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The poor cyclooxygenase (COX) inhibitor and major
spirin metabolite salicylic acid is known to exert
nalgesic and anti-inflammatory effects by still
nidentified mechanisms. In RAW 264.7 macrophages,

ipopolysaccharide (LPS)-induced COX-2-dependent
ynthesis of prostaglandin E2 (PGE2) was suppressed
y aspirin (IC50 of 5.35 mM), whereas no significant
nhibition was observed in the presence of sodium
alicylate and the salicylate metabolite salicyluric
cid at concentrations up to 100 mM. However, the
alicylate metabolite gentisic acid (2,5-dihydroxy-
enzoic acid; 10–100 mM) and salicyl-coenzyme A (100
M), the intermediate product in the formation of sali-
yluric acid from salicylic acid, significantly sup-
ressed LPS-induced PGE2 production. In contrast,
-resorcylic acid (2,6-dihydroxybenzoic acid) as well
s unconjugated coenzyme A failed to affect prosta-
oid synthesis, implying that the para-substitution of
ydroxy groups and the activated coenzyme A thio-
ster are important for COX-2 inhibition. Using real-
ime RT-PCR, none of the salicylate derivatives tested
ere found to interfere with COX-2 expression. Over-
ll, our results suggest that certain metabolites of sal-
cylic acid may contribute to the pharmacological ac-
ion of its parent compound by inhibiting COX-2-
ependent PGE2 formation at sites of inflammation.
2000 Academic Press

Key Words: salicylic acid; non-steroidal anti-inflam-
atory drugs; cyclooxygenase-2; RAW 264.7 cells.

Non-steroidal anti-inflammatory drugs (NSAIDs)
re widely used to relieve pain, fever and inflamma-
ion. The pharmacological activity of the commonly
arketed NSAIDs is attributed predominantly to an

nhibitory effect on the activity of the cyclooxygenase

Abbreviations used: CoA, coenzyme A; COX-2, cyclooxygenase-2;
PS, lipopolysaccharide; NSAIDs, non-steroidal anti-inflammatory
rugs; NF-kB, nuclear factor kB; PGE2, prostaglandin E2; salicyl-
oA, salicyl-coenzyme A.
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onversion of arachidonic acid to prostaglandins and
hromboxanes (1, 2). Recently, it has been demon-
trated that COX exists as two genetically distinct
soforms. COX-1 is constitutively expressed as a
housekeeping” enzyme in most tissues and mediates
hysiological responses such as regulation of platelet
unction and cytoprotection of the stomach. COX-2 en-
oded by an immediate-early gene can be up-regulated
y various proinflammatory agents, including endo-
oxin, cytokines and mitogens (3–5) and has been
hown to be the isoform primarily responsible for the
ynthesis of prostanoids involved in pathological pro-
esses such as acute and chronic inflammatory states
6, 7). Most of the NSAIDs inhibit both COX-1 and
OX-2, although they vary in their relative potencies
gainst the two isozymes (8). Whereas the mechanism-
ased side effect of NSAIDs (e.g., gastrointestinal tox-
city, platelet dysfunction) are due to suppression of
OX-1-derived prostanoids, the pharmacological ac-

ion of NSAIDs has been ascribed to inhibition of
OX-2 activity at sites of inflammation.
However, the theory that suppression of prostaglan-

in biosynthesis accounts for the pharmacological ef-
ects of NSAIDs has been questioned by comparing the
ctions of salicylate and aspirin (9). Salicylate does not,
nlike its acetylated derivative aspirin, inhibit COX-1
nd COX-2 activity in vitro (1, 10, 11). However, salic-
late has been shown to exert a comparable analgesic
nd anti-inflammatory action as aspirin (12). Several
uggestions have been made to describe how salicy-
ates exert their pharmacological effects. From the
ata published by Kopp and Ghosh (13) it appears that
nhibition of the transcription factor nuclear factor kB
NF-kB) could be a mechanism by which salicylates
xert their anti-inflammatory action. However, rela-
ively high concentrations of sodium salicylate (i.e.,
igher than that obtained after therapeutic dosing)
ere required to provide inhibition of NF-kB activa-
0006-291X/00 $35.00
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alicylic acid mediates inhibition of prostaglandin syn-
hesis via a metabolite (14, 15).

The aim of the present study was to investigate the
nfluence of three salicylate metabolites on the COX-2-
ependent formation of prostaglandin E2 (PGE2) in
urine macrophages. The macrophage cell line (RAW

64.7) used in our experiments has been established as
suitable model to investigate compounds interfering
ith lipopolysaccharide (LPS)-inducible inflammatory

ascades including the COX-2 pathway (16–18). Here
e show that the salicylate metabolites gentisic acid
nd salicyl-coenzyme A (CoA) inhibit LPS-induced
GE2 formation in RAW 264.7 cells. In conclusion, our
esults imply that certain metabolites of salicylic acid
ay contribute to the pharmacological action of its

arent compound by inhibiting COX-2-derived prosta-
oid synthesis in vivo at sites of inflammation.

ATERIALS AND METHODS

Materials. Dulbecco’s modified essential medium (DMEM) with 4
M L-glutamine and 4.5 g/L glucose was purchased from BioWhittaker

Verviers, Belgium). Fetal calf serum and penicillin-streptomycin were
ought from Boehringer-Mannheim (Mannheim, Germany). LPS from
. coli (serotype 026:B6), aspirin, sodium salicylate, salicyluric acid,
entisic acid (2,5-dihydroxybenzoic acid), g-resorcylic acid (2,6-di-
ydroxybenzoic acid), CoA, hydrocortisone and all other reagents were
urchased from Sigma (Deisenhofen, Germany).

Preparation of salicyl-CoA. Salicyl-CoA was synthesized accord-
ng to a modification of the protocol published by Mieyal et al. (19).
riefly, a suspension of salicylic acid in toluene was heated until all
cid was dissolved. The equimolar concentration of thionyl chloride
as dissolved in toluene and slowly added to the hot solution. After-
ards, the solution was refluxed for two hours, and toluene was

emoved under reduced pressure. The synthesized salicyl chloride
as subsequently added dropwise to a rapidly stirred solution con-

aining CoA in water adjusted to pH 8.0 with LiOH. The pH was kept
t 7–8 by periodic additions of 2 M LiOH. After 1 h the suspension
as adjusted to pH 3 with concentrated HCl, and the formed precip-

tate was removed by centrifugation. Aqueous and organic phases
ere evaporated to dryness under reduced pressure. The residue was
xtracted 10 times with 10 ml acetone:methanol (10:1, v/v) until
hloride was undetectable in the extract. Thereafter, the residue was
issolved in phosphate buffer and monitored by fractionating HPLC.
or qualitative analysis, salicyl-CoA was dissolved in D2O and analyzed
y 1H NMR and UV spectroscopy. Quantification of salicyl-CoA was
erformed after hydrolysis with NaOH (2 M) by HPLC technique.

Cell culture. RAW 264.7 cells (ATCC TIB 71; American Type
ulture Collection, Rockville, MD, USA) were maintained and sub-
ultured in DMEM supplemented with 10% heat-inactivated fetal
alf serum, 100 U/ml penicillin and 100 mg/ml streptomycin. The
ells were grown in a humidified incubator at 37°C and 5% CO2.

Incubation protocol. RAW 264.7 cells were seeded at 5 3 105

ells/well in 24-well plates. Cells were preincubated with the respec-
ive test compound for 30 min. Thereafter, LPS was added and the
ncubation was continued for an additional 24 h. Afterwards, super-
atants were removed for determination of PGE2 and cells were

ysed for subsequent RNA isolation. Total RNA was isolated using
he RNeasy total RNA Kit (Qiagen, Hilden, Germany).

Determination of PGE2. PGE2 concentrations were determined
sing a commercially available enzyme immunoassay kit (Cayman,
nn Arbor, MI). Basal PGE2 levels were taken to represent the lower
198
GE2 levels determined in the LPS-treated group was used as the
aximal possible mediator release (i.e., 100%). The percentage stim-
lation of PGE2 release was calculated according to the following
ormula: % stimulation 5 {[PGE2 level (LPS 1 test compound) 2
GE2 level (basal)]/[PGE2 level (LPS) 2 PGE2 level (basal)]} 3 100%.

Quantitative RT-PCR analysis. b-Actin (internal standard) and
OX-2 mRNA levels were determined by quantitative real-time RT-
CR. Briefly, this method uses the 59 3 39exonuclease activity of
Tth DNA polymerase to cleave a probe during PCR. A probe consists
f an oligonucleotide coupled with a reporter dye (6-carboxyfluores-
ein; 6FAM) at the 59end of the probe and a quencher dye (6-carboxy-
etramethylrhodamine; TAMRA) at an internal thymidine. Follow-
ng the cleavage of the probe reporter and quencher dye become
eparated resulting in an increased fluorescence of the reporter.
ccumulation of PCR products is detected directly by monitoring the

ncrease in fluorescence of the reporter dye using the integrated
hermocycler and fluorescence detector ABI PRISM 7700 Sequence
etector (Perkin–Elmer, Weiterstadt, Germany). Quantification of
RNA was performed by determining the threshold cycle (CT), the

atter being defined as the cycle at which the 6FAM fluorescence
xceeds 10 times the standard deviation of the mean baseline emis-
ion for cycles 3 to 10. COX-2 mRNA levels were normalized to
he housekeeping gene b-actin according to the following formula:

T (COX-2) 2 CT (b-actin) 5 DCT. Subsequently, respective COX-2
RNA levels were calculated using the DDCT method, i.e., DCT

alues representing mRNA from cells treated with LPS in combina-
ion with a test compound were set in relation to the DCT value
epresenting mRNA levels from cells treated with LPS alone accord-
ng to the following formula: DCT (LPS 1 test compound) 2 DCT

LPS) 5 DDCT (LPS 1 test compound). The relative mRNA level for
he respective test compound was calculated as 22DDC

T 3 100% based
n the results of control experiments with an efficiency of the PCR of
pproximately 100%.
RT-PCR was performed in 25-ml reaction volumes containing 13

eaction buffer (50 mM Bicine, 115 mM KOAc, 10 mM EDTA, 8%
w/v) glycerol, pH 8.2), Mn(OAc)2 solution (4 mM), 300 mM de-
xynucleotides triphosphates (dATP, dCTP, dGTP, dTTP; Gene-
raft, Münster, Germany), 0.2 mM primer, 0.1 mM probe and 1.25 U
Tth DNA Polymerase (GeneCraft, Münster, Germany). The follow-
ng thermal profile was used: 2 min 50°C, 30 min 60°C, 5 min 95°C,
nd 45 cycles of 95°C for 15 s, 60°C for 1 min. RNA samples were
mplified using commercially synthesized primers specific for mu-
ine b-actin and COX-2 (TIB MOLBIOL, Berlin, Germany). Se-
uences of the primers and probes were as follows: b-actin sense
rimer, 59-TCACCCACACTGTGCCCATCTACGA; b-actin antisense
rimer, 59-GGATGCCACAGGATTCCATACCCA; b-actin probe,
9-(6FAM) TATGCTC (TAMRA) TCCCTCACGCCATCCTGCGT.
OX-2 sense primer, 59-TTTGTTGAGTCATTCACCAGACAGAT;
OX-2 antisense primer, 59-CAGTATTGAGGAGAACAGATGG-
ATT; COX-2 probe, 59-(6FAM) CTACCATGGTC (TAMRA)TC-
CCAAAGATAGCATCA.

ESULTS

Incubation of RAW 264.7 macrophages with LPS for
4 h substantially increased PGE2 levels in cell culture
upernatants from 0.46 6 0.17 ng/ml (mean 6 SEM,

5 7) under basal conditions to 29.7 6 5.3 ng/ml
mean 6 SEM, n 5 12). To evaluate the influence of
ifferent salicylic acid derivatives on prostanoid forma-
ion, RAW 264.7 cells were pretreated with the respec-
ive test compound for 30 min before inducing COX-2
xpression with LPS for an additional 24 h. According
o Fig. 1, aspirin inhibited LPS-induced PGE2 forma-
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ion with an IC50 of 5.35 mM, whereas sodium salicylate
aused only a slight decrease of PGE2 biosynthesis
17% inhibition at 100 mM) (Fig. 2). Incubation of cells
ith the oxymetabolite gentisic acid (2,5-dihydroxy-
enzoic acid) led to a significant attenuation of LPS-
nduced PGE2 production at a concentration as low as
0 mM reaching a 62% inhibition at 100 mM (Fig. 3). In
ontrast, an isomer of gentisic acid, g-resorcylic acid
2,6-dihydroxybenzoic acid), was virtually inactive in
his respect (Fig. 3). Treatment of cells with the glycine
onjugate and major salicylate metabolite, salicyluric
cid, failed to suppress PGE2 synthesis, whereas a
ignificant inhibition was observed in the presence of
alicyl-CoA, the intermediate product in the formation
f salicyluric acid (Fig. 4). Under the same experimen-
al conditions, unconjugated CoA had no influence on
PS-induced PGE2 synthesis (Fig. 4). To assess the

nfluence of the test compounds on COX-2 expression,

FIG. 1. Influence of aspirin (ASP; 1–100 mM) on LPS-induced
GE2 synthesis in RAW 264.7 cells. Following a 30-min preincuba-

ion of cells with aspirin, LPS (10 mg/ml) was added to the cultures
nd the incubation was continued for an additional 24 h. PGE2 levels
ere determined in cell culture supernatants. Values are means 6
EM of n 5 3 observations. *P , 0.05, treatment vs control (open
olumn), Student’s t test.

FIG. 2. Influence of sodium salicylate (SA; 1–100 mM) on LPS-
nduced PGE2 synthesis in RAW 264.7 cells. Following a 30-min
reincubation of cells with sodium salicylate, LPS (10 mg/ml) was
dded to the cultures and the incubation was continued for an
dditional 24 h. PGE2 levels were determined in cell culture super-
atants. Values are means 6 SEM of n 5 3 observations.
199
OX-2 mRNA levels were determined using quantita-
ive real-time RT-PCR. Following a 24-h incubation of
ells with LPS, a marked increase in COX-2 mRNA
evels was observed. However, all salicylic acid deriv-
tives tested failed to inhibit LPS-induced COX-2
RNA expression (Fig. 5). In contrast, incubation of

ells with hydrocortisone (1 mM) being used as a posi-
ive control led to a 92% inhibition of LPS-induced
OX-2 expression (Fig. 5) accompanied by a 95% inhi-
ition of PGE2 formation in cell culture supernatants
data not shown).

FIG. 3. Influence of gentisic acid (GEN; 1–100 mM) and
-resorcylic acid (RES; 100 mM) on LPS-induced PGE2 synthesis in
AW 264.7 cells. Following a 30-min preincubation of cells with the
espective test compound, LPS (10 mg/ml) was added to the cultures
nd the incubation was continued for an additional 24 h. PGE2 levels
ere determined in cell culture supernatants. Values are means 6
EM of n 5 3 observations. *P , 0.05, treatment vs control (open
olumn), Student’s t test.

FIG. 4. Influence of salicyluric acid (SUA; 100 mM), salicyl-CoA
SA-CoA; 10–100 mM) and CoA (100 mM) on LPS-induced PGE2

ynthesis in RAW 264.7 cells. Following a 30-min preincubation of
ells with the respective test compound, LPS (10 mg/ml) was added to
he cultures and the incubation was continued for an additional 24 h.
GE2 levels were determined in cell culture supernatants. Values
re means 6 SEM. of n 5 3 observations. *P , 0.05, treatment vs
ontrol (open column), Student’s t test.
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ISCUSSION

Aspirin and salicylic acid are well-known NSAIDs
or over a century now. Following oral administration,
spirin appears to be rapidly deacetylated to salicylic
cid, the latter being the major mediator of the anal-
esic and anti-inflammatory properties of aspirin (20,
1). However, unlike aspirin and other NSAIDs, sali-
ylic acid possesses virtually no inhibitory effect on the
ctivity of the COX isozymes in vitro (1, 10, 11). On the
ther side, sodium salicylate has been demonstrated to
e an effective inhibitor of prostaglandin formation in
ivo at sites of inflammation (22) and to be equally
ffective against arthritis as aspirin (12). Thus, infor-
ation regarding the influence of salicylate metabo-

ites on COX-2-derived prostaglandin biosynthesis
ould lead to a better understanding of how salicylic
cid exerts its pharmacological action.
In the present study we observed a substantial inhi-

ition of COX-2-derived PGE2 synthesis in RAW 264.7
acrophages in the presence of aspirin, whereas incu-

ation of cells with salicylic acid, the immediate me-
abolite of aspirin in vivo, did not result in significant
uppression of LPS-induced PGE2 levels. On the other
and, a considerable attenuation of PGE2 formation
as observed in the presence of gentisic acid which is
roduced in vivo by hydroxylation of salicylate and
ccounts for less than 5% of the ingested salicylic acid
23). However, albeit the fraction metabolized to gen-
isic acid is rather small, the latter has been implicated
s a metabolite with antioxidant properties that is
redominantly formed under inflammatory conditions
y polymorphonuclear leukocytes producing reactive

FIG. 5. Influence of aspirin (ASP; 100 mM), sodium salicylate
SA; 100 mM), gentisic acid (GEN; 100 mM), g-resorcylic acid (RES;
00 mM), salicyluric acid (SUA; 100 mM), salicyl-CoA (SA-CoA; 100
M), and hydrocortisone (HC; 1 mM) on LPS-induced COX-2 mRNA
xpression. Following a 30-min preincubation of cells with the re-
pective test compound, LPS (10 mg/ml) was added to the cultures
nd the incubation was continued for an additional 24 h. COX-2
RNA levels were determined as described under Materials and
ethods. Values are means 6 SEM of n 5 3 observations. *P ,

.05, treatment vs control (open column), Student’s t test.
200
es, febrile patients undergoing salicylate treatment
ave previously been shown to excrete higher levels of
entisate than healthy subjects (28). In our study, gen-
isic acid significantly inhibited PGE2 formation at a
oncentration as low as 10 mM which is within the
ange of plasma and synovial fluid concentrations be-
ng achieved in patients with rheumatoid arthritis re-
eiving salicylate (24, 25). Moreover, the concentration
nd uptake of salicylate and, consequently, gentisic
cid can be enhanced at sites of inflammation through
apillary damage leading to extravasation of protein-
ound substances (29). Interestingly, inhibition of
GE2 synthesis was confined to gentisic acid (2,5-
ihydroxybenzoic acid) and was not elicited by its iso-
er g-resorcylic acid (2,6-dihydroxybenzoic acid) sug-

esting that the specific para-substitution of the
ydroxy groups confers the capacity of gentisic acid to

nterfere with COX-2-derived prostanoid formation.
Like many other carboxylic acid xenobiotics, salicylic

cid is conjugated with glycine before excretion. This
onjugation involves a two step pathway including the
ctivation of salicylic acid to a CoA thioester by the
ction of a CoA synthetase (30) and the subsequent
ransfer of the acyl moiety to the amino group of gly-
ine by the action of a glycine N-acylase (31). In the
resent study the glycine conjugate and major salicy-
ate metabolite salicyluric acid, which accounts for up
o 65% of ingested salicylic acid and aspirin, respec-
ively (23, 32), failed to inhibit LPS-induced PGE2 syn-
hesis. On the contrary to this finding, salicyl-CoA, the
ntermediate thioester formed during the biosynthesis
f salicylurate in liver and kidney (30, 33), caused a
ignificant inhibition of PGE2 production in RAW 264.7
ells. The inhibition of COX-2-derived PGE2 biosynthe-
is by R(2)-ibuprofenoyl-CoA (intermediate in the met-
bolic chiral inversion of the pharmacologically inac-
ive R(2)-ibuprofen into its potent S(1)-antipode)
emonstrated in a previous study from this lab (34)
rompted us to analyze the action of salicyl-CoA on
GE2 formation. According to our results, the introduc-

ion of a CoA moiety into the salicylate molecule con-
ers comparable properties. In contrast to salicyl-CoA,
nconjugated CoA failed to affect PGE2 synthesis sug-
esting that inhibition of the inducible COX-2 isozyme
s confined to the activated CoA thioester. However, no
tudies have been published so far focusing on the
etermination of salicyl-CoA following administra-
ion of clinically used doses of aspirin and salicylate,
espectively.
Different mechanisms have been proposed to explain

he anti-inflammatory effects of salicylic acid suggest-
ng that its pharmacological action may involve multi-
le steps with the formation of active metabolites being
nly one possible mode of action. Accordingly, both
spirin and sodium salicylate have been reported to
nhibit neutrophil activation by interfering with signal
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rostaglandin synthesis (35). Moreover, salicylates
ave been recently shown to inhibit COX-2 expression

n human umbilical vein endothelial cells and foreskin
broblasts (36). However, this observation is not in line
ith other studies performed in murine fibroblasts

37), rabbit alveolar macrophages (38), human macro-
hages (39) or murine NIH 3T3 cells (40). According to
ur results, none of the salicylate derivatives tested
uppressed COX-2 mRNA levels. On the other hand
nd in agreement with previous findings (4, 5, 37, 38),
OX-2 expression was inhibited by the glucocorticoid
ydrocortisone which was used as a positive control. In
everal studies, sodium salicylate at millimolar con-
entrations has been shown to suppress NF-kB-
ediated transcriptional activation by inhibiting deg-

adation of the IkB molecule (13, 41, 42). As the
xpression of a number of inflammatory mediators re-
uires the activation of the transcription factor NF-kB,
his effect has been suggested as a further possible
echanism by which salicylate exerts its anti-

nflammatory action. However, to inhibit NF-kB acti-
ation salicylate concentrations were required that are
eyond the levels achieved in vivo even after adminis-
ration of antirheumatic salicylate doses (12). As
ointed out by Franz and O’Neill (43), salicylates may
on-specifically inhibit kinase activities at supraphar-
acological concentrations supporting the view that

nhibition of NF-kB may simply be attributable to non-
pecific and toxic properties of high salicylate concen-
rations. It therefore appears questionable, whether an
nterference with the activation of NF-kB accounts for
he pharmacological action of salicylic acid.

In summary, our data demonstrate that the salicy-
ate metabolites gentisic acid and salicyl-CoA inhibit
OX-2-derived PGE2 synthesis suggesting that sali-

ylic acid requires further bioactivating steps before
cting as an inhibitor of the COX-2 isozyme in vivo. In
onclusion, our results imply an additional mechanism
or the action of salicylic acid, and may thus add a new
spect to a pharmacological enigma regarding the ac-
ions of aspirin and salicylate.
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