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Anti-inflammatory mechanisms of methotrexate in rheumatoid
arthritis
Methotrexate in rheumatoid arthritis
Methotrexate (MTX) is a folate analogue originally
synthesised in the 1940s and designed to inhibit dihydrofolate reductase.1 Reduced folate (tetrahydrofolate) is the
proximal single carbon donor in several reactions involved
in the de novo synthetic pathways for purine and
pyrimidine precursors of DNA and RNA required for cell
proliferation. Furthermore, tetrahydrofolate plays a part in
a second important biochemical step: the methioninehomocysteine cycle, which is necessary to provide a methyl
group for several downstream reactions such as methylation of DNA, RNA proteins, and others. Therefore, MTX
has been used extensively for treatment of neoplastic
diseases. In 1951 the rationale for the introduction of
MTX for the treatment of rheumatoid arthritis (RA) was
that it inhibited proliferation of the lymphocytes and other
cells responsible for inflammation in the joint.2 No further
studies on clinical experience with MTX in RA were published until the early 1980s, when several uncontrolled trials were reported.3–8
Finally, four well designed, blinded, placebo controlled
studies published in 1984 and 1985 introduced the use of
MTX in the treatment of RA.9–12
The early indications for MTX use in the rheumatic diseases were first reported in a large review in 1984.13 From the
considerable experience obtained over the past 15 years,
several lines of evidence clearly suggest that MTX does not
act simply as a cytotoxic (antiproliferative) agent for the cells
responsible for the joint inflammation in RA.14 As a matter of
fact, it would be diYcult to understand how a drug that
diminishes inflammation by preventing proliferation of
immune cells might work at eVective concentrations for only
a very short time and once a week. In addition, the rapid
clinical remission and the short term eVect on the acute
phase reactants, as seen with low dose MTX administration
in most patients with RA, as well as the fast flare of disease
after drug discontinuation, suggest that the mechanism of
action of low dose MTX might be more anti-inflammatory
than antiproliferative (immunosuppressive).15 16
Recently, MTX has been shown to possess a variety of
anti-inflammatory eVects.17 Although, few studies suggest
any specific eVect of MTX on T cell number or function in
patients with RA, MTX does exert clear inhibitory eVects
in vivo and in vitro on neutrophils and particularly on
monocytes/macrophages that are believed to have a central
role in RA pathophysiology and inflammatory synovitis.17–23
These and other separate lines of evidence support the
view that alternative mechanisms are responsible for the
antirheumatic/anti-inflammatory eVects of MTX, which
will be reviewed here.

Cellular eVects of MTX
MTX is a folate analogue with an amino group (NH2), a
methyl group (CH3), and a fully oxidised pteridine ring,
rendering the molecule inactive as cofactor.1
Once administered MTX is delivered to cells in the same
way as the parenteral folates; 3–12% is hydroxylated in liver
and circulates as 7-OH-MTX.24
Extracellular MTX is brought into the cell by the folate
receptors (FRá, FRâ). Thereafter, a portion of intracellular MTX and 7-OH-MTX is metabolised to polyglutamates (MTX-glu) in the same manner as naturally occurring folates.25 MTX-glu represent long lived derivatives,
which in rats may be detected in the skin for as long as two
weeks after a single dose of the drug.26
Because there is a latent period of weeks before the
MTX eVects are appreciated in patients with RA, it may be
the intracellular MTX-glu derivatives which are the true
active anti-inflammatory agents.
MTX binds dihydrofolate reductase (DHFR) with high
aYnity. MTX-glu binds DHFR and has fairly high
aYnity for enzymes that require folate cofactors, including
thymidylate synthetase (TS) and 5-aminoimidazole-4carboxamide ribonucleotide (AICAR) transformylase. The
inhibition of TS, induced by MTX, interferes with DNA
synthesis in actively dividing cells, and the increase of
AICAR enzyme system, which plays a key part in the
purine metabolism of the cell, leads to enhanced release of
adenosine into the blood.23 27 28
In fact, a number of anti-inflammatory eVects exerted by
MTX seem to be related to the extracellular adenosine
increase and its interaction with specific cell surface receptors, with subsequent inhibition such as interleukin 8 (IL8)
production by peripheral blood mononuclear cells
(PBMC), IL6 secretion by human monocytes, leucotriene
B4 synthesis in neutrophils, and decreased synovial
collagenase gene expression.14 29

MTX eVects via adenosine induced
immunosuppression
MTX typically blocks tetrahydrofolate dependent steps in
cell metabolism. Because tetrahydrofolate and polyglutamyl derivatives of tetrahydrofolate are involved in
purine biosynthesis several consequences can appear
which result in adenosine overproduction. In purine
biosynthesis two steps are tetrahydrofolate dependent (fig
1A). There is a preponderance of MTX mediated inhibition of the second enzyme AICAR formyltransferase in
comparison with the first enzyme GAR formyltransferase
(fig 1A).27 30
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Figure 1 Adenosine increase by MTX and subsequent immunosuppression through adenosine receptors. (A) MTX inhibits both, conversion of GAR →
FGAR and AICAR → FAICAR. However, inhibition of the second step is stronger, which results in accumulation of AICAR. (B) Accumulated AICAR
inhibits AMP deaminase and adenosine deaminase (ADA), which increases adenosine-5'-P and adenosine (C). (D) Intracellular accumulation of
adenosine-5'-P and adenosine results in an increase of these compounds in the extracellular space. Here, adenosine-5'-P is converted to adenosine, which
binds to the specific receptor subtypes A1, A2a, and A2b (E). Probably, there will be a preponderance of the A2 receptor pathway, yielding an increase of
cyclic adenosine monophosphate (cAMP) in the cell (F). (G) cAMP increase leads to immunosuppression. AMP = adenosine-5'-monophosphate; MTX =
methotrexate.

Thus there will be a relative increase of AICAR (fig 1A).
AICAR itself inhibits important steps of degradation
of adenosine-5'-P and adenosine by the AMP deaminase
and the adensosine deaminase (ADA), respectively (fig
1B).
Inhibition of degradation of these two intracellular compounds leads to increased intracellular (fig 1C) and extracellular adenosine-5'-P and adenosine (fig 1D).27 At the
surface of diVerent types of immune competent cells, the
ecto-5'-nucleotidase (CD73) converts adenosine-5'-P to
adenosine (fig 1D).31 32 This surface enzyme can be
regulated by several immune mediators, such as interleukin
4 (IL4) and interferon ã (IFNã), which decrease the activity of the ecto-5'-nucleotidase on PBMC.33 34 On the other
hand, it has been reported that IL1 and tumour necrosis
factor (TNF) increase activity of this enzyme.35 Thus the
local microenvironment determines the activity of this
enzyme.
Extracellular adenosine can bind to the seven
transmembrane-spanning adenosine surface receptors
types A1, A2á, A2â, A3, which have been found on many
diVerent cell types (fig 1E).17
The rank order of the aYnity of adenosine binding to
these receptor subtypes is A1>A2a>A2b.36 The adenosine
A1 receptor is coupled to a Gái/o protein and the A2a and
A2b receptors are coupled to GáS (fig 1). Ligation of A1
receptors decreases intracellular cyclic adenosine monophosphate (cAMP) (fig 1), whereas binding of adenosine to
A2 receptors increases intracellular cAMP (fig 1). If the
pathways through the two diVerent receptor subtypes A1

or A2a/b were functionally intact one would expect a
preponderance of the A1 pathway owing to the higher
aYnity of adenosine to the A1 receptor subtype. This
would lead to a decrease of cAMP (fig 1). However, low
dose MTX exerts its anti-inflammatory eVect by inducing
extracellular adenosine, which acts predominantly through
A2a receptors.14 17 37 38
Thus it seems as if A1 receptor signalling is switched
oV. Similar eVects have been described in a proinflammatory situation where the pathway through the two
receptors is shifted to GáS (fig 1F), yielding an increase of
cAMP.39
Furthermore, it has been shown that cytokines can up
regulate the A2 receptor subtype, which may be another
mechanism to shift the pathways to GáS rather than
Gái/o.40 41 It has been repeatedly shown that an increase of
cAMP leads to immunosuppression by inhibition of
phagocytosis, inhibition of secretion of TNF, IFNã, IL2,
IL12, HLA expression, and many others.42–47
For adenosine via A2 receptor binding it has been
specifically shown that this substance inhibits lymphocyte
proliferation and production of TNF, IL8, and IL12.29 48 49
On the other hand, adenosine via A2 receptor binding
increases secretion of IL6 and IL10.50 51 Binding of adenosine to A3 receptors leads to inhibition of secretion of
TNF, IL12, and IFNã.52 53 In conclusion, binding of
adenosine to A2 and A3 receptors results in a favourable
situation which is probably one of the important
anti-inflammatory mechanisms of MTX action.
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Figure 2 Anti-inflammatory eVects exerted by low dose MTX at the level of the synovial tissue in RA. (A) MTX reduces monocytic cell growth and
increases their apoptosis. (B) MTX decreases the IL1 and IL6 secretion and increases IL1ra production. At the same time, MTX increases IL4 and IL10
gene expression and decreases gene expression of proinflammatory Th1 cytokines (IL2 and IFNã). (C) MTX seems to exert indirect inhibition of COX-2
synthesis and neutrophil chemotaxis. (D) MTX exerts indirect inhibitory eVects (through modulation of cytokines) on synovial metalloproteinase (MMP)
production and stimulates their inhibitors (TIMP) (E). MTX = methotrexate; IL1ra = interleukin-1 receptor antagonist; IFNã = interferon ã; COX-2 =
cyclo-oxygenase-2; MMP = metalloproteinase; TIMP = tissue inhibitor of metalloproteinase.

MTX eVects on immune/inflammatory cell
proliferation and apoptosis
Recent data have already suggested that the disruption of
the cell cycle caused by high dose MTX treatment may be
the initial step of the apoptotic sequence of dying cells and
may explain the antiproliferative eVects of the drug.54 The
involvement of the APO-1/Fas (CD95) receptor/ligand
system in MTX induced apoptosis has been recently identified in leukaemia cells, with a peak of apoptosis between
24 and 48 hours.55
In addition, MTX was found to inhibit markedly the
spontaneous proliferation of U937 monoblastic leukaemia
cells in vitro and induce the rapid expression of the apoptosis receptor CD95 also in presence of 1,25-OHcholecalciferol.56 Results of another recent investigation,
are in agreement with these latter studies and seem to suggest that intermediate MTX concentrations (50 µg/ml), as
obtained in serum after low dose treatment, can induce
both a significant cell growth inhibition and apoptosis, at
least in monocytic immature cells (THP-1 cell line)57 (fig
2A). For cell proliferation, the lowest in vitro MTX
concentrations (from 5 to 500 ng/ml) were confirmed to be
ineVective.54 In that study no significant eVects on synovial
macrophage proliferation were obtained with an MTX
concentration of 50 µg/ml (achievable in the serum with
low dose MTX treatment in RA).57
The explanation for the lack of modulatory in vitro
potency of MTX on synovial macrophage growth and
apoptosis, as already found for cyclosporin A, may be that
MTX aVects only immature diVerentiating monocytes and
not diVerentiated cells (that is, tissue infiltrating monocytes
and resident macrophages, respectively).58 59 Therefore,
these findings suggest that MTX might inhibit recruitment

of immature and inflammatory monocytes into inflammatory sites and could reduce the survival of these cells in the
inflamed synovial tissue.57
A recent paper investigated whether other immunosuppressive properties of low dose MTX treatment were
related to apoptosis.18
The study showed that activated T cells from human
peripheral blood underwent MTX induced apoptosis, which
was completely abrogated by addition of folinic acid. Apoptosis of activated T cells did not required interaction between
CD95 (APO-1/Fas) and its ligand, and adenosine release
accounted for only a small part of this MTX activity. Finally,
in vitro activation of peripheral blood taken from patients
with RA after MTX injection resulted in apoptosis.18
However, several studies have recently shown that low
dose MTX may well induce antiproliferative eVects on
immune cells owing to inhibition of dihydrofolate reductase and folate dependent transmethylations as apoptosis
independent mechanisms.
A recent study showed that patients with RA, treated
with MTX, expressed low concentrations of circulating
purines and pyrimidines, with consequent reduced availability for DNA and RNA synthesis and cell proliferation.60
Inhibition of mononucleotide precursors of nucleic acid,
particularly at the step of methylation of dUMP into dTMP
by thymidylate synthase, represents a further cause of
disruption of DNA synthesis and inhibition of proliferation
of cells involved in the inflammatory process in the joints.
A recent paper confirmed that low concentrations of
MTX inhibited in vitro thymidylate synthase activity in
human PBMC.61
As initially discussed, it is diYcult to relate observed
changes in purine and pyrimidine levels directly to the
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pharmacokinetics of MTX because MTX clearance from
blood is rapid. Therefore, metabolic eVects of MTX could
be attributed predominantly to its polyglutamated derivatives which are formed and accumulate inside the cells.
MTX polyglutamate derivatives may interfere with purine
and pyrimidine metabolism and explain long term antiproliferative eVects in RA after low dose treatment with MTX
once a week.62
In conclusion, the anti-inflammatory eVects of MTX on
cells responsible for joint inflammation in RA might be, at
least partially, linked to antiproliferative and apoptosis
related mechanisms.
MTX eVects on monocytic and lymphocytic
cytokines and their inhibitors
By considering IL1 and TNFá, which are cytokines with a
central role in the inflammatory process and which are
mainly produced by monocytes/macrophages at the level of
the RA synovial tissue, early studies suggested that MTX
inhibits IL1 production in vivo and ex vivo.20 63
More recently, it has been suggested that MTX
interferes directly with the binding of IL1 to its receptor
and thereby inhibits the cellular responses to IL1.64 Alternatively, MTX, through adenosine increase and binding to
A3 receptors, might promote the IL1 receptor antagonist
(IL1ra) transcription and presumably its production.
Recent studies seem to confirm this possibility, because it
has been shown that MTX treatment generates a less
inflammatory type of circulating monocyte in patients with
RA treated with low doses, by inhibiting IL1 and IL8
secretion and, in parallel, by inducing the IL1ra (fig
2B).65 66
A more recent study seems to confirm the possible IL1ra
mediated anti-inflammatory eVects of MTX, at least on
monocytes, because a significant increase of IL1ra was
found with the low dose treatment of human cultured
monocytic THP-1 cells.57
The eVects were clearly dose dependent and gradually
decreased with the lowest MTX concentrations at 24
hours, while the presence of a steady state (at 48, 72, and
96 hours) indicated also time dependent eVects. Interestingly, the high doses of MTX were found to cause a significant IL1ra decrease on cultured THP-1 cells compared
with untreated control cells; this decrease was probably due
to cell damage (apoptosis).57
Monocytes produce greater amounts of IL1 than IL1ra,
whereas macrophages produce mainly IL1ra in in vitro
cultures.67 Recent results confirm these data, because IL1ra
basal production was found to be significantly higher from
untreated synovial RA macrophages than from untreated
monocytic THP-1 cells.57
In fact, the maturation into macrophages of monocytes
that enter RA synovial tissue is characterised by diVerent
phenotypic and functional changes that seem to include
higher production of IL1ra.68 69
An excess of IL1ra production occurs in active RA, as
shown by the very high levels of the protein found in the
synovial fluid of patients with RA, even though IL1ra production in the RA synovial tissue may not be in suYcient
excess to inhibit the proinflammatory eVects of locally produced IL1.70
The previously reported study showed a significant
increase of IL1ra with low dose MTX treatment of
cultured monocytic THP-1 cells, whereas MTX was
unable to change IL1ra levels produced by cultured RA
synovial macrophages.57
Recently, it has been also shown that adenosine inhibits
TNFá expression in a monocytic cell line and that monocytes release adenosine after treatment with MTX.52 71

In addition, recent investigations showed both a late up
regulation of the soluble TNFá receptor (sTNFR p75)
synthesis by PBMC after 24 hours of MTX treatment and
the MTX induced increase of sTNFR p75 from cultured
monoblastic leukaemia cells, suggesting a further antiinflammatory mechanism through inhibition of TNFá
eVects.56
The short term anti-inflammatory eVects of MTX may
include the inhibition of IL6 secretion by cultured human
monocytes and, in the course of RA treatment, a decreased
production of IL6, which might correlate with improvement of biological parameters of disease activity.29 72 73
It has proved diYcult to study cytokines of mainly lymphocytic origin in RA, such as IL4, IL10, IL2, and IFNã,
because they are only weakly expressed and produced in
the RA synovial tissue. However, in a recent study using the
gene amplification by reverse transcriptase-polymerase
chain reaction the eVects of MTX on gene expression for
these cytokines were analysed in PBMC of patients with
RA.74 The study showed that under the action of MTX in
vitro, there was increased IL4 gene expression by
phytohaemagglutinin stimulated PBMC from patients
with RA. In addition, MTX increased IL10 gene
expression in the same cells. The increased expression of
IL4 and IL10, two cooperative cytokines with antiinflammatory properties, may further partly explain the
eYcacy of MTX in RA (fig 2B).75 Moreover, the action of
MTX decreased expression of IL2 and the IFNã gene in
the PBMC of patients with RA.75
This decreased MTX induced expression of IL2 and
IFNã genes (phenotype Th2) may be secondary to the
action of IL4 and IL10, which inhibit the activity of
lymphocytes of the Th1 phenotype.76
In conclusion, MTX treatment in RA seems to reduce
the
production
of
proinflammatory
monocytic/
macrophagic cytokines (IL1, IL6, and TNFá), to increase,
at least, gene expression of anti-inflammatory Th2
cytokines (IL4 and IL10), and to decrease gene expression
of proinflammatory Th1 cytokines (IL2 and IFNã), with
resulting anti-inflammatory eVects.
MTX eVects on cyclo-oxygenases and lipoxygenase
Prostaglandins and leucotrienes are strongly involved in
the inflammatory reaction. In particular, prostaglandins
are important mediators of joint destruction in RA. A
recent study investigated the eVects of MTX on cyclooxygenase (COX) metabolism by evaluating the prostaglandin E2 (PGE2) synthesis in cultured human rheumatoid synoviocytes.77 The results showed a dose dependent
decrease of IL1 induced PGE2 production by cultured RA
synoviocytes that was determined by MTX treatment,
whereas neither COX-1 nor COX-2 mRNA expression
was aVected by MTX incubation.77
In a more recent study the eVects of MTX on COX-1
(thromboxane B2) and COX-2 (PGE2) activity were evaluated in whole blood of patients with RA treated with
MTX.78 Interestingly, COX-2 activity was found to be
reduced in the plasma of patients with RA treated with
MTX in comparison with healthy controls. Inhibition of
COX-2 activity was also found when blood of normal
donors was co-incubated with the serum of MTX treated
patients with RA. However, direct action of MTX on either
enzyme was excluded.78
The inhibitory eVect exerted by MTX on neutrophil
chemotaxis, found in synovial fluid of patients with RA,
might further determine decreased COX concentration in
inflammatory joints (fig 2C).79
Leucotriene LTB4 is a 5-lipoxygenase product that
might also stimulate IL2 and IFNã production by T cells.
MTX has been found to decrease both the synthesis of

www.annrheumdis.com

Downloaded from http://ard.bmj.com/ on November 13, 2014 - Published by group.bmj.com
Leader

733

LTB4 by neutrophils and total plasma LTB4 concentration
in patients with RA treated weekly with 10 mg of MTX.80
Possible pharmacokinetics and clinical problems after the
coadministration of MTX, particularly at a high weekly
maintenance dose (but not at 7.5 mg), and non-steroidal
anti-inflammatory drugs, have been suggested/observed in
relation to their competition for renal tubular excretion or
impairment of hepatic metabolism.81 82
However, a recent study found no significant eVect on
MTX pharmacokinetics in patients with RA, by evaluating
coadministration of MTX and a specific COX-2 inhibitor.83 In conclusion, the mostly indirect inhibition exerted
by low dose MTX on cyclo-oxygenases and lipoxygenase
products might well account for its anti-inflammatory
action seen in RA.
MTX eVects on metalloproteinases and their
inhibitors
The destruction of joints in RA is thought to be related in
part to the increased synthesis and activity of proteolytic
enzymes released by inflammation activated cells and represents a further cause of chronic inflammation.
An early study, showed that MTX markedly decreases
the neutral metallocollagenolytic enzyme (NMCE) activity, as well as synovial and cartilage tissue NMCE levels in
patients with RA treated with MTX, in comparison with
untreated controls.84
In addition, a retrospective analysis of specimens
obtained at the time of joint replacement surgery, indicated
that synovial tissue from patients with RA treated with
MTX had less fibrosis than did that from patients treated
with other drugs, further suggesting an MTX eVect on
decreasing proteinase production.85
A recent study analysed, by in situ hybridisation, the
messenger RNA (mRNA) levels of collagenase, stromelysin, and tissue inhibitor of metalloproteinase-1 (TIMP-1)
on frozen synovial tissue sections of patients with RA
before and after treatment with low dose MTX (fig 2D).86
The results showed a significant decrease of the collagenase
gene expression after MTX treatment, whereas TIMP-1
and stromelysin mRNA levels were unchanged. In
addition, MTX did not alter collagenase or TIMP-1
mRNA levels on MTX treated fibroblast-like synoviocytes
after IL1 exposure.86
One might argue that proteinase reduction is probably
caused by simultaneous MTX mediated down regulation of
IL1, which induces proteinases in synovial fibroblasts87 (fig
2E). Therefore, cytokine regulation seems a likely direct
cause of proteinase gene modulation, and the MTX eVects
seen on metalloproteinases and their inhibitor levels were
suggested to represent an indirect eVect rather than a direct
influence on gene expression, owing to an MTX related
alteration of the synovial cytokine milieu.86 88 A more recent
investigation confirmed the eVects of low dose MTX
treatment on metalloproteinase-1 (MMP-1) and TIMP-1
levels, by analysing at baseline and after four months, synovial tissue samples obtained from patients with RA.79
In this study, once again a significant decrease of the
MMP-1/TIMP-1 ratio was found in the synovial tissue of
MTX treated patients; the decrease was due to reduction
of the MMP-1 levels while TIMP-1 levels were found to be
relatively unchanged (fig 2E).79
Finally, another recent analysis showed, both ex vivo and
in vitro, that enhanced TIMP-1 production by PBMC of
patients with RA and healthy subjects upon MTX
treatment was associated with simultaneously enhanced
IL6 release.89 These latter results seem to confirm that
direct cytokine regulation by MTX is probably the indirect
cause of gene modulation of proteinases and their inhibitors
observed in patients with RA after MTX treatment.86

Perspectives and conclusions
Low dose MTX in RA treatment seems to exert
anti-inflammatory eVects by acting at diVerent levels of the
pathophysiological cascade. The direct inhibitory eVects
on proliferation and the induction of apoptosis in cells
involved in the immune/inflammatory reaction, represent
undoubtedly the first step of the intervention.
However, the reported inhibition of both monocytic/
lymphocytic proinflammatory cytokines involved in rheumatoid synovitis, seems to be the key role in the sustained
anti-inflammatory actions exerted by low dose MTX.
In fact, both the decrease in cyclo-oxygenase/
lipoxygenase products and the proteinase/TIMP-1 ratio
decrease seem to be indirectly related to the earlier
cytokine regulation determined by MTX treatment of
patients with RA.
Knowledge about the basic mechanisms of action of
MTX might help to explain the problem of patients with
RA who are non-responders or resistant to treatment. A
recent study showed that the folate receptor â (FRâ)
expression is selectively increased in RA synovial macrophages and suggests that MTX is transported within the
cell through the FRâ.90
However, this in vitro study and another more recent in
vivo study both showed that the coadministration of MTX
and folic acid reduces the cellular uptake and increases the
total clearance of MTX, respectively.91 In addition, a recent
study considering some clinical variables showed that
patients with RA treated with MTX without folic acid supplementation had significantly lower disease activity than
controls treated with both MTX and folic acid together.92
However, the authors concluded that the addition of folic
acid to MTX prevented some side eVects, even if with a
little loss of eYcacy. Therefore, as already suspected, the
coadministration of MTX and folic acid might represent a
possible cause of MTX resistance in RA treatment and
seems to be related to their competition for absorption.93
Most studies suggest delaying the administration of folates
to avoid interference with the anti-inflammatory eVects of
MTX.93–96
Studies indicate that adenosine is responsible for the
anti-inflammatory actions of MTX, but a recent investigation of the adjuvant arthritis model of RA has shown a
reverse of the anti-inflammatory eVects using adenosine
receptor antagonists, such as theophylline and caVeine.97 In
fact, high use of caVeine or theophylline might represent a
further cause of reduced response to low dose MTX in RA,
as recently confirmed.98
In conclusion, anti-inflammatory eVects of low dose
MTX treatment in RA, represent a biological and clinical
reality.99 The anti-inflammatory activity of MTX represents further important support for its long term use, in
particular when combination treatment with other
antirheumatic drugs is planned.
M CUTOLO
A SULLI
C PIZZORNI
B SERIOLO
Division of Rheumatology,
Department of Internal Medicine,
University of Genova,
Viale Benedetto XV,6
16136 Genova, Italy
R H STRAUB
Laboratory of Neuroendocrinoimmunology,
Department of Internal Medicine,
University Medical Centre,
93042 Regensburg, Germany
Correspondence to: Professor Cutolo
mcutolo@unige.it

www.annrheumdis.com

Downloaded from http://ard.bmj.com/ on November 13, 2014 - Published by group.bmj.com
734

Leader

1 Seeger DR, Cosalich DDB, Smith JM, Hultquist ME. Analogs of
pteroylglutamic acid. II. 4-aminoderivatives. J Am Chem Soc
1949;71:1297–301.
2 Gubner R, August S, Ginsberg V. Therapeutic suppression of tissue reactivity. II. EVect of aminopterin in rheumatoid arthritis and psoriasis. Am J
Med Sci 1951;221:176–82.
3 Wilkens RF, Watson MA, Paxson CS. Low dose pulse methotrexate therapy
in rheumatoid arthritis. J Rheumatol 1980;7:501–5.
4 Wilke S, Calabrese LH, Scherbel AL. Methotrexate in the treatment of
rheumatoid arthritis. Cleve Clin Q 1980;47:305–9.
5 Michaels RM, Nashel DJ, Leonard A, Sliwinski AJ, Derbes SJ. Weekly intravenous methotrexate in the treatment of rheumatoid arthritis. Arthritis
Rheum 1982;25:339–41.
6 Steinsson K, Weinstein A, Korn J, Abeles M. Low dose methotrexate in
rheumatoid arthritis. J Rheumatol 1982;9:860–6.
7 GroV GD, Shenberger KN, Wilke WS, Taylor TH. Low dose oral
methotrexate in rheumatoid arthritis: an uncontrolled trial and review of
the literature. Semin Arthritis Rheum 1983;12:333–47.
8 HoVmeister RT. Methotrexate therapy in rheumatoid arthritis:15 years’
experience. Am J Med 1983;75:69–73.
9 Thompson RN, Watts C, Edelman J, Esdaile J, Russel AS. A controlled twocentre trial of parenteral methotrexate therapy for refractory rheumatoid
arthritis. J Rheumatol 1984;11:760–2.
10 Andersen PA, West SG, O’Dell JR. Weekly pulse methotrexate in
rheumatoid arthritis. Ann Intern Med 1985;103:489–96.
11 Weinblatt ME, Cobby JS, Fox DA. EYcacy of low-dose methotrexate in
rheumatoid arthritis. N Engl J Med 1985;312:818–22.
12 Williams HJ, Wilkens RF, Samuelson CO. Comparison of low-dose oral
pulse methotrexate and placebo in the treatment of rheumatoid arthritis - a
controlled clinical trial. Arthritis Rheum 1985;28:721–9.
13 Bookbinder SA, Espinoza LR, Fenske NA, Germain BF, Vasey FB.
Methotrexate: its use in the rheumatic diseases. Clin Exp Rheumatol 1984;
2:185–93.
14 Cronstein BN, Naime D, Ostad E. The antiinflammtory mechanism of
methotrexate: increased adenosine release at inflamed sites diminishes leukocyte accumulation in an in vivo model of inflammation. J Clin Invest
1993;92:2675–82.
15 Kremer JM. The mechanisms of action of methotrexate in rheumatoid
arthritis: the search continues. J Rheumatol 1994;21:1–5.
16 Segal R, Caspi D, Tishler M, Wigler M, Yaron M. Short term eVects of low
dose methotrexate on the acute phase reactions in patients with rheumatoid
arthritis. J Rheumatol 1989;16:914–17.
17 Cronstein BN. The mechanism of action of methotrexate. Rheum Dis Clin
North Am 1997;23:739–55.
18 Genestier L, Paillot R, Fournel S, Ferraro C, Miossec P, Revillard JP. Immunosuppressive properties of methotrexate: apoptosis clonal deletion of activated peripheral T cells. J Clin Invest 1998;15:322–8.
19 Wascher TC, Hermann J, Brezinschek R. Serum levels of interleukin-6 and
tumor-necrosis-factor-alpha are not correlated to disease activity in
patients with rheumatoid arthritis after treatment with low-dose methotrexate. Eur J Clin Invest 1994;72:535–40.
20 Hu SHK, Mitcho YL, Oronsky AL, Kewar SS. Studies on the eVect of
methotrexate on macrophage function. J Rheumatol 1988;15:206–9.
21 Johnson WJ, Di Martino MJ, Meunier PC, Murihead KA, Hanna N.
Methotrexate inhibits macrophage activation as well as vascular and cellular inflammatory events in rat adjuvant induced arthritis. J Rheumatol
1988;15:745–9.
22 Cutolo M. Macrophages as eVectors of the immunoendocrinologic interactions in autoimmune diseases. Ann N Y Acad Sci 1999;876:32–43.
23 Cronstein BN, Eberle MA, Gruber HE, Levin RI. Methotrexate inhibits
neutrophil function by stimulating adenosine release from connective tissue
cells. Proc Natl Acad Sci USA 1991;88:2441–5.
24 Sonneveld P, Schultz FW, Nooter K, Hahlen K. Pharmacokinetics of methotrexate and 7-hydroxy-methotrexate in plasma and bone marrow of
children receiving low-dose oral methotrexate. Cancer Chemother
Pharmacol 1986;18:111–16.
25 Baugh CM, Krumdieck CL, Nair MG. Polygammaglutamyl metabolites of
methotrexate. Biochem Biophys Res Commun 1973;52:27–32.
26 Zimmerman CL, Franz TJ, Slattery IT. Pharmacokinetics of the
polygammaglutamyl metabolites of methotrexate in skin and other tissues
of rats and hairless mice. J Pharmacol Exp Ther 1984;231:242–7.
27 Baggott JE, Morgan SL, Ha TS, Alarcon GS, Koopman WJ, Krumdieck
CL. Antifolates in rheumatoid arthritis: a hypothetical mechanism of
action. Clin Exp Rheumatol 1993;11:101–9.
28 Gruber HE, HoVer ME, McAllister DR, Laikind PK, Lane TA,
Schmid-Schoenbein GW, et al. Increased adenosine concentration in blood
from ischemic myocardium by AICA riboside: eVects on flow, granulocytes
and injury. Circulation 1989;80:1400–11.
29 Bouma MG, Stad RK, van der Wildenberg FAJM, Buurman WA. DiVerential regulatory eVects of adenosine on cytokine release by activated human
monocytes. J Immunol 1994;153:4159–68.
30 Allegra CJ, Drake JC, Jolivet J, Chabner BA. Inhibition of phosphoribosylaminoimidazole-carboxamide transformylase by methotrexate and dihydrofolic acid polyglutamates. Proc Natl Acad Sci USA 1985;82:4881–5.
31 Lazdins J, Karnovsky ML. EVect of phosphate esters, nucleotides and
nucleosides on 5'-nucleotidase of cultured mouse macrophages. J Cell
Physiol 1978;96:115–22.
32 Edwards NL, Magilavy DB, Cassidy JT, Fox IH. Lymphocyte ecto-5'nucleotidase deficiency in agammaglobulinemia. Science 1978;201:628–
30.
33 Christensen LD, Andersen V, Nygaard P, Bendtzen K. EVects of
immunomodulators on ecto-5'-nucleotidase activity on blood mononuclear
cells in vitro. Scand J Immunol 1992;35:407–13.
34 Armstrong MA, Shah S, Hawkins SA, Bell AL, Roberts SD. Reduction of
monocyte 5'nucleotidase activity by gamma-interferon in multiple sclerosis
and autoimmune diseases. Ann Neurol 1988;24:12–16.
35 Savic V, Stefanovic V, Ardaillou N, Ardaillou R. Induction of ecto-5'nucleotidase of rat cultured mesangial cells by interleukin-1 beta and
tumour necrosis factor-alpha. Immunology 1990;70:321–6.
36 Mazzoni MR, Martini C, Lucacchini A. Regulation of agonist binding to
A2A adenosine receptors: eVects of guanine nucleotides (GDP[S] and
GTP[S]) and Mg2+ ion. Biochem Biophys Acta 1993;1220:76–84.

37 Morabito L, Montesinos MC, Schreibman DM, Balter L, Thompson LF,
Resta R, et al. Methotrexate and sulfasalazine promote adenosine release by
a mechanism that requires ecto-5'-nucleotidase-mediated conversion of
adenine nucleotides. J Clin Invest 1998;101:295–300.
38 Montesinos MC, Chen JF, Desai A, Jacobson M, Schwarzschild MA, Fink
JS, et al. Adenosine acting at A2a receptors mediates the antiinflammatory
eVects of low-dose weekly methotrexate therapy [abstract]. Arthritis
Rheum 2000;43:S354.
39 Straub RH, Mannel DN. How the immune system puts the brain to sleep.
Nature Med 1999;5:877–9.
40 Xaus J, Mirabet M, Lloberas J, Soler C, Lluis C, Franco R, et al.
IFN-gamma up-regulates the A2B adenosine receptor expression in
macrophages: a mechanism of macrophage deactivation. J Immunol 1999;
162:3607–14.
41 Khoa ND, Montesinos MC, Cronstein BN. Inflammatory cytokines
regulate expression of adenosine receptors in human monocytic THP-1
cells and human microvascular endothelial cells [abstract]. Arthritis
Rheum 2000;43:S86.
42 Figueiredo F, Uhing RJ, Okonogi K, Gettys TW, Johnson SP, Adams DO, et
al. Activation of the cAMP cascade inhibits an early event involved in
murine macrophage Ia expression. J Biol Chem 1990;265:12317–23.
43 Renz H, Gong JH, Schmidt A, Nain M, Gemsa D. Release of tumor necrosis factor-alpha from macrophages. Enhancement and suppression are
dose-dependently regulated by prostaglandin E2 and cyclic nucleotides. J
Immunol 1988;141:2388–93.
44 Snijdewint FG, Kalinski P, Wierenga EA, Bos JD, Kapsenberg ML. Prostaglandin E2 diVerentially modulates cytokine secretion profiles of human T
helper lymphocytes. J Immunol 1993;150:5321–9.
45 Novogrodsky A, Patya M, Rubin AL, Stenzel KH. Agents that increase cellular cAMP inhibit production of interleukin-2, but not its activity.
Biochem Biophys Res Commun 1983;114:93–9
46 van der Pouw Kraan TC, Boeije LC, Smeenk RJ, Wijdenes J, Aarden LA.
Prostaglandin-E2 is a potent inhibitor of human interleukin 12 production.
J Exp Med 1995;181:775–9.
47 Rossi AG, McCutcheon JC, Roy N, Chilvers ER, Haslett C, Dransfield I.
Regulation of macrophage phagocytosis of apoptotic cells by cAMP. J
Immunol 1998;160:3562–8.
48 Koshiba M, Kojima H, Huang S, Apasov S, Sitkovsky MV. Memory of
extracellular adenosine A2A purinergic receptor-mediated signaling in
murine T cells. J Biol Chem 1997;272:25881–9.
49 Link AA, Kino T, Worth JA, McGuire JL, Crane ML, Chrousos GP, et al.
Ligand-activation of the adenosine A2a receptors inhibits IL-12 production
by human monocytes. J Immunol 2000;164:436–42.
50 Ritchie PK, Spangelo BL, Krzymowski DK, Rossiter TB, Kurth E, Judd
AM. Adenosine increases interleukin 6 release and decreases tumour
necrosis factor release from rat adrenal zona glomerulosa cells, ovarian
cells, anterior pituitary cells, and peritoneal macrophages. Cytokine 1997;
9:187–98.
51 Hasko G, Szabo C, Nemeth ZH, Kvetan V, Pastores SM, Vizi ES. Adenosine receptor agonists diVerentially regulate IL-10, TNF-alpha, and nitric
oxide production in RAW 264.7 macrophages and in endotoxemic mice. J
Immunol 1996;157:4634–40.
52 Sajjadi FG, Takabayashi K, Foster AC, Domingo RC, Firestein GS. Inhibition of TNF-alpha expression by adenosine: role of A3 adenosine
receptors. J Immunol 1996;156:3435–42.
53 Hasko G, Nemeth ZH, Vizi ES, Salzman AL, Szabo C. An agonist of
adenosine A3 receptors decreases interleukin-12 and interferon-gamma
production and prevents lethality in endotoxemic mice. Eur J Pharmacol
1998;358:261–8.
54 Huschtascha LI, Bartier WA, Andersson Ross CE, Tattersall MHN.
Characteristics of cancer cell death after exposure to cytotoxic drugs in
vitro. Br J Cancer 1996;73:54–60.
55 Friesen C, Herr I, Krammer PH, Bebatin KM. Involvement of the CD95
(APO-1/Fas) receptor/ligand system in drug-induced apoptosis in leukemia
cells. Nature Med 1996;2:574–6.
56 Seitz M, Zwicker M, Loetscher P. EVects of methotrexate on diVerentiation
of monocytes and production of cytokine inhibitors by monocytes. Arthritis Rheum 1998;41:2032–8.
57 Cutolo M, Bisso A, Sulli A, Felli L, Briata M, Pizzorni C, et al. Antiproliferative and antiinflammatory eVects of methotrexate on cultured diVerentiating myeloid monocytic cells (THP-1) but not on synovial macrophages
from rheumatoid arthritis patients. J Rheumatol 2000:27:2551–7.
58 Seitz M, Loetscher P, Dewald B, Towbin H, Baggiolini M. In vitro modulation of cytokine, cytokine inhibitor, and prostaglandin E release from blood
mononuclear cells and synovial fibroblasts by antirheumatic drugs. J Rheumatol 1997;24:1471–6.
59 Cutolo M, Barone A, Accardo S, Setti M, Villaggio B. EVects of cyclosporin
A on apoptosis in human cultured monocytic THP-1 cells and synovial
macrophages. Clin Exp Rheumatol 1998;16:417–22.
60 Smolénska Z, Kaznowska Z, Zaròwny D, Simmonds A, Smolenski RT.
EVect of methotrexate on blood purine and pyrimidine levels in patients
with rheumatoid arthritis. Rheumatology 1999;38:997–1002.
61 Hornung N, Stengaard-Pedersen K, Ehrnrooth E, Ellingsen T, Poulsen JH.
The eVects of low-dose methotrexate on thymidylate synthase activity in
human peripheral blood mononuclear cells. Clin Exp Rheumatol 2000;18:
691–8.
62 Allegra CJ, Chabner BA, Drake JC. Enhanced inhibition of thymidylate
synthase by methotrexate polyglutamates. J Biol Chem 1985;260:9720–8.
63 Connolly KM, Stecher VJ, Danis E, Prudent DJ, LaBrie T. Alteration of
interleukin-1 production and the acute phase response following medication of adjuvant arthritic rats with cyclosporin A or methotrexate. Int J
Immunopharmacol 1988;10:717–28.
64 Brody M, Bohm I, Bauer R. Mechanism of action of methotrexate: experimental evidence that methotrexate blocks the binding of interleukin-1 beta
to the interleukin-1 receptor on target cells. Eur J Chem Clin Biochem
1993;31:667–74.
65 Seitz M, Loetscher B, Dewald B. Methotrexate action in rheumatoid
arthritis: stimulation of cytokine inhibitor and inhibition of chemokine production by peripheral blood mononuclear cells. Br J Rheumatol
1995;34:602–9.
66 Seitz M, Loetscher B, Dewald B. Interleukin-1 receptor antagonist, soluble
tumor necrosis factor receptors, IL-1 and IL-8 markers of remission in
rheumatoid arthritis during treatment with methotrexate. J Rheumatol
1996;23:1512–16.

www.annrheumdis.com

Downloaded from http://ard.bmj.com/ on November 13, 2014 - Published by group.bmj.com
Leader

735

67 Janson RW, Hance KR, Arend WP. Production of IL-1 receptor antagonist
by human in vitro-derived macrophages. EVects of lipopolysaccharide and
granulocyte-macrophage colony-stimulating factor. J Immunol 1991;147;
4218–23.
68 Cauli A, Yanni G, Panayi GS. Interleukin-1, interleukin-1 receptor antagonist and macrophage populations in rheumatoid arthritis synovial
membrane. Br J Rheumatol 1997;36:935–40.
69 Roux-Lombard P, Modoux C, Dayer JM. Production of interleukin-1 (IL-1)
and a specific inhibitor during human monocyte-macrophage
diVerentiation: influence of GM-CSF. Cytokine 1989;1:45–51.
70 Towbin H, Schmitz A, von Oostrum J. A monoclonal antibody-based
ELISA for the human interleukin-1 receptor antagonist: its application to
measure hIL-1ra levels in monocytes cultures and in synovial fluids. J
Immunol Methods 1994;170:125–35.
71 Merrill JT, Shen C, Scheibman D. Adenosine A1 receptor promotion of
multinucleated giant cell formation by human monocytes: a mechanism for
methotrexate-induced nodulosis in rheumatoid arthritis. Arthritis Rheum
1997;40:1308–15.
72 Crilly A, McInness IB, McDonald AG, Watson J, Capell HA, Madhok R.
Interleukin-6 (IL-6) and soluble IL-2 receptor levels in patients with rheumatoid arthritis treated with low-dose methotrexate. J Rheumatol 1995;22:
224–9.
73 Straub RH, Müller-Ladner U, Lichtinger T, Schölmerich J, Menninger H,
Lang B. Decrease of interleukin 6 during the first 12 months is a prognostic marker of clinical outcome during 36 months treatment with
disease-modifying anti-rheumatic drugs. Br J Rheumatol 1997;36:1298–
303.
74 Constantin A, Lounet-Lescoulié P, Lambert N. Antiinflammatory and
immunoregulatory action of methotrexate in the treatment of rheumatoid
arthritis. Arthritis Rheum1998;41:48–57.
75 Miossec P, Briolay J, Dechanet J, Wijdenes J, Martinez-Valdez H, Bancherau
J. Inhibition of the production of proinflammatory cytokines and
immunoglobulins by interleukin-4 in an ex vivo model of rheumatoid synovitis. Arthritis Rheum 1992;35:874–83.
76 Mossmann TR, Sad S. The expanding universe of T-cell subsets: Th1, Th2
and more. Immunol Today 1996;17:138–46.
77 Vergne P, Liagre B, Bertin P. Methotrexate and cyclooxygenase metabolism
in cultured human rheumatoid synoviocytes. J Rheumatol 1998;25:433–
40.
78 Mello SBV, Barros DM, Silva ASF, Laurindo IMM, Novaes GS.
Methotrexate as a preferential cyclooxygenase 2 inhibitor in whole blood of
patients with rheumatoid arthritis. Rheumatology 2000;39:533–6.
79 Kraan MC, Koster BM, Elferink JGR, Post WJ, Breedveld FC, Tak PP.
Inhibition of neutrophil migration soon after initiation of treatment with
leflunomide or methotrexate in patients with rheumatoid arthritis. Arthritis
Rheum 2000;43:1488–95.
80 Leroux JL, Damon M, Chavis C, Crates de Paulet A, Blotman F. EVects of
methotrexate on leukotriene and derivated lipoxygenase synthesis in polynuclear neutrophils in rheumatoid polyarthritis. Rev Rheum Mal Osteoartic 1992;59:587–91.
81 Frenia ML, Long KS. Methotrexate and nonsteroidal antiinflammatory
drug interaction. Ann Pharmacother 1992;26:234–7.
82 Kremer JM, Hamilton RA. The eVects of nonsteroidal antiinflammatory
drugs on methotrexate (MTX) pharmacokinetics: impairment of renal
clearance of MTX at weekly maintenance doses but not at 7.5 mg. J Rheumatol 1995;22:2072–7.

83 Karim A, Tolbert DS, Hunt TL, Hubbard RC, Harper KM, Geis GS.
Celecoxib, a specific COX2 inhibitor, has no significant eVect on
methotrexate pharmacokinetics in patients with rheumatoid arthritis. J
Rheumatol 1999;26:2539–43.
84 Martel-Pelletier J, Cloutier JM, Pelletier JP. In vivo eVects of antirheumatic
drugs on neutral collagenolytic proteases in human rheumatoid arthritis
cartilage and synovium. J Rheumatol 1988;15:1198–204.
85 Haraoui B, Pelletier JP, Cloutier JM, Faure MP, Martel-Pelletier J. Synovial
membrane histology and immunopathology in rheumatoid arthritis and
osteoarthritis: in vivo eVects of antirheumatic drugs. Arthritis Rheum
1991;34:153–63.
86 Firestein GS, Paine MM, Boyle DL. Mechanisms of methotrexate action in
rheumatoid arthritis. Arthritis Rheum 1994;37:193–200.
87 Dayer JM, de Rochemonteix B, Burrus B, Demezuk S, Dinarello CA.
Human recombinant interleukin-1 stimulates collagenase and prostaglandin E2 production by human synovial cells. J Clin Invest 1986;77:646–8.
88 MacNaul KL, Chartrain N, Lark M, Tocci MJ, Hutchinson NL. Discoordinate expression of stromelysis, collagenase, and TIMP-1 in rheumatoid
human synovial fibroblasts: synergistic eVect of interleukin-1 and tumor
necrosis factor-alpha on stromelysin expression. J Biol Chem 1990;265:
17238–45.
89 Seitz M, Dayer JM. Enhanced production of tissue inhibitor of metalloproteinases by peripheral blood mononuclear cells of rheumatoid arthritis
patients responding to methotrexate treatment. Rheumatology 2000;39:
637–45.
90 Nakashima-Matsushita N, Homma T, Yu S. Selective expression of folate
receptor â and its possible role in methotrexate transport in synovial macrophages from patients with rheumatoid arthritis. Arthritis Rheum
1999;42:1609–16.
91 Bressolle F, Kinowski JM, Morel J, Pouly B, Sany J, Combre B. Folic acid
alters methotrexate availability in patients with rheumatoid arthritis. J
Rheumatol 2000;27:2110–14.
92 GriYth SM, Fisher J, Clarke S. Do patients with RA established on
methotrexate and folic acid 5 mg daily need to continue folic acid supplements long term? Rheumatology 2000;39:1102–9.
93 Shiroky JB. The use of folates concomitantly with low-dose pulse
methotrexate. Rheum Dis Clin North Am 1997;23:969–80.
94 Jobanputra P, Hunter M, Clark D. An audit of methotrexate and folic acid
for rheumatoid arthritis. Experience from a teaching centre. Br J Rheumatol 1995;34:971–9.
95 Morgan SL, Baggot JE, Vaughn WH. Supplementation with folic acid during methotrexate therapy for rheumatoid arthritis. A double-blind,
placebo-controlled trial. Ann Intern Med 1994;121:833–42.
96 van Ede AE, Laan RFGM, Blom HJ, De Abreu RAD, van de Putte LBA.
Methotrexate in rheumatoid arthritis: an update with focus on mechanisms
involved in toxicity. Semin Arthritis Rheum 1998;27:277–92.
97 Montesinos MC, Yap JS, Desai A, Posadas I, McCrary C, Cronstein B.
Reversal of the antiinflammatory eVects of methotrexate by nonselective
adenosine receptor antagonists theophilline and caVeine. Arthritis Rheum
2000;43:656–63.
98 Silke C, Murphy MS, Buckley T, Busteed S, Molloy MG, Phelan M. The
eVect of caVeine ingestion on the eYcacy of methotrexate. Rheumatology
2001;40:S4.
99 Straub HR, Cutolo M. Involvement of the hypothalamic-pituitary-adrenal/
gonadal axis and the peripheral nervous system in rheumatoid arthritis.
Arthritis Rheum 2001;44:493–507.

www.annrheumdis.com

Downloaded from http://ard.bmj.com/ on November 13, 2014 - Published by group.bmj.com

Anti-inflammatory mechanisms of methotrexate
in rheumatoid arthritis
M CUTOLO, A SULLI, C PIZZORNI, B SERIOLO and R H STRAUB
Ann Rheum Dis 2001 60: 729-735

doi: 10.1136/ard.60.8.729
Updated information and services can be found at:
http://ard.bmj.com/content/60/8/729

These include:

References
Email alerting
service

Topic
Collections

This article cites 99 articles, 27 of which you can access for free at:
http://ard.bmj.com/content/60/8/729#BIBL
Receive free email alerts when new articles cite this article. Sign up in the
box at the top right corner of the online article.

Articles on similar topics can be found in the following collections
Connective tissue disease (3672)
Musculoskeletal syndromes (4275)
Rheumatoid arthritis (2803)
Degenerative joint disease (4000)
Immunology (including allergy) (4366)
Inflammation (968)
Biological agents (450)
Drugs: musculoskeletal and joint diseases (588)

Notes

To request permissions go to:
http://group.bmj.com/group/rights-licensing/permissions
To order reprints go to:
http://journals.bmj.com/cgi/reprintform
To subscribe to BMJ go to:
http://group.bmj.com/subscribe/

