCFH-DA rapidly diffuses into the cytosol
of cells where it is hydrolysed to the non-fluorescent,
oxidation sensitive DCFH. In the presence of [peroxide]cy,
DCFH is rapidly oxidized to the non-diffusible, fluorescent
DCF. Immediately following agent/DCFH-DA incubation,
the log FL1 fluorescence (green light, band width 505—
545 nm) of viable cells, determined by their FS and SS
properties were analysed by flow cytometry and the median
(MdX) values noted. Ten thousand cells were examined from
each sample on the log FL1 detector. ADCF represents the
difference in MdX fluorescence of MTX treated samples from
vehicle treated controls.

Determination of cellular glutathione

This was done according to the recycling assay of Tietze
(1969) as modified by Anderson (1985). Briefly, at the end of

each treatment period, samples were washed with ice cold
PBS by centrifugation at 2300 r.p.m. for 5 min. An aliquot
was removed for protein determination and then cells were
resuspended in 3.33% S-sulphosalicyclic acid dihydrate,
vortexed vigorously and centrifuged at 13,000 r.p.m. to
precipitate interfering proteins. Supernatant (25 ul) was
added to 50 ul 5,5'-dithio-bis (2-nitrobenzoic acid; DTNB;
6 mM), and 150 ul NADPH (0.3 mg ml™") in triplicate, and
incubated at 37°C for 3 min, prior to addition of 25 ul
glutathione reductase (GSR; 20 U ml~"). The plate was
immediately read at 420 nM and then read again at +1
and +5 min to determine DTNB reduction. Test sample
values were calibrated against a standard curve of glutathione
from 0—60 nmoles, and expressed per milligram of cellular
protein.

Protein determination

Protein concentration was determined in quadruplicate using
the BCA assay based on the method of Smith ez al. (1989),
using bovine serum albumin (BSA) as standards to calculate
unknowns.

Flow cytometry of cell surface antigens

Monocytes were analysed for CD11a, CDI11b, CDI8, CD?29,
CD31 and CD49D expression by flow cytometry following
MTX treatment (Beckman Coulter) using appropriate two-
way colour compensation with relevant isotype negative
controls for each sample. Following treatment, monocytes
were washed twice in ice cold PBS, incubated with
appropriate combinations MoAb conjugated to PE or FITC
at greater than 10 ul/10° cells for 30 min in the dark. Optilyse
(Beckman Coulter; 250 ul) was added to fix the samples,
mixed and incubated at RT in the dark for 10 min. Each
sample was diluted 1:1 with Isoton (Beckman Coulter),
vortexed and analysed on a single parameter histogram of
linear fluorescence against event count.

Adhesion assay

Human Umbilical Endothelial Cells (HUVEC) were obtained
from umbilical cords by digestion with collagenase and
cultured in Endothelial Growth Medium (EGM; BioWhit-
taker) as described previously (Jaffe er al., 1973). Ethical
approval was granted from the Birmingham Woman’s
Hospital, Edgbaston, Birmingham, U.K. HUVEC were
grown to confluence within 24 well plates up to passage 3
in EGM media and were used 24 h after confluence. HUVEC
were washed and lipopolysaccharide (LPS; 1 ug ml~') added
for 0, 5 or 24 h. Each well was then washed twice with 1 ml
of M199 medium before addition of monocytes. Monocytes
were resuspended to 5x 10° cells ml~" and labelled with 2'-
7'-bis - 2 - carboxy-5-(6)-carboxyfluorescein-acetoxymethylester
(BCECF-AM; 10 ug ml~") for 30 min in the dark. To
investigate the potential role of chemokine signalling,
blockade of GO/G1 was achieved by co-incubation with
pertussis toxin (500 ng ml~'). Dye loading was quenched by
adding 10 ml of PBS (0.1% BSA) and centrifugation at
235x g for 8 min, followed by washing. For the adhesion
assay, MTX treated monocytes (0.25x 10°) and controls in
M199 were added to each well of HUVEC and incubated for
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30 min at 37°C. Non-attached monocytes were removed by
inverted centrifugation at 300 r.p.m. for 5 min (Weber et al.,
1996). Adhered cells were lysed with 1 ml of lysis buffer
(0.1% Triton X; 0.1 M Tris, pH 8.8) for 30 min in the dark at
RT. Fluorescence was analysed on a dual scanning spectro-
fluorimeter (Ex 485 nm and Em 535 nm; Spectramax
GeminiXS, Molecular Devices, Sunnyvale, U.S.A.) utilizing
the cut out filter at 520 nm. The number of monocytes
adhered to HUVEC calibrated against a standard curve of
vehicle treated U937 monocytes, dye loaded with BCECF-
AM and fluorescence analysed as described.

Statistical analysis was performed by one-way ANOVA
followed by Tukey’s or Dunnett’s post hoc test analysis, or
Student’s r-test. A P<0.05 or P<0.01 was considered to be
significant.

Results

Exposure of the human monocytic cell line U937 to MTX
from 100 nm—10 uM induced an accumulation of nuclei in
the GO/G1 phase of the cell cycle when compared to vehicle
treated controls in a time and dose dependent manner. This
was first evident following 6 h treatment of U937s with
100 nM MTX (P<0.05; Figure 1), where 60% of nucleoids
were in G0/G1 compared with control values of 52%, and
was enhanced after 16 h incubation with MTX (P<0.01;
Figure 1) from 52% in controls to 67% in 100 nMm MTX
treated cells. After 16 h MTX treatment, the percentage
nucleoids in GO/G1 was not significantly different at any of
the doses tested (Figure 1). Pre-incubation with NAC or
GSH prior to treatment with MTX caused significant
abrogation of nucleoid accumulation in GO0/G1 at all
concentration of MTX examined 100 nM—10 uMm, following
16 h treatment (P<0.01; Figure 2). Flow cytometric
evaluations of the uptake of the cell-impermeable dye PI
showed no difference between vehicle control treated cells and
those treated with MTX at all concentrations analysed
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Figure 1 Methotrexate induces growth arrest in U937 monocytes.
U937 monocytes (2 x 10° ml~') were serum starved for 4 h in RPMI
1640 prior to the addition of 0—100 uM methotrexate for 2, 6 or
16 h. Incubations were terminated by washing the cells twice with ice
cold PBS. Cell pellets were resuspended in 1 ml of hypotonic
fluorochrome solution and incubated in the dark at 4°C overnight
prior to DNA cell cycle analysis by flow cytometry as described in
Methods. The percentage GO/G1 DNA content of 20,000 nucleoids
from each sample was analysed using MultiCycle™ for Windows
(Phoenix Flow Systems, San Diego, U.S.A.). The data is expressed as
the mean+s.e.mean of at least four individual experiments, where
*(P<0.05) and **(P<0.01) were considered significantly different
from control samples by one-way ANOVA followed by Tukey’s post
hoc test. NS, no significant difference.

(10 nM—100 uM; P>0.05) indicating that U937 monocyte
viability was not compromised by MTX (data not shown).
Unlike the effects observed in monocytes, the exposure of
Jurkat T-cells to MTX induced a time and dose dependent
elevation in the percentage of specific apoptosis (Figure 3).
Following 6 h of treatment, no significant apoptosis was
induced by MTX at all concentrations examined, whereas at
16 h, all concentrations of MTX greater than 100 nM induced
significant T cell apoptosis (P>0.05). A maximum apoptotic
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Figure 2 Methotrexate induced growth arrest in U937 monocytes is
inhibited by the anti-oxidants glutathione and N-acetylcysteine. U937
monocytes (2x 10° ml~') were serum starved for 4 h in RMPI 1640
in the presence or absence of 10 mM N-acetylcysteine (NAC) or
10 mMm glutathione (GSH) prior to the addition of 0-100 um
methotrexate for 16 h. Incubations were terminated by washing the
cells twice with ice cold PBS. Cell pellets were resuspended in 1 ml of
hypotonic fluorochrome solution and incubated in the dark at 4°C
overnight prior to DNA cell cycle analysis by flow cytometry as
described in Methods. The percentage GO/G1 DNA content of
20,000 nucleoids from each sample was analysed using MultiCycle™
for Windows (Phoenix Flow Systems, San Diego, U.S.A.). The data
is expressed as the meanzts.e.mean of at least four individual
experiments where **(P<0.01) were considered significantly different
from samples with no pre-treatment by Student’s t-test. NS=no
significant difference by one-way ANOVA followed by Tukey’s post
hoc test.
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Figure 3 Methotrexate mediated induction of apoptosis in Jurkat
T-cells is inhibited by the anti-oxidants glutathione and N-
acetylcysteine. Jurkat T-cells (2x 10° ml~') were serum starved for
4 h prior to the addition of methotrexate (0—1x 10~ m) for 6 or
16 h in the presence or absence of 10 mMm of the anti-oxidants N-
acetylcysteine (NAC) or 10 mMm glutathione (GSH). Incubations were
performed at 37°C in a 95% air, 5% CO, humidified atmosphere and
terminated by washing the cells twice with ice cold PBS. Cell pellets
were resuspended in 1 ml of hypotonic fluorochrome solution and
incubated in the dark at 4°C overnight prior to DNA cell cycle
analysis by flow cytometry. The sub-diploid DNA content of 20,000
nucleoids from each sample was analysed. The data is expressed as
the mean +s.e.mean of at least four individual experiments, expressed
as the percentage specific apoptosis where * represents significant
difference from control samples (P<0.05) by one-way ANOVA
followed by Dunnett’s multiple comparison test and + represents
significant difference of 16 h methotrexate samples pre-treated with
NAC or GSH compared to none pre-treated samples by Student’s ¢-
test (P<0.05).
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response of approximately 35% was observed following 16 h
treatment with 1, 10 and 100 uM MTX. Primary T cells,
activated for 3 days in vitro with PHA (as demonstrated by a
shift in CD25 expression from 2—10% to 30-53%), also
exhibited a lower, but significant apoptotic response to MTX
(1 uM, 16 h); from a mean cell death in control cells of
5.04+0.25% to 19.7+7.16% apoptotic nucleoids (P <0.05).
However, resting T cells were insensitive to MTX, measured
as subdiploid nuclei (6.8+1.9% after 16 h). The apoptotic
cellular response induced by MTX was significantly inhibited
at 16 h by 10 mM NAC or GSH at all MTX doses from
30 nM—10 uM (P<0.05; Figure 3).

During the first 16 h of monocyte and Jurkat T-cell
exposure to MTX, the presence of [peroxide].,, was
monitored by flow cytometry, analysing the fluorescence
emission distribution of cells co-exposed to the peroxide
sensitive dye DCFH-DA (Figure 4a). The MdX of the
DCFH-DA vehicle treated viable T cell population, deter-
mined by forward FS and SS properties, increased after 4 h
between 100 nM and 10 um MTX. ADCF increased as a
function of MTX concentration and incubation period. A
maximum increase in ADCF of Jurkat T-cells of approxi-
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Figure 4 Methotrexate mediated alterations in the cytosolic per-
oxide levels of Jurkat T-cells, primary T cells and U937 monocytes.
Determination of the kinetics for the oxidation of DCFH to DCF.
Jurkat T-cells or primary T cells (a) or U937 monocytes (b;
2x10°ml™") was undertaken in cells which were serum starved in
RMPI 1640 for 4 h prior to the addition of 0—100 uM methotrexate
for 4, 6 or 16 h. Cells were treated with 50 um DCFH-DA as
described in Methods. At the end of the treatment period, cell
samples were analysed immediately for DCF fluorescence by flow
cytometry. The median X (MdX) DCF fluorescence of 10,000 cells
was analysed per sample. ADCF represents the difference in MdX
DCF of methotrexate treated cells from that of vehicle treated cells
for each time point. All incubations were performed at 37°C in a
humidified, 95% air, 5% CO, atmosphere. The data is expressed as
the mean +s.e.mean of four individual experiments where *(P<0.05)
and **(P<0.01) were considered significantly different from control
samples by one-way ANOVA followed by Tukey’s post hoc test
analysis. a.u., arbitrary units; NS, no significant difference.

mately 150 arbitrary units (a.u.) was observed at 16 h
treatment with 1 and 10 um MTX (P<0.01) and was first
significant following 30 nM (P<0.05; Figure 4a). At all
treatment periods examined, 1 and 10 uM induced identical
changes in DCF fluorescence (P>0.05). The [peroxide]y
response of primary T cells to MTX (1 uMm) was of a lower
magnitude than that of Jurkat T cells, indeed a significant
loss of [peroxide]., was observed after 4 h (P<0.01). As with
Jurkat T cells, a significant more than 2 fold elevation in
intracellular peroxide was recorded at 16 h post-treatment
(P<0.05).

No significant increase in ADCF was observed in U937
monocytes until 16 h MTX treatment (30 nM—10 uM;
P<0.05; Figure 4b). This deferred increase in ADCF
corresponds with the appearance of an altered cell cycle
profile MTX treated U937 monocytes (Figure 1). Levels of
[peroxide].,; generation were significantly lower for U937
monocytes compared with Jurkat T cells between treatments
of 100 nM and 10 um MTX (P<0.05).

At low doses (10 nM—100 nM, 6 h) MTX treatment of
Jurkat T-cells did not affect total GSH levels. At supra
10 nM, total cellular GSH levels decreased although this was
not significantly different from controls (P> 0.05; Figure 5a).
After 16 h of Jurkat T-cell treatment, 30 nM of methotrexate
mediated a significant elevation of total GSH levels (P <0.05)
to approximately 115% of control treated cells. On increasing
the concentration of methotrexate, the total GSH levels of
Jurkat T-cells were significant reduced to approximately 60%
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Figure 5 The effect of methotrexate on Jurkat T-cell total cellular
glutathione levels. Jurkat T-cells (2 x 10° ml~!) were serum starved
for 4 h prior to the addition of methotrexate (0—10 um) for 6 h (a)
or 16 h (b). At the end of the treatment period, cells were washed
twice with ice cold PBS. The total glutathione (GSH) content
analysed by spectrophotometric determination of reduced DNTB and
quantified against a standard curve of known GSH concentrations as
described in Methods. Data represents the mean [GSH] per milligram
of cellular protein +s.e.mean of four individual experiments analysed
in quadruplicate. Statistical analysis was performed by one-way
ANOVA followed by Tukey’s post hoc test where *(P<0.05) was
considered significant from vehicle control treatments. NS, no
significant difference.
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of control levels (P<0.05; Figure 5b). After 16 h U937
monocyte treatment, MTX at 10nM and all greater
concentrations induced a reduction in total GSH levels
compared to controls (P<0.05; Figure 6b). No alteration in
the total cellular GSH levels in U937 monocytes was
observed following 6 h MTX treatment (P>0.05; Figure
6a). The degree of GSH loss in U937s after 16 h MTX
exposure was not statistically different for all concentrations
of methotrexate examined (P>0.05; Figure 6b) and was to
approximately 65—70% of that of control levels. The total
cellular GSH concentration of control U937 monocytes
(mean=31.18+1.479 nmoles of GSH mg~' protein, n=06)
was significantly greater than that of Jurkat T-cells
(mean=10.9542.103 nmoles of GSH mg~' protein, n==6;
P<0.01).

The mechanism by which methotrexate modulates inflam-
mation is widely debated, although the immunosuppressive
properties of low dose methotrexate has been postulated to
relate to the induction of apoptosis in activated T-cells.
However, the effects of methotrexate on the activity of
monocytes in the inflammatory responses are unknown.
Considering that a characteristic of several inflammatory
sites is the recruitment and adhesion of monocytes to sites of
inflammation and we have observed that the treatment of
U937 monocytes with methotrexate induced no evidence of
cell death, the effect of methotrexate on the adhesion of
monocytes to endothelial cells was investigated. Methotrexate
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Figure 6 The effect of methotrexate on U937 monocyte total
cellular glutathione levels. U937 monocytes (2x 10°ml™") were
serum starved for 4 h in RPMI 1640 prior to the addition of
methotrexate (0—10 um) for 6 h (a) or 16 h (b). At the end of the
treatment period, cells were washed twice with ice cold PBS. The total
glutathione (GSH) content analysed by spectrophotometric determi-
nation of reduced DNTB and quantified against a standard curve of
known GSH concentrations as described in Methods. Data represents
the mean [GSH] per mg of cellular protein+s.e.mean of four
individual experiments analysed in quadruplicate. Statistical analysis
was performed by one-way ANOVA followed by Tukey’s post hoc
test where * (P<0.05) and ** (P<0.01) represents significant
difference from control samples. NS, no significant difference.

treatment of U937 monocytes with 30 nM and 1.0 M did not
affect their adhesion to the resting HUVEC (1 ug ml~' LPS
for 0 h; Figure 7a), where the number of control cells bound
was 4.2 x 10*+0.2 (approximately 17% of total cells added).
However, when the HUVEC monolayers were activated with
LPS (1 ug ml~") for 5 h, the 30 nm and 1.0 uM methotrexate
treatment of U937s showed significantly reduced adherence
to approximately 60% (2.6 x 10* P<0.01) and 70% (3.1 x 10*
P<0.05) of control treated U937 monocytes respectively
(Figure 7b). Preincubation with pertussis toxin did not affect
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Figure 7 Methotrexate treated monocytes exhibit reduced adhesion
to LPS activated HUVEC with a requirement for ROS production.
U937 monocytes (2 x 10° ml~") were serum starved for 4 h in RPMI
1640 in the presence or absence of 10 mMm glutathione (GSH) prior to
0, 0.03 or 1.0 uMm methotrexate treatment. Treatments were
terminated by centrifugation and the resulting cell pellets washed
twice with ice cold PBS. Cells (5x10°ml~") were loaded with
1 ug ml~!' of BCECF-AM for 30 min in the dark. Cells were then
washed and resuspended in M199 to a concentration of
0.5x 10° ml~'. Confluent HUVEC monolayers in 24 well plates were
treated with 1 ug ml~" LPS for 0 (a), 5 (b) or 24 h (c). HUVEC were
washed twice prior to the addition of treated monocyte suspensions
in duplicate for 30 min under the described incubator conditions.
Their adherence was quantified against a standard curve of vehicle
treated monocytes and expressed as a percentage of controls. The
results are presented as the mean +s.d. of four individual experiments
where * (P<0.05) and ** (P<0.01) represent significant difference
from controls by one-way ANOVA with Dunnett’s post-test analysis.
NS, no significant difference.
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resting monocyte adhesion nor MTX mediated reduction in
adhesion to endothelial cells that had been activated with LPS
(1 pug ml~") for 5 h (data not shown). When the HUVEC were
activated with 1 ug ml=' of LPS for 24 h, the methotrexate
treatment of U937 monocytes reduced their adhesion further
to approximately 40% of that of control monocytes (1.7 x 10*
P<0.01). There was no significant difference in the anti-
adhesive properties of 30 nM and 1.0 uM methotrexate
treatment of U937 monocyte to 24 h LPS (1 ugml™")
activated HUVEC (P> 0.05; Figure 7c). MTX did not interfere
with fluorescence of BCECF-AM (data not shown).

The reduction in adhesion of monocytes treated with
methotrexate to activated HUVEC was inhibited by pre-
treatment of U937 monocytes with the antioxidant GSH and
was not significantly different to control treated U937
monocytes, irrespective of the period of HUVEC activation
by LPS (1 ug ml~'; P>0.05; Figure 7a—c).

To further evaluate the anti-adhesive properties of
methotrexate treatment of U937 monocytes, we quantified
the membrane expression of monocyte integrin and selectin
molecules CD1la, CDI11b, CD18, CD29, CD31, CD49D and
CDO62L by flow cytometry. Monocytes treated with 30 nM or
1.0 uM methotrexate induced a significant elevation in the
membrane expression of all the adhesion molecules examined
of between approximately 120—140% of that of control U937
monocytes (P<0.05) with no significant difference observed
between concentrations (P>0.05). Pre-treatment of U937
monocytes with 10 mM GSH inhibited the methotrexate-
mediated elevation in adhesion molecule membrane expres-
sion (P<0.05; Figure 8).

Discussion

The neutralization of monocyte/macrophage activity is
recognized as a useful therapeutic strategy, where macro-
phages comprise 20% of primary cultured cells from
rheumatoid synovium. There is a wealth of data indicating
that the two macrophage-derived cytokines IL-1 and TNFa
play a pivotal role in RA (Elliott et al., 1994; Feldmann et
al., 1996; Plows et al., 1995; Ruschen et al., 1992; Van den
Berg, 1995; Zangerle et al., 1992) where this may arise
through stimulation of matrix metalloproteinases (Krane et
al., 1990). Indeed, more recently developed therapeutics (e.g.
etanercept) have been specifically targeted against the effects
of TNFuo (as reviewed: Alldred, 2001; Richard-Miceli &
Dougados, 2001).

Nevertheless, there are several disease modifying antirheu-
matic drugs which were discovered serendipitously, and
whose mechanism of action remains unknown. MTX is one
such potent antiinflammatory agent, which is widely used to
control the arthritic process. However, a limiting factor in the
use of MTX is its associated toxicity at multiple sites
including the liver and lungs (as reviewed in Alarcon
(2000)). Therefore, further elucidation of the mechanism(s)
of action of MTX may allow development of compounds
with improved efficacy:toxicity profiles.

In this paper, we have examined MTX effects of DNA cell
cycle and have evaluated the capacity of MTX to generate
intracellular ROS, using concentrations that encompass the
plasma concentration (500 nM) observed in RA subjects
receiving a weekly 7.5 mg oral dose of MTX (Coombe et

al., 1995) or in leukaemia patients (Synold et al., 1994). In
agreement of the effects of MTX treatment of PMN (Gressier
et al., 1994), we describe that treatment of U937 monocytes
and Jurkat T-cells induces the production of [peroxide]cy, in
both dose and time dependent fashion. DNA fragmentation
observed in Jurkat T-cells in response to MTX precedes loss
of membrane integrity confirming the work of da Silva et al.
(1996).

The [peroxide].,, production in Jurkat T-cells at concentra-
tions which induced apoptosis was approximately two fold
greater than the [peroxide].,, that those which induced
growth arrest in U937 monocytes. The greater levels of
production of [peroxide],, in T-cells may induce the
apoptotic response rather than the adaptive response of
growth arrest seen in monocytes. Moreover, the amplitude of
[peroxide].,, production in response to MTX at all concen-
trations may reflect the intrinsic, endogenous levels of
antioxidant present within the cell. Indeed monocytes possess
three times the concentration of total cellular glutathione
than Jurkat T-cells and hence may reduce [peroxide],: levels
to those which mediate a non-deleterious response rather
than the terminal cellular response of apoptosis associated
with the massive production of peroxide. To confirm the
relevance of these findings, we have further evaluated the
sensitivity of primary T cells to MTX and associated
[peroxide]ey, production. Whilst primary T cells were
insensitive, following PHA activation, T cells showed
evidence of an increase in [peroxide].,; production and
induction of apoptosis after MTX treatment, which was
inhibited following N-acetyl cysteine treatment. The insensi-
tivity of primary cells to MTX toxicity and requirement for
activation, confirms previous observations (Genestier et al.,
1998a; Fairbanks er al., 1999). It was not feasible to
determine the sensitivity of primary monocytes to MTX, as
they differentiate in culture over the period of MTX
treatment, altering both their adherence properties and
integrin expression. In addition, the yield of primary
monocytes from peripheral blood (10° monocytes per 10 ml
blood) precludes multiple analyses. However, expression of
adhesion molecules and subsequent adhesive properties on
U937 cells following cytokine and LPS activation have been
shown by us and others to be an adequate model (Kalogeris
et al., 1999; Chuluyan & Issekutz, 1993).

Pre-treatment of Jurkat T-cells with either of the anti-
oxidants GSH or NAC completely abrogated the apoptosis
induced by MTX at low doses (<1 uM). At higher doses (1—
10 um) MTX, GSH/NAC significantly reduced the percen-
tage specific apoptosis by approximately 20%. The incom-
plete protection at these doses may be explained by
incomplete detoxification of peroxide by GSH/NAC or the
induction of apoptosis via a peroxide independent process.
(Intracellular bulk phase transfer of GSH and increased
provision of substrate amino acids is believed to afford its
protection, whereas NAC readily crosses the plasma
membrane). Conversely, the accumulation of nucleoids in
the GO/G1 phase of the cell cycle in U937 monocytes in
response to MTX treatment (=100 nM), which is indicative
of growth arrest, was completely inhibited by NAC or GSH
at all concentrations analysed implying that the growth arrest
response to MTX is totally dependent on [peroxide]ey
production. Membrane integrity, evaluated by the flow
cytometric analysis of PI uptake, was not compromised for
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Figure 8 Methotrexate increases the membrane expression of monocytic adhesion molecules with an essential requirement for
ROS. U937 monocytes (2 x 10° ml~") were serum starved for 4 h in RPMI 1640 in the presence or absence of 10 mm glutathione
(GSH) prior to 0, 0.03 or 1.0 uM methotrexate treatment for 16 h. Treatments were terminated by centrifugation and the resulting
cell pellets washed twice with ice cold PBS. Cells were treated with > 10 ul of fluorescently tagged mouse IgG1 monoclonal antibody
(MoAb) or isotype negative control per 10° cells for 30 min on ice, in the dark and fixed as described in Methods. Samples were
then analysed by flow cytometry. Background fluorescence of each sample was established utilizing cells stained with isotype
negative controls. Positive regions were defined to contain 1% of the negatively stained cells. Samples were then analysed for MoAb
membrane expression and the median X of the fluorescent peak recorded. The membrane expression of CD1la, CDI11b, CDI18,
CD31, CD29, CD49D and CD62L were evaluated. At least 10,000 cells were analysed per sample. The results are presented as the
mean +s.d. of at least four individual experiments where * (P <0.05) and ** (P<0.01) represent significant difference from controls
by one-way ANOVA with Tukey’s post hoc test analysis. x (P<0.05) and x x x (P<0.001) signifies statistical difference of
samples pre-treated with 10 mM GSH compared to no pre-treatment by Student’s z-test. NS, no significant difference.

all concentrations of MTX analysed after 16 h exposure in
both U937s and Jurkat T-cells indicating that MTX effects
are independent of necrosis.

Previous work implicates ROS as signalling molecules in
apoptotic cell death (Mansat-de-Mas et al., 1999; Yamauchi
et al., 1989). A reduction in the cellular GSH levels of HeLa
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cells in response to MTX has been reported (Babiak ef al.,
1998). Further, the MTX mediated depletion of total cellular
GSH may be necessary for initial increases in [peroxide].y
(Tan et al., 1998). In U937 monocytes, even at concentrations
less than those that conferred growth arrest (<0.1 um), MTX
reduced the total cellular concentration of GSH indepen-
dently of concentration, to approximately 70% of vehicle,
control treated monocytes. Similarly, MTX at a concentra-
tion of 1 uM or more, which induce a maximal apoptotic
response, decreased total GSH levels in Jurkat T-cells. Loss
of GSH can arise from formation of mixed disulphides with
proteins or oxidized GSH (GSSG) which would normally be
recycled by GSR. In addition, MTX mediates inhibition of
GSR (Babiak ez al., 1998), resulting in a failure to restore
cellular GSH.

At a low dose of MTX (30 nM) the total GSH concentration
in Jurkat T-cells was significantly elevated above control cells
indicating that the [peroxide].,, generated at this low MTX
concentration may act in a transient signalling capacity to
increase GSH in an attempt to prevent MTX-peroxide
mediated cell death via redox sensitive transcription of GCS
(as reviewed in Haddad ez al., 2002; Rahman (2000)). In this
instance, the small and early accumulation of [peroxide],; may
act as a protective mechanism (Tan ez al., 1998).

The magnitude of [peroxide].,, formation in response to
MTX in both U937 monocytes and Jurkat T-cells is
suggestive of alternative sources of ROS production for the
source of [peroxide].,, other than as a result of GSH
depletion. Possible MTX or polyglutamated MTX targets
include intracellular organelles, e.g. mitochondria and
endoplasmic reticulum or the NADPH oxidase system (Coyle
& Puttfarken, 1993; Cross & Jones, 1991).

Treatment of U937 monocytes with MTX at low (30 nm)
and high (1 uM) induced a differentiated like phenotype with
the enhanced expression of the aM-integrin, CDI11b as
reported by Seitz et al. (1998). Further, we found that
MTX induced an equivalent elevation to similar levels of the
p2 integrin CDI18 and all other integrin adhesion molecules
studied (CDI11a, CD31, CD29, CD49D) and the leukocyte
associated selectin, CD62L. The MTX induced elevation in
adhesion molecule expression was also dependent on the
production of ROS since antioxidant pre-treatment of
monocytes also inhibited these effects. MTX has been
reported to alter membrane expression of a variety of
functionally important antigens expressed on Jurkat T-cells
(Hall et al., 1997). Seitz et al. (1998) postulated that MTX
might inhibit the recruitment of immature and inflammatory
monocytes from bone marrow into the inflammatory sites.
However, expression alone (as measured by flow cytometry)
does not equate function, where changes in conformation of
integrins are required for altered behaviour.

Monocytes treated with MTX did not show altered
adherence to resting, quiescent endothelial cells, but MTX
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