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Nonsteroidal Anti-Inflammatory Drugs Increase TNF
Production in Rheumatoid Synovial Membrane Cultures and
Whole Blood
Theresa H. Page,* Jeremy J. O. Turner,*,1 Anthony C. Brown,* Emma M. Timms,*
Julia J. Inglis,* Fionula M. Brennan,* Brian M. J. Foxwell,*,2 Keith P. Ray,†,2 and
Marc Feldmann*

R

heumatoid arthritis (RA) is an autoimmune and chronic
inflammatory condition causing joint destruction and
significant augmented mortality that affects ∼1% of the
population worldwide. Central to the pathogenesis of this condition
are a number of proinflammatory cytokines, such as TNF and IL-6,
whose expression drives both the inflammatory and destructive
processes that are characteristic of this disease (1, 2). The pivotal
role of TNF in RA pathology is underscored by the success of
anti-TNF biologic therapies in the clinic (3). However, economic
constraints, route of administration, and potential side effects dictate that such therapeutics have not always been used early in
disease progression. Rather, drugs, such as the nonsteroidal antiinflammatory drugs (NSAIDs), are licensed for symptomatic relief
of the pain associated with this condition, and they may be self
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administered using available over-the-counter formulations or
prescribed early in the disease, with disease-modifying drugs, such
as methotrexate and anti-TNF, used later.
NSAIDs exert their action by inhibiting the activity of the
cyclooxygenase (COX) enzymes and thus the conversion of arachidonic acid to a number of PG derivatives (4, 5). These important
immunomodulatory molecules (including PGD2, PGI2 [prostacyclin], PGF2a, thromboxane A2, and PGE2) are able to regulate such
diverse processes as pain, vasodilation, cardioprotection, apoptosis,
and bone remodeling (6) and are considered important in both
normal homeostasis and a number of disease pathologies. Two COX
enzymes are known to be important in PG production: the constitutively expressed COX1 and COX2, which can be induced by the
actions of LPS and cytokines, such as TNF and IL-1b (7–9). Consequently, COX2 expression is considered to be a characteristic
marker of sites of inflammation and, through the use of NSAIDs, has
been a primary target of anti-inflammatory therapy for many
years (10, 11). However, while the analgesic properties of NSAIDs
clearly result in reduced joint pain and tenderness and improve
mobility in humans, there is no evidence that NSAID therapy slows
disease progression. This finding contrasts studies in the acute
heterologous (bovine) type II collagen-induced mouse arthritis
model, which have shown beneficial effects of NSAIDs on joint
pathology and proinflammatory cytokine levels (11, 12). This discrepancy may reflect the different nature of the disease in mice, in
which joint inflammation is acute but transient in comparison with
the chronic human pathology.
An explanation for the lack of disease-modifying antirheumatic
drug (DMARD) activity of NSAIDs in human RA has not been
established. In this regard, there has been no assessment of the
effects of NSAIDs on the expression of inflammatory cytokines in
human disease tissue and many primary human cell populations.
To address this question we have examined the effect of a range of
NSAIDs on cytokine production in both primary human monocyte
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Nonsteroidal anti-inflammatory drugs (NSAIDs) inhibit cyclooxygenase activity and hence PG production. However, the ability of
NSAIDs to ameliorate pain and tenderness does not prevent disease progression in rheumatoid arthritis, a disease whose pathogenesis
is linked to the presence of proinflammatory cytokines, such as TNF-a. To understand this observation, we have examined the effect
of NSAIDs on the production of clinically validated proinflammatory cytokines. We show that a variety of NSAIDs superinduce
production of TNF from human peripheral blood monocytes and rheumatoid synovial membrane cultures. A randomized, doubleblinded, crossover, placebo-controlled trial in healthy human volunteers also revealed that the NSAID drug celecoxib increased LPSinduced TNF production in whole blood. NSAID-mediated increases in TNF are reversed by either the addition of exogenous PGE2
or by a PGE2 EP2 receptor agonist, revealing that PGE2 signaling via its EP2 receptor provides a valuable mechanism for controlling
excess TNF production. Thus, by reducing the level of PGE2, NSAIDs can increase TNF production and may exacerbate the proinflammatory environment both within the rheumatoid arthritis joint and the systemic environment. The Journal of Immunology, 2010,
185: 3694–3701.
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and synovial membrane cell cultures. Our findings demonstrate that
clinically relevant concentrations of these drugs superinduce production of the key proinflammatory cytokine TNF-a (but not IL-6 or
IL-1) in both RA synovia and primary human monocytes. These
data are further supported by findings from a randomized, doubleblind, placebo-controlled, crossover trial in which the level of TNF
produced ex vivo in whole blood from healthy volunteers after
NSAID administration was significantly increased. These data may
provide a mechanistic explanation for the lack of DMARD activity
of NSAIDs in human disease.

Materials and Methods
Reagents

Murine synovial cell culture
Synovial cell cultures were performed using a modified protocol from Malfait
et al. (13). Male DBA/1 mice were immunized with 100 mg bovine type II
collagen in emulsified Freund’s complete adjuvant by intradermal injection
at the base of the tail. At 7–10 d after onset of arthritis, the knee was opened
by removal of the patella tendon, and the synovial tissue was excised. Tissue
was pooled from a minimum of 10 animals. The tissue was digested in 0.5
mg/ml Liberase (Roche, Mannheim, Germany), 0.2mg/ml DNAse I (Sigma)
for 30 min at 37˚C with shaking. A single-cell suspension was formed by
straining through a 70-mM filter, and cells were cultured at 4 3 106 cells/ml
in complete DMEM for 24 h with various concentrations of celecoxib. TNF
and IL-6 were assayed in the culture supernatant by ELISA according
to manufacturers’ instructions (R&D Systems).

Human synoviocyte cell preparation
RA synovial cells were obtained from patients undergoing elective joint
replacement surgery and were prepared by mechanical and enzymatic disruption as described previously (14). Single-cell suspension cultures were
prepared by mechanical disruption followed by digestion in 0.15 mg/ml type
IV DNAse (Sigma) and 5 mg/ml collagenase (from Clostridium histolyticum; Roche) for 1–1.5 h at 37˚C. Cells released were collected, counted,
and plated in flat-bottom 96-well plates at a density of 1 3 105 cells/well.
NSAIDs were added at the concentrations shown (Figs. 2, 5, Supplemental
Figs. 1–3). All procedures received local ethics committee approval (RREC
No. 1752).

of TNF-a, IL-1b, IL-6, and PGE2 were determined by ELISA according to
the manufacturer’s instructions. Absorbance was read and analyzed at
450 nm on a spectrophotometric ELISA plate reader (Labsystems Multiskan Biochromic, Helsinki, Finland) using the Ascent software program
(Thermo Scientific, Surrey, U.K.).

Clinical trial
Whole blood was obtained by venepuncture from 17 healthy male volunteers
(aged 27–47 y) both before and 2 h after ingestion of a single oral dose of
either 200 mg celecoxib or placebo. Blood was diluted 1:1 in serum-free
RPMI 1640 and stimulated with TLR ligand (100 ng/ml LPS, 10 mg/ml
R848). Culture supernatants were collected after 4 h and TNF production was
measured by ELISA. This trial was performed as a double-blind, crossover
study and was decoded only after TNF levels were obtained. This trial was
approved by the local ethics committee (Hammersmith and Queen Charlotte’s and Chelsea research ethics committee, reference no. 07/QO404/44).
Volunteers provided informed consent prior to their inclusion in this study.

Statistical analysis
Student paired t test was used to analyze the significance of changes in
cytokine levels in the presence of NSAIDs. Two-tailed Wilcoxon signed
rank test was used for the clinical trial data.

Results
The effect of celecoxib on cytokine production in murine
synovial membranes
In animal models of arthritis, such as the heterologous type II collageninduced arthritis (CIA) model, NSAIDs have been shown to reduce
clinical disease scores and disease progression (10, 17, 18). To investigate how NSAID treatment influences the levels of proinflammatory cytokines within the joints of these animals, synovial
cell membrane cultures obtained from DBA/1 mice with CIA 7–
10 d after arthritis onset were examined for TNF and IL-6 expression. Fig. 1 shows that the spontaneous production of IL-6 is dramatically reduced, and the production of TNF is also decreased by
the addition of the COX2-specific inhibitor celecoxib in these animals. IL-6 production is substantially decreased even at the lowest
concentration tested, suggesting that IL-6 production in these cultures is more sensitive to COX inhibition than is TNF. The effect of
lower doses of celebrex on IL-6 production was not investigated
(Fig. 1).

Isolation of monocytes
PBMCs were prepared from buffy coat fractions of a unit of blood from a single
donor using Ficoll-Hypaque. The monocytes were then isolated by centrifugal
elutriation, as previously described (15). Monocyte fractions .85% purity were
routinely collected in this manner. Monocytes were cultured in RPMI 1640
containing 100 U/ml penicillin-streptomycin and 5% heat-inactivated FCS
at 37˚C in a humidified atmosphere containing 5% CO2. Cells were cultured in
flat-bottom 96-well plates at 1 3 105 cells/well. Cells were preincubated with
NSAIDs or agonists at the concentrations shown (Figs. 3, 4, 6) for 1 h prior to
the addition of stimulus.

TNF bioassay
Levels of bioactive TNF were determined using the Walter and Eliza Hall
Institute 164 cell line (clone 13) (16). Cells at 2 3 104 cells/well were incubated
overnight with cell culture supernatants and actinomycin D (0.5 mg/ml) at 37˚C
overnight. Viability was determined by measuring absorbance at 620 nm on
a spectrophotometric ELISA plate reader after the addition of MTT.

ELISA
At 24 h after stimulation of monocytes or after the addition of NSAIDs to
RA, synovial cell cultures supernatants were harvested. The concentrations

FIGURE 1. NSAIDs reduce proinflammatory cytokine production in
synovial cultures from CIA mice. Spontaneous TNF (A) and IL-6 (B) release from synovial membrane cultures from CIA mice in the presence of
celecoxib (0.5–10 mM). Data shown are expressed as percent change in
relation to vehicle-only–treated membranes and represents mean values 6
SEM. Data were generated from two separate experiments. For each experiment, tissue was pooled from at least 10 separate animals.
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PGE2 was purchased from Sigma (Poole, Dorset, U.K.) LPS and flagellin from
Alexis (Exeter, U.K.). N-palmitoyl-S-[2,3-bis (palmitoyloxy)-(2R)-propyl]-(R)cysteine (PAM3Cys) was obtained from ECM Microcollections (Tubingen,
Germany). Butaprost, misoprostol, and sulprostone were obtained from Cayman
Chemicals (Ann Arbor, MI). COX2-specific inhibitors were obtained from
GlaxoSmithKline (Stevenage, U.K.). Diclofenac was purchased from Sigma.
Drugs were dissolved in DMSO, aliquoted, and stored at 220˚C before use.
ELISAs were purchased from BD PharMingen (Oxford, U.K.; IL-1, IL-6, IL-8,
IL-10, TNF), or R&D Systems (Minneapolis, MN; PGE2). All reagents other
than LPS were tested for the presence of endotoxin using a Limulus amebocyte
assay (BioWhittaker, Walkersville, MD) and were found to be free of contaminating LPS.
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NSAIDs enhance TNF production in human RA synovial
membranes

NSAIDs increase TNF production in LPS-stimulated
human monocytes
Peripheral blood monocytes act as the precursor cell type for resident
tissue macrophages and for those macrophage-like cells that accumulate within inflammatory sites, including the joints of patients
with RA and in atherosclerotic plaques (21, 22). To determine the
effect of NSAIDs on the cytokine response of human peripheral
blood monocytes, cells were pretreated with celecoxib, rofecoxib,
or diclofenac and were then stimulated with LPS. In common
with cells from the active rheumatoid synovial cell cultures, all
three NSAIDs produce concentration-dependent increases in the
amount of TNF produced in response to LPS in monocyte cultures
(Fig. 3A–C, Supplemental Fig. 1). At clinically relevant concentrations (0.3–10 mM) (19), celecoxib, rofecoxib, and diclofenac all
cause a significant increase in TNF production (between 2- and
5.5-fold), whereas drug administration alone does not induce cytokine production (not shown). In common with their effect in RA
membranes, the NSAIDs have no effect on the levels of IL-6
or IL-1b produced in response to LPS in these cells (Fig. 3D–F). In
contrast to the effect on RA membranes, NSAID treatment does
not inhibit the amount of IL-10 produced in these cultures. Thus,
although IL-10 is able to reduce the expression of TNF in RA synovia (23), the observation that TNF levels also increase in the
monocyte system, where levels of IL-10 do not concomitantly
decrease, suggests that the ability of NSAIDs to enhance TNF
production cannot be explained by a mechanism based on the suppression of IL-10, and other explanations are needed.

FIGURE 2. NSAIDs increase TNF expression in human RA synovial membrane cultures. A, Spontaneous TNF release by an RA synovial membrane
culture from a single donor in the presence of NSAIDs (1–10,000 nM). Black bar represents vehicle control (DMSO) in the absence of NSAIDs. Spontaneous
release of cytokines by RA synovial membrane cultures in the presence of clinically desirable concentrations (0.3–10 mM) of celecoxib (B), rofecoxib (C), and
diclofenac (D). Data shown are expressed as percent change in relation to vehicle-only–treated membranes and represents mean values 6 SEM from five
to nine separate donors. The dashed line represents 100% control value (vehicle only). Statistical significance is shown for TNF at the 3.3 mM concentration.
pp , 0.05; ppp , 0.005; pppp # 0.001.
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Whereas COX inhibitors are demonstrated to act as DMARDs in
acute murine models of arthritis, this is not the case in human RA.
We therefore examined the effects of celecoxib (Celebrex), another
selective COX 2 inhibitor, rofecoxib (Vioxx), and the broader
specificity (COX1 and COX2) inhibitor diclofenac (Voltarol) on
spontaneously produced proinflammatory cytokine levels in synovial membrane cell cultures from RA patients. Fig. 2 shows that, in
contrast to the murine synovial membrane cultures, the addition of
celecoxib, rofecoxib, or diclofenac to cultured RA synovium does
not inhibit proinflammatory cytokine production. Rather, it results in
a concentration-dependent increase in the amount of TNF produced. Fig. 2A shows cells from a single donor treated with concentrations of celecoxib and rofecoxib between 41 pM and 10 mM and
reveals a concentration-dependent increase in TNF production. This
donor is unusual in showing little or no change in TNF level at
0.3 mM. Fig. 2B–D shows combined data generated from five to nine
individual synovia at concentrations (0.3–10 mM) reported to be
achieved in serum after administration of clinically relevant doses of
NSAIDs recommended for symptomatic relief in RA (19, 20). All
donors showed increased TNF production over this concentration
range. Because absolute levels of cytokines produced in these cultures differ between patients (Supplemental Fig. 1), results are presented as mean changes in cytokine relative to untreated control
cultures (Fig. 2). To confirm that the TNF produced in these cultures
was biologically active, supernatants from a representative membrane were also assayed using the Walter and Eliza Hall Institute
cytotoxicity assay (16). This assay shows clear increases in TNF
bioactivity levels after NSAID treatment (Supplemental Fig. 2).
In addition to changes in the level of TNF, NSAID treatment also
alters expression of the antiinflammatory cytokine IL-10, except
in this case the expression of IL-10 is reduced by as much as
50% (Fig. 2B–D).
In contrast to the effects on TNF and IL-10, and to the findings
in murine synovia, IL-6 production in RA membranes is unaffected
by treatment with celecoxib, rofecoxib, or diclofenac. IL-1b ex-

pression is also unaltered by NSAID treatment in RA membranes,
except in those treated with celecoxib in which its production is
inhibited (Fig. 2B). The reason for this finding is unclear, but as
a consistent finding in all of the donors examined it is unlikely to
reflect donor-to-donor variation in response to different NSAIDs,
which is a well-described phenomenon between individuals. Furthermore, because this activity is not shared by the other NSAIDs
examined, it is unlikely to represent an NSAID class effect. At
present, the basis of this activity has not been investigated further.
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NSAID induced changes in TNF are seen in response to
a variety of TLR ligands
LPS is only one of many TLR ligands that could play a role in the
induction of inflammation or the response to infection or in RA (24,
25). To determine whether NSAIDs also increase TNF production
induced by signaling through other TLRs, we examined the effect
of NSAID treatment after stimulation with PAM3Cys (TLR2/1) and
flagellin (TLR5). Fig. 4 shows that NSAIDs also increase TNF
production in monocytes stimulated with these TLR ligands,
demonstrating that this function is not specific to stimulation via
TLR4. These data reveal that therapeutic levels of NSAIDs increase
the expression of TNF in response to a number of TLR ligands.
PGE2 reverses the effect of NSAIDs on TNF production
PGE2 is one of the most abundant PGs in the RA synovium and is
produced as a direct result of COX activity (26). Accordingly, all
NSAIDs used in this study effectively reduce PGE2 production in
RA synovial cell membrane cultures (Fig. 5A). PGE2 is often
regarded as a proinflammatory mediator (27). However, it may also
possess potent antiinflammatory properties (28–31). To establish
whether the NSAID-mediated reduction in PGE2 was responsible
for the NSAID-mediated rise in spontaneous TNF production,
exogenous PGE2 (5 mM) was added to NSAID-treated rheumatoid
synovial membrane cell cultures. Levels of PGE2 present in

synovial membrane cell preparations in the absence of NSAIDs
varied among individuals (not shown); 5 mM represents at least
a 6-fold excess over control levels. Fig. 5B shows that the addition
of PGE2 reduces the excess TNF expression produced in response
to NSAIDs, resulting in TNF levels either equal to or less than those
in untreated cultures. These data reveal that the increased levels of
TNF in NSAID-treated RA synovial cell cultures can be attributed
directly to a reduction in the level of PGE2.
Signaling via EP2 receptors mediates cytokine changes in
primary human monocytes
PGE2 is known to signal via four distinct cell surface receptors,
known as EP1, EP2, EP3, and EP4 (6). The EP2 and EP4 receptors
both mediate increases in cAMP levels (6), and agents that raise
cAMP levels are known to decrease TNF production in monocytes
(31, 32). Thus, signaling by PGE2 via the EP2 or EP4 receptors may
provide the mechanism by which PGE2 reduces levels of TNF. To
investigate this hypothesis, primary human monocytes were stimulated with LPS in the presence of either PGE2, which can interact
with all four EP receptors (EP1, 2, 3, and 4), or various concentrations of selective EP receptor agonists: butaprost (EP2), misoprostol (EP2, 3, 4), or sulprostone (EP1, 3). Our data show that
PGE2 and both butaprost and misoprostol are able to inhibit TNF
production in this system in a dose-dependent manner. In direct
contrast, sulprostone was unable to effect a change in TNF production (Fig. 6A). These data demonstrate that signaling via the
EP2 receptor (butaprost) and possibly also via the EP4 receptor
(misoprostol) is able to mimic the effect of PGE2 on TNF production in this system. In contrast, signaling via the EP1 and EP3
receptors is not involved in cytokine modulation.
EP2 agonists decrease spontaneous TNF production in RA
membrane cultures

FIGURE 4. NSAIDs enhance TNF production in response to other TLR
ligands. Primary human monocytes were stimulated with (A) PAM3Cys (10
ng/ml) or (B) flagellin (10 ng/ml) in the presence of 3.3 mM C, R, or D.
Supernatants were harvested after 24 h, and TNF levels were measured by
ELISA. Data shown represent mean values 6 SEM from three or four
separate donors. The dashed line represents 100% control value (TLR ligand
only). pp # 0.05; ppp # 0.005. C, celecoxib; D, diclofenac; R, rofecoxib.

Because monocyte-macrophages are considered to be the major
source of TNF-a in RA synovial tissue, additional studies were
performed to investigate the effects of EP-receptor selective agonists
on spontaneous TNF production by cultured synovial membrane
cells. We show in this study that in human RA synovial membrane
cultures, treatment with PGE2 itself, and with both butaprost (EP2)
and misporostol (EP2, 3, 4) reduces the spontaneous production of
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FIGURE 3. NSAID treatment increases TNF production in human monocytes. Primary human monocytes were stimulated for 24 h with LPS in the
presence or absence of increasing concentrations of celecoxib (A), rofecoxib (B), or diclofenac (C). Tissue culture supernatants were examined for levels of
TNF by ELISA. Tissue culture supernatants from five additional donors were treated with clinically desirable (0.3–10 mM) concentrations of celecoxib (D),
rofecoxib (E), or diclofenac (F) and were also examined for levels of TNF, IL-6, IL-1, and IL-10 by ELISA. Results shown are expressed as increases
relative to cells stimulated with LPS alone and represent mean values 6 SEM. The dashed line represents 100% control value (LPS only). Statistical
significance is indicated for TNF at the 3.3-mM concentration. t Tests for other cytokines were not significant. pp # 0.05; ppp # 0.005.

3698

NSAIDs INCREASE TNF LEVELS IN RA MEMBRANES AND WHOLE BLOOD

TNF (Fig. 6B). As seen in monocyte cultures, sulprostone (EP1, 3)
was ineffective. These results highlight the importance of PGE2
signaling via its EP2 receptor in controlling expression of TNF
within the human synovial membrane.
NSAIDs cause increased TNF production in whole blood of
human subjects following NSAID treatment in vivo
To assess the relevance of these data to in vivo effects in human
subjects, we extended this study to an in vivo environment. We conducted a randomized, double-blind, crossover, placebo-controlled
trial investigating the effect of oral administration of celecoxib on

FIGURE 6. Signaling via the EP2 receptor mimics
PGE2-mediated changes in TNF. A, Primary human
monocytes were stimulated with LPS (10 ng/ml) in the
presence or absence of various concentrations of P, B,
M, or S. After 24 h culture, supernatants were collected
and levels of TNF were analyzed by ELISA. Data
shown represent mean values 6 SEM from three or
four separate donors and represent percent change
relative to diluent only (solid line). B, Human RA synovial membrane cultures were treated with 10, 3, or 1
mM P, B, M, or S. Spontaneous release of TNF was
measured after 24 h by ELISA. Data shown are
expressed as percent change in relation to diluent-only–
treated membranes and represent mean values from
four separate donors 6 SEM. The dashed line represents 100% control value (diluent only). B, butaprost;
M, misoprostol; P, PGE2; S, sulprostone.

Discussion
In this study we demonstrate that NSAIDs significantly increase
spontaneous TNF production in synovial membrane cultures from
patients with RA. These studies have used COX2-specific NSAIDs
(celecoxib and rofecoxib) and a COX1- and COX2-bispecific NSAID
(diclofenac). Indeed, additional studies with clinically relevant doses
of aspirin, a COX1 inhibitor, also produce increases in TNF expression in RA synovial membrane cultures and primary human monocytes (Supplemental Fig. 3), revealing a role for both COX1 and
COX2 in PGE2 regulation in the synovial membrane. These findings,
in combination with the ability of PGE2 to reverse the NSAIDinduced increase in TNF, suggest that it is the NSAID-induced
reduction in PGE2 expression that is responsible for the alterations
in cytokine production seen.
The concentrations of NSAIDs used in these studies reflect those
achieved in serum after administration of therapeutic doses of
NSAIDs (20). Although no such data are available for the levels of
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FIGURE 5. NSAID-induced changes in PGE2 mediate the changes
observed in spontaneous TNF expression. A, RA synovial membrane
cultures were incubated for 24 h with the indicated concentrations of
NSAIDs. Supernatants were then analyzed by ELISA for PGE2 content.
The graph shows percent inhibition when compared with untreated
membranes. Data shown represent mean values 6 SEM from three to six
separate donors. B, Effect of addition of exogenous PGE2 (5 mM; +P) on
TNF levels in NSAID-treated (10 mM) synovial membrane cultures. The
graph shows percent changes relative to untreated membranes (solid line).
Data shown represent mean values 6 SEM from six or seven separate
donors. cele, celecoxib; diclof, diclofenac; ns, no significant change; rofe,
rofecoxib. pp # 0.05; ppp # 0.005.

TNF production in whole blood. Seventeen normal healthy male
volunteers (aged 25–47 y) received a single oral dose of either 200
mg celecoxib or placebo. Blood was taken both immediately before
receiving the dose and 2 h afterward, to coincide with peak serum
levels of celecoxib (33). Whole blood cell cultures were then
established according to the method described by Schippers et al.
(34). Basal activation of circulating monocytes in the blood of
healthy individuals is extremely low, and subsequently cytokine
production is below the level of detection. Consequently stimulation
ex vivo with LPS (TLR4 ligand) or R848 (TLR7/8 ligand) was used
to mimic cellular encounter with an inflammatory stimulus, such
as an invading pathogen or endogenous damage-associated molecular pattern (DAMP). Supernatants from stimulated cells were collected at 4 h, and TNF production was assessed by ELISA. The
results shown in Fig. 7 demonstrate that after a single dose of NSAID,
the production of TNF in whole blood is significantly increased in
response to ex vivo stimulation by either LPS (p = 0.0342) or R848
(p = 0.0049). In contrast, when the same individuals received placebo
drug, there was no significant change in cytokine production. These
data show that the effects of NSAIDs observed using in vitro cell
cultures are reproduced in blood cells that were exposed to the drug
in vivo under clinically relevant conditions, and they suggest that the
changes in cytokine expression demonstrated in the rheumatoid synovial cultures are likely to be mirrored at a systemic level after ingestion of a widely prescribed therapeutic concentration of celecoxib.
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FIGURE 7. A single dose of celecoxib in vivo
increases TLR-induced TNF production in whole
blood. Healthy volunteers (aged 25–47 y) were given
a single oral dose of either 200 mg celecoxib (A, C) or
placebo (B, D). Whole blood was taken both before and
2 h after ingestion of drug or placebo and stimulated
with 100 ng/nl LPS (A, B) or 10 mg/ml R848 (C, D).
After 4 h culture, supernatants were harvested and examined for levels of TNF. Paired results (before and
after) are shown for each individual volunteer. Statistical analysis was performed using the Wilcoxon signed
rank test. ns, not significant.

induced in mice using autologous type II collagen. It is interesting to
note that, in common with human RA, NSAIDs do not act as
DMARDs in this chronic CIA model (38). Such differences in human
RA and heterologous CIA may also be reflected in the cellular
composition of synovial cell membrane preparations. Immunohistologic studies of RA membranes have shown the presence of infiltrating T cells, plasma cells, monocyte-macrophage–like cells,
granulocytes, and NK cells (39, 40). In agreement, studies in this
laboratory show that human RA membrane preparations contain
∼60% CD45+ cells, with the remainder being fibroblast-like cells
(not shown). Whereas murine CIA membranes also contain T cell
populations and monocyte-macrophage–like cells (41), the proportion of fibroblast-like cells is thought to be higher in murine CIA
membrane preparations. Because these cells are potent producers of
IL-6 (42, 43), this finding may offer an explanation for the enhanced
role of IL-6 and, thus, the effectiveness of PGE2 inhibition in CIA.
In contrast to studies in acute rodent models of RA, the role that
PGE2 plays in the destructive pathogenesis of human RA is still
unclear despite the long-standing clinical use of NSAIDs in RA
therapy and their undisputed ability to reduce pain and tenderness
in affected joints. Such analgesic and antiswelling properties of
NSAIDs in humans can be explained by the fact that, by inhibiting
COX activity, NSAIDs reduce the production of a number of different prostanoids in addition to PGE2. It is likely that a reduction in
the levels of prostacyclin (a potent vasodilator and one of the
dominant prostanoids in the RA membrane), is responsible for
NSAID-mediated reductions in edema (26, 44). Prostacyclin and
PGE2, the other dominant prostanoid in synovial fluid are also
important in mediating pain (27, 45). NSAID-mediated decreases
in these prostanoids therefore provide a reasonable explanation for
the pain relief provided by these drugs. However, whereas NSAIDs
clearly offer symptomatic relief of inflammation, our data suggest
that this may be achieved in the presence of increased levels of
TNF. TNF has been implicated in bone erosion, angiogenesis, and
a wide range of inflammatory conditions, including cardiovascular
disease. Clinical data linking NSAID use and exacerbated RA
disease scores have not been reported and might be difficult to
control, given the wide availability of this class of compounds and
their self administration. However, these findings may offer some
explanation for the adverse effects of long-term NSAID use and
increased cardiovascular events (4, 46).
The NSAID-driven increase in TNF production could potentially
be counteracted by any concomitant increases in IL-10, soluble TNFR
expression, or both (23). However, the observation that bioactive TNF
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NSAIDs achieved in synovial fluid, by using a wide concentration
range in the synovial membrane cell assay we have demonstrated
that the compounds have pharmacologic activity in this system.
Moreover, the potencies of NSAID effects seen in the in vitro cell
systems occur at concentrations lower than those achieved in plasma
following clinically relevant doses. It is likely that the changes in
cytokine profile in the tissue explants used in this study would also
be replicated locally in situ in the synovium, and these results provide a justification for further clinical investigation. Effects on cytokine levels in vivo could possibly be investigated by taking
sequential synovial biopsy specimens after dosing with NSAIDs.
However, this type of investigation is beyond the scope of this study.
At first our findings may appear difficult to reconcile with the
effectiveness of NSAIDs in some animal models of RA where
NSAIDs have DMARD-like activity. In agreement with this finding,
a range of studies including selective inhibition (10) or genetic
ablation (35) of COX2, PG E synthase-1 or EP2 or -4 receptor
deficiency (12) have demonstrated the involvement of PGE2 in
arthritis associated joint pathology in rodents. However, whereas
proinflammatory cytokines are central to the pathology of RA in
both human and rodent models, the relative importance of TNF and
IL-6, and the effect of PGE2 on these cytokines in rodent models of
RA may differ from that in humans. Thus, in a rat adjuvant arthritis
model, selective inhibition of COX2 (10) or PGE2 (36) attenuates
inflammation and inhibits both joint IL-6 expression (mRNA) and
serum IL6 levels, but has no substantial effect on TNF-a mRNA
expression. Evidence for the enhancement of IL-6 and suppression
of TNF-a production by EP2–EP4 receptor agonists has also been
reported using synovial tissue from mice with pristane arthritis
(37), whereas studies using synoviocytes from CIA mice showed
that IL-6 production was enhanced by EP2 and EP4 agonists and
inhibited by indomethacin (12). Results of the current study
showing celecoxib inhibition of spontaneous IL-6 and TNF production by mouse CIA synovial membrane cells are consistent with
these earlier findings (Fig. 1) and suggest that in rodent arthritis
models, endogenous PGs may promote disease through enhanced
production of IL-6 (mRNA-protein). Thus, the inhibition of PGE2dependent IL-6 production may provide a rationale for the diseasemodifying activity of NSAIDs.
Such differences may reflect the different nature of rodent disease
models. In particular, the commonly used murine CIA model, induced
with heterologous (bovine) type II collagen (Fig. 1), is an acute,
monophasic disease. In contrast, RA in humans is a chronic, progressive condition that more closely resembles the chronic disease
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increases in TNF are seen when whole blood is stimulated with
TLR ligands may also shed light on the relationship between these
drugs and increased cardiovascular event rates (4, 46).
In summary, the data presented in this study reveal that the relatively COX2 specific (as well as the bispecific) NSAIDs, by reducing levels of PGE2, are able to increase expression of the key
proinflammatory cytokine TNF in rheumatoid synovia, in isolated
peripheral blood monocyte populations, and at the systemic level in
whole blood. Locally, NSAID enhancement of TNF-a production
might be expected to exacerbate aspects of synovial inflammation
and associated pathologic processes within the RA joint. While
systemically, a consequence of NSAID treatment of patients who
may already be at risk for cardiovascular disease may be to further
skew their cytokine profile in favor of TNF production, and thus
adversely affect vascular or cardiopathology.
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where comparable increases in TNF are observed. In human RA
synovium we show that PGE2 can act as an important regulator of
TNF production and that this effect can be mimicked by EP2, EP4
receptor agonists, or both. These findings suggest a scenario whereby
TNF produced within the synovium acts to induce the expression of
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important role in these processes (22, 58, 59), the observation that
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