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Abstract
Objectives 

Nitric oxide and prostaglandins are both implicated in the pathogenesis of inflammatory conditions such as
rheumatoid arthritis (RA). The hypothesis that simultaneous inhibition of nitric oxide synthase (NOS) and

cyclooxygenase (COX) was more effective than inhibition of either enzyme alone was tested.

Methods
J774 macrophages were pre-incubated with L-NAME and/or indomethacin, prior to activation with LPS 

(10 g/ml).

Results
LPS significantly increased NO2

-, PGE2 and TNF- levels by 24h. Quantitative real-time PCR demonstrated a
dose-dependent reduction in the expression of COX-2 in the presence of increasing doses of L-NAME. NO2

- and
PGE2 production were inhibited in a dose-dependent manner by either indomethacin or L-NAME. Combined

administration of L-NAME and indomethacin produced a significantly greater inhibition of NO2
- and PGE2 than

either inhibitor alone. 

Conclusion
The data supports the therapeutic potential of combined inhibition of the prostanoid and nitrergic systems as an

anti-inflammatory treatment strategy and supports the progression of this work into models of arthritis.
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Introduction
N i t re rgic and prostanoid pat h way s
have important proinflammatory roles,
are known to interact (1-3)and are both
i m p l i c ated in the pat h ogenesis of
inflammatory disease. While previous
work has focused on the anti-inflam-
m at o ry potential of inhibiting these
p at h ways sep a rat e ly, this is the fi rs t
study to assess the benefit of combined
inhibition of both pathways in a cell
culture system. 
Nitric oxide (NO) and prostaglandin E2

(PGE2) are two inflammatory media-
tors overproduced in arthritic joints (4).
This is due to the high levels generated
by the inducible enzymes in both path-
way s , n a m e ly inducible nitric ox i d e
synthase (iNOS) and cyclooxygenase-2
( C OX-2). Infl a m m at o ry stimu l i ,
i n cluding endotoxins and nu m e ro u s
cy t o k i n e s , induce the ex p ression of
both inducible isofo rms at sites of
i n fl a m m ation or tissue injury. iNOS
and COX-2 have prev i o u s ly been
detected in synovial tissue, fluid and
articular cartilage of arthritic joints (5-
11). Despite the early promise of NOS
inhibitors in suppressing the develop-
ment of arthritis, there is uncertainty
about their efficacy in treating estab-
lished diseases (12-14). Similarly,
d rugs that inhibit PG synthesis have
been found to be valuable in inhibiting
inflammatory hyperaemia and reducing
acute fl a res in rheumatoid art h ri t i s
(RA) (9, 1 1 , 15) but have had little
impact on disease progression (16). 
The excessive production of NO elicits
tissue damage partly through the pro-
duction of the cytotoxic peroxynitrite
(ONOO-) (17-20). However, there are
also constitutively expressed isoforms
that generate low amounts of NO nec-
essary for the regulation of numerous
p hy s i o l ogical pro c e s s e s , i n cl u d i n g
blood pressure, platelet adhesiveness,
ga s t ro intestinal motility and neuro-
transmission (21). 
Two isoforms of COX also exist for the
fo rm ation of PGE2. The constitutive
i s o fo rm , C OX - 1 , t y p i c a l ly plays a
housekeeping role while the inducible
COX-2 is known to play a central role
in the infl a m m at o ry process. Both
enzymes cat a lyse the conve rsion of
arachidonic acid to prostanoids which

are ultimately converted to the more
stable PGs, prostacyclin and thrombox-
ane A2. The anti-inflammatory action
of non-steroidal anti-infl a m m at o ry
drugs (NSAIDs) result from their inhi-
bition of COX-2, whereas the adverse
e ffects associated with this class of
drugs can largely be attributed to inhi-
bition of COX - 1 , a consequence of
their lack of selectivity. 
Both nitrergic and prostanoid systems
are activated during inflammation, and
va rious studies have inve s t i gated the
i n t e raction between these pat h way s
and showed low levels of NO activate
COX (5, 22) while higher levels appear
to reverse the effect. Swierkosz (1995)
( 1 ) d e m o n s t rated J774 macro p h age s ,
s t i mu l ated with lipopoly s a c ch a ri d e
( L P S ) , induces release of large
amounts of NO which inhibited both
the activity and induction of COX-2.
During chronic inflammation, cells of
the immune system such as mono-
cy t e s / m a c ro p h ages infi l t rate the syn-
ovial tissue. Previous studies have
d e m o n s t rated that the abundance of
macrophages in the inflamed synovium
correlates with the severity of the RA.
On activation by bacterial products or
interferon-γ, these cells release a vari-
ety of catabolic cytokines, in particular
tumour necrosis factor (TNF-α) (24).
These inflammatory cytokines up regu-
late the enzymes which produce chem-
ical mediators such as PG and NO (25,
26). The release of these substances
results in vasodilatation and increased
vascular perm e ability at the site of
infection. 
Given the known interaction between
the nitrergic and prostanoid pathways,
this study aims to establish if additional
benefit is derived by the combined inhi-
bition of both pathways simultaneously
in macro p h age s , t h e reby offe ring an
improved therapeutic strategy.

Methods and materials
Cell culture
The mu rine macro p h age cell line, J 7 7 4
( E u ropean Collection of Animal Cell
C u l t u res (ECAC C ) , S a l i s bu ry, Wi l t-
s h i re, U K ) , we re cultured using stan-
d a rd cell culture techniques. The cells
we re maintained in Dulbecco’s Modi-
fied Eagles Medium (DMEM; Inv i t ro-
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ge n , Pa i s l ey UK) and supplemented
with 10% foetal calf serum (FCS),
2mM L-glutamine and Pe n i c i l l i n / S t rep-
t o mycin 50 µg/ml. Confluent cells we re
washed twice and resuspended in com-
plete RPMI 1640 medium befo re seed-
ing them onto 24-well plates. 
An infl a m m at o ry response wa s
induced by stimulating the cells with
the bacterial toxin, lipopolysaccharide
(LPS, 10 µg/ml). NOS and COX activi-
ty were inhibited by incubation of the
cells with NG- n i t ro - L - a rginine (L-
NAME) or indomethacin, respectively,
30 min prior to activation with LPS.
Twenty-four hours later, the accumula-
tion of T N F -α, n i t rite (NO2

-) and
p ro s t aglandins (PGE2) in the super-
natants were measured as indices of the
inflammatory response

Production of nitrite, TNF- and 
PGE2 in LPS-stimulated J774
TNF-α is a key cytokine produced by
m a c ro p h ages on activation by LPS.
The amount of TNF-α in the super-
natant was calculated using an ELISA
standard curve of mouse recombinant
T N F -α, fo l l owing the manu fa c t u re rs
p rotocol (Biosource Intern at i o n a l ,
Camarillo, CA, USA). Briefly, culture
s u p e rn atants we re added to 96-we l l
plates pre-coated with a mouse TNF-α
antibody. The absorbance of samples
was measured at 450 nm, after detec-
tion with a strep t av i d i n - h o rse ra d i s h
p e roxidase solution. NO pro d u c t i o n
was measured as NO2

- levels using a
spectrophotometric assay based on the
Griess reaction. Briefly, culture super-
natants were mixed with one volume of
G riess re agent (0.1% nap h t hy l e t hy l-
enediamide and 1% sulfanilamide in
85% phosphoric acid). After 30 min,
absorbance was read at 565 nm, and
N O2

- c o n c e n t ration was calculat e d
f rom a standard curve using sodium
n i t ri t e. PGE2 was determined by
ELISA (Cayman Chemical Company,
Ann Arbor, MI, USA). The concentra-
tion of PGE2 in cell supernatants was
c a l c u l ated from a standard curve of
P G E2 m e a s u red at 410 nm (Dynex
MRII). 

Quantitative RT-PCR
Total RNAs of the J774 mouse

m a c ro p h ages we re ex t racted using
TRIzol reagent (5x106 cells/ml, Sigma,
UK) according to manufacturers proce-
d u re. Fi rst strand cDNA was made
from total RNA using a reverse tran-
scription kit (Promega, UK). Relative
expression of COX-1 and 2 were deter-
mined by real-time quantitat ive RT-
PCR using the ABI Prism 7700
Sequence Detection System (Pe rk i n
Elmer Applied Biosystems, USA). The
oligonucleotide sequences for primers
and probes used are as follows: COX-1
forward primer: CAC CAG TCA TTC
CCT GTT GTT ACT, reverse primer:
CCA GGT CCA GAT CTC AGG GAT
A, probe: TCC ATG CCA GAA CCA
GGG TGT CTG (27); COX-2 forward
p ri m e r : AGG TGT ATC CTC CCA
CAG TCA AA, reverse primer: GGC
ACC AGA CCA AAG ACT TCC T,
p ro b e : ACA CTC AGG TAG AC A
TGA TCT ACC CTC CCC A (27); β-
actin forward primer: TTC AAC ACC
CCA GCC ATG T, reve rse pri m e r :
GTG GTA CGA CCA GAG GCA TAC
A, probe: CGT AGC CAT CCA GGC
TGT GTT GTC C (28). All Taqman
probes were labelled at the 5’ end with
6 - c a r b ox y - fl u o rescein (FAM) and at
the 3’ end with a non-fluorescent dark
q u e n cher molecule. The comparat ive
threshold cycle (CT) method was used
for the relative quantification of gene
ex p ression as described in the user
manual utilising β-actin RNA levels as
an internal standard. Taqman reve rs e
transcription reagents were as used as
described by manufacturer. 

Assessment of cell survival
Cell viability was assessed by mito-
chondrial reduction of the tetrazolium
s a l t , 3 - ( 4 , 5 - d i m e t hy l t h l t h i a zo l - 2 - y l ) -
2 , 5 - d i p h e nyl tetra zolium bro m i d e
(MTT) to formazan. After removal of
the supernatant, the cells were incubat-
ed with MTT (5 mg/ml in PBS, pH 7.4

fi l t e r- s t e rilised) for 4 hours at 37ºC.
Medium was re m oved and the cells
were solubilised in 10% sodium dode-
cyl sulphate (SDS), giving rise to a
coloured product that can be detected at
540 nm using a spectrophotometer. The
amount of coloured product is propor-
tional to the number of living cells. 

Drugs
All culture media and nutrients were
from Invitrogen (Paisley, UK), and all
other chemicals used were from Sigma
(UK). L-NAME and indomethacin
we re dissolved in saline and sodium
carbonate respectively.

Statistical Analysis
All results are expressed as percentage
ch a n ge ± S. D. compared to LPS-
induced cells, and have been nor-
malised against unstimulated cells. IC50

data expressed as means and 95% con-
fidence intervals. Comparison between
group values was performed by one-
way or two - way rep e ated measure s
ANOVA, as indicated. Bonferroni mul-
tiple comparison tests were used post
h o c for comparison of the diffe re n t
treatments, unless otherwise stated. n
values refer to the number of tests per-
formed for each group.

Results
Effect of combined application of 
L-NAME and indomethacin on PGE2

levels
PGE2 levels were increased significant-
ly when LPS was applied to the cells
(P<0.0001, 1-way ANOVA; n=4; Table
I). PGE 2 production was progressively
inhibited (Fig. 1A) by application of
increasing concentration of L-NAME
(IC50 = 21.2 µM; 95% CI 18.7 to 23.6
µM) or indomethacin (IC50 = 14.7 µM;
12.3 to 17.17 µM, 95% CI). Combined
a d m i n i s t ration of L-NAME and
indomethacin produced greater inhibi-

Table I. Basal and LPS-stimulated values of TNF-α, NO2
- and PGE2. (Values represent

mean ± SD; statistical comparisons are by paired t-tests) 

Inflammatory indice Control LPS 10 mg/ml Statistics n

TNF-α 3.8 ± 0.4 ng/ml 981 ± 120 ng/ml P < 0.0001 8
NO2

- 0.98 ± 0.04 µM 41.8 ± 7.9 µM P < 0.0001 13
PGE2 42.3 ± 11.1 pg/ml 11040 ± 2100 pg/ml P < 0.0001 5
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tion of PGE2 p roduction than either
drug alone (Fig. 1B), 2-way ANOVA
revealing a significant interaction (P=
0.009; n=4). 

Effect of combined application of 
L-NAME and indomethacin on 
NO2

- levels
LPS stimulation of J774 cells resulted
in a greater than 40-fold increase in
NO2

- compared to unstimulated cells (P
< 0.0001; Table I). The release of NO2

-

was inhibited in a concentration-depen-
dent manner (Fig. 2A) by prior incuba-
tion with either L-NAME (IC50 = 1.55
mM; 1.2 t o 1.9 mM, 95% CI) or
indomethacin (IC50 = 0.19 mM; 0.12 to
0.26 mM, 95% CI). Various combina-
tions of these inhibitors we re then
added to the stimulated cells (Fig. 2B)
to assess the effects of inhibiting the
n i t re rgic and prostanoid pat h ways in
c o m b i n ation. When L-NAME and
indomethacin were applied in combi-
nation, they reduced NO2

- levels signif-
icantly compared to LPS and also to
i n d ependent administration of either
d rug alone, s i g n i ficant intera c t i o n
being revealed by 2-way ANOVA (P =
0.0007; n=4).

Effect of sub-maximal concentrations
of L-NAME and indomethacin on 
TNF- levels 
As expected, TNF-α levels were signif-
i c a n t ly increased in LPS-stimu l at e d

cells (P < 0.0001; paired t-test; n = 8;
Table I), with only a slight, non-signifi-
cant reduction when sub-maximal con-
centrations of L-NAME (10-3 M) and
indomethacin (10-4 M) we re ap p l i e d
individually (99.7 ± 12.4% and 92.9 ±
11.7% respectively). In the combina-
tion inhibitor group, the LPS-induced
rise in TNF-α (73.2 ± 10.1 %) was sig-
nificantly reduced compared to untreat-
ed LPS-stimulated cells (P < 0.001), or
either the L-NAME (P < 0.001) or
indomethacin (P < 0.05) group (com-
parison made by Bonferroni post-hoc
tests). 

Changes in the expression of COX
mRNA expression in response to 
LPS and L-NAME
Analysis of transcripts showed that the
housekeeping gene β-actin mRNA CT

values were constant and not statistical-
ly different between treatment groups
(CT = 26.6 ± 0.9; n = 10). Thus, β-actin
ex p ression did not signifi c a n t ly alter
b e t ween tre atments supporting the
statement that drug treatments did not
elicit a cytotoxic response. Quantifica-
tion of COX-2 in non-induced J774
cells indicated low - l evel ex p re s s i o n
(Fig. 3), while COX-1 mRNA was not
detected after 40 cycles of amplifica-
tion. Both COX-1 and COX-2 mRNA
we re detected by RT-PCR (data not
s h own). Upon stimu l ation with LPS
t h e re was a gre ater than 80-fo l d

i n c rease in COX-2 ex p ression (P <
0.05). Pretreatment with L-NAME and
LPS caused a dose-dependent reduc-
tion in COX-2 mRNA ex p re s s i o n , wh i l s t
L-NAME in unstimulated macrophages
did not affect COX-2 expression.  

Cell viability
Treatment of J774 cells with indometh-
acin and/or L-NAME did not result in
a ny significant loss of cell viab i l i t y
when quantified using the MTT assay.

Discussion
The cell culture system provides a suit-
able model of inflammation in which to
test the possible benefits of combined
inhibition, since it avoids the systemic
effects of using non-selective NOS and
COX inhibitors in vivo. The results pre-
sented support the hypothesis that com-
bined inhibition of the NOS/COX path-
ways in vitro has potential benefit as an
a n t i - i n fl a m m at o ry strat egy, while cl e a rly
d e m o n s t rating the sensitivity of the
p rostanoid system over the nitre rgi c
system.
As previous studies have shown, LPS
was found to significantly increase lev-
els of NO2

-, P G E2 and the cy t o k i n e
TNF-α in the J774 murine macrophage
cell line (1, 29-32). The increase in
NO2

- and PGE2 levels were found to
p a rallel the induction of iNOS and
COX-2, as determined by RT-PCR and
real-time PCR for the ex p ression of

(a) (b)
Fig. 1. Dose-dependent effect of L-NAME or indomethacin on PGE2 levels. (a) Effects of L-NAME (■) and indomethacin (◆) on LPS-induced PGE2 pro-
duction by J774 cells. Both L-NAME and indomethacin reduced PGE2 levels in a concentration-dependent manner (means ± SD; P < 0.0001, n = 4,1-way
ANOVA for both); (b) 3D plot showing the effect of different combinations of the two inhibitors on LPS-induced PGE2 production (means ± SD; n=4). 2-way
ANOVA revealed a significant interaction of combination therapy (P = 0.009).
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COX-2 mRNA. 
The increased NO2

- levels were attenu-
ated in a concentration dependent man-
ner by the non-selective NOS inhibitor,
L - NAME. Intere s t i n g ly, the COX
inhibitor, indomethacin, also inhibited
NO production from these cells by a
comparable magnitude (Fig. 1A). Simi-
l a rly, L - NAME was as effe c t ive as
indomethacin in reducing PGE2 levels
(Fig. 3A). These findings underline the
strength of the cross talk between nitr-
e rgic and prostanoid pat h ways in
macrophages as reported by others (1,
22, 33, 34). Interaction between these
pathways is further supported by our
finding that when the two drugs were
applied in different combinations, NO2

-

and PGE2 were reduced significantly
below the values obtained by individual
drug application (Fig. 1B, 2B). Inter-
estingly, real-time PCR clearly showed
COX-2 mRNA expression was reduced
in the presence of LPS and L-NAME,
supporting the effect of L-NAME on
PG production. Diffe rent concentra-
tions of the inhibitors were required for
blocking the nitrergic and prostanoid
p at h way s , wh i ch may re flect the
gre ater sensitivity of the pro s t a n o i d
system.
T N F -α is a macro p h age - d e rive d
cytokine wh i ch was used as a third
indicator of the inflammatory response.
T N F -α is a potent signal tra n s m i t t e r

peptide derived primarily from cells of
the immune system and is responsible
for inducing a ra n ge of activ i t i e s
including activation iNOS and COX-2.
In the presence of LPS, J774 released
s i g n i fi c a n t ly large amounts of this
cytokine. Administration of either L-
NAME or indomethacin alone did not
reduce TNF-α levels, but when com-
bined at submaximal concentrat i o n s ,
the cytokine levels were significantly
attenuated. This is an interesting result
as TNF-α is thought to play a pivotal
role in inflammatory conditions. Com-
paring the results of combined inhibi-
tion of NO2

- with that of T N F -α,
demonstrates internal consistency and
supports the results of the MTT assay
(data not shown), which demonstrates
t h at L-NAME and indomethacin-
induced NO inhibition were not due to
cell toxicity as the same concentrations
were used and did not elicit a response
in TNF-α levels. 
S eve ral studies to date have demon-
strated that NO interacts with the COX
p at h way, h owever the nat u re of this
i n t e raction is the subject of ongo i n g
debate (1, 35). NO has been demon-
strated to both inhibit (36,37)and stim-
ulate (22, 38) COX activity, and the
nature of the interaction has been sug-
gested to be concentration-dependent.
The mechanisms proposed for NO acti-
vation of COX include the production

of superoxide anions and consequently
the cytotoxic peroxynitrite (39, 40) or
by direct binding to the haem moiety of
C OX (1). A c t ivated macro p h age s , i n
addition to increasing the synthesis of
N O, also ge n e rate re a c t ive ox y ge n
species, such as superoxide anions, that
react spontaneously with NO to form
the cy t o t oxic perox y n i t ri t e. This has
been suggested to act as an activator of
COX activity (41). Alternatively, NO
has been shown to bind to the haem
moiety of COX at high concentrations,
and reduce it to the fe rro u s - i n a c t ive
form of COX (1) or to nitrosylate cys-
teine groups within COX (42). 
With respect to PGE2 actions on NO,
the literature remains divided and com-
plex. Previous studies have demonstrat-
ed PGE2 s u p p resses T N F -α, wh i ch
would have an indirect effect of sup-
p ressing iNOS activation (31, 4 3 ) ,
while other studies have shown PGE2

d i re c t ly reg u l ates NO production (2,
29, 44). Swierkosz (1995) (1) observed
that COX metabolites had no effect on
NOS activity whilst NO was found to
inhibit both COX activity and induc-
tion. Furthermore, agents that increase
the second messenger cy clic A M P
(cAMP) e.g. PGE2, have been shown to
inhibit cytokine production by
macrophages (30, 32). The molecular
m e chanisms by wh i ch pro s t a n o i d s
modulate iNOS expression are not yet

(a) (b)
Fig. 2. Dose-dependent effect of L-NAME or indomethacin on NO2

- levels. (a) Accumulation of NO2
- in the medium bathing J774 cells stimulated with LPS

(10 mg/ml) for 24 h was inhibited by L-NAME (■) and indomethacin (◆) (P < 0.0001, n = 4, 1-way ANOVA for both); (b) 3D plot showing combined L-
NAME and indomethacin inhibition of LPS-induced NO-

2 production. (means ± SD; n = 4). 2-way ANOVA revealed a significant interaction of combination
therapy (P = 0.0007).
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cl e a r. NO has been demonstrated to
reg u l ate activity of COX enzymes,
enhancing or inhibiting their synthesis. 
An important pathway linking the NOS
and COX systems is their transduction
by Nuclear Factor-κB (NF-κB). NF-κB
plays a critical role in the transcription-
al regulation of the iNOS and COX-2
genes when induced by LPS or
cytokines. NF-κB complexes are
sequestered in the cytoplasm of most
resting cells by proteins belonging to
I n h i b i t o ry -κB (IκB) fa m i ly. In response
to various stimuli, IκB-α is first phos-
phorylated and then rapidly degraded
by pro t e a s o m e s , a l l owing NF-κB
nuclear translocation and gene activa-
tion. Previous studies (30)have shown
inhibition of NF-kB prevents iNOS and
COX-2 protein expression.
A c t ivation of NF-κB is increased in
several chronic inflammatory diseases
and is re s p o n s i ble for the enhanced
ex p ression of many pro i n fl a m m at o ry
gene products. The link among TNF-α,
nitric oxide, prostaglandins and NF-κB
could have considerable importance for
regulation of inflammation.
In conclusion, the clear plane of inter-
action (Fig. 1B & 2B) when inhibiting
prostanoid and nitrergic systems simul-
taneously supports the anti-inflamma-
tory potential of combination therapies

t a rgeting both these systems, a n d
directs the progression of this work into
animal models of arthritis.
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