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The poor cyclooxygenase (COX) inhibitor and major
aspirin metabolite salicylic acid is known to exert
analgesic and anti-inflammatory effects by still
unidentified mechanisms. In RAW 264.7 macrophages,
lipopolysaccharide (LPS)-induced COX-2-dependent
synthesis of prostaglandin E, (PGE,) was suppressed
by aspirin (IC5 of 5.35 uM), whereas no significant
inhibition was observed in the presence of sodium
salicylate and the salicylate metabolite salicyluric
acid at concentrations up to 100 uM. However, the
salicylate metabolite gentisic acid (2,5-dihydroxy-
benzoic acid; 10-100 pM) and salicyl-coenzyme A (100
pM), the intermediate product in the formation of sali-
cyluric acid from salicylic acid, significantly sup-
pressed LPS-induced PGE, production. In contrast,
y-resorcylic acid (2,6-dihydroxybenzoic acid) as well
as unconjugated coenzyme A failed to affect prosta-
noid synthesis, implying that the para-substitution of
hydroxy groups and the activated coenzyme A thio-
ester are important for COX-2 inhibition. Using real-
time RT-PCR, none of the salicylate derivatives tested
were found to interfere with COX-2 expression. Over-
all, our results suggest that certain metabolites of sal-
icylic acid may contribute to the pharmacological ac-
tion of its parent compound by inhibiting COX-2-
dependent PGE, formation at sites of inflammation.
© 2000 Academic Press
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Non-steroidal anti-inflammatory drugs (NSAIDSs)
are widely used to relieve pain, fever and inflamma-
tion. The pharmacological activity of the commonly
marketed NSAIDs is attributed predominantly to an
inhibitory effect on the activity of the cyclooxygenase

Abbreviations used: CoA, coenzyme A; COX-2, cyclooxygenase-2;
LPS, lipopolysaccharide; NSAIDs, non-steroidal anti-inflammatory
drugs; NF-«B, nuclear factor «B; PGE,, prostaglandin E,; salicyl-
CoA, salicyl-coenzyme A.
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(COX) enzyme which catalyzes the first step in the
conversion of arachidonic acid to prostaglandins and
thromboxanes (1, 2). Recently, it has been demon-
strated that COX exists as two genetically distinct
isoforms. COX-1 is constitutively expressed as a
“housekeeping” enzyme in most tissues and mediates
physiological responses such as regulation of platelet
function and cytoprotection of the stomach. COX-2 en-
coded by an immediate-early gene can be up-regulated
by various proinflammatory agents, including endo-
toxin, cytokines and mitogens (3-5) and has been
shown to be the isoform primarily responsible for the
synthesis of prostanoids involved in pathological pro-
cesses such as acute and chronic inflammatory states
(6, 7). Most of the NSAIDs inhibit both COX-1 and
COX-2, although they vary in their relative potencies
against the two isozymes (8). Whereas the mechanism-
based side effect of NSAIDs (e.g., gastrointestinal tox-
icity, platelet dysfunction) are due to suppression of
COX-1-derived prostanoids, the pharmacological ac-
tion of NSAIDs has been ascribed to inhibition of
COX-2 activity at sites of inflammation.

However, the theory that suppression of prostaglan-
din biosynthesis accounts for the pharmacological ef-
fects of NSAIDs has been questioned by comparing the
actions of salicylate and aspirin (9). Salicylate does not,
unlike its acetylated derivative aspirin, inhibit COX-1
and COX-2 activity in vitro (1, 10, 11). However, salic-
ylate has been shown to exert a comparable analgesic
and anti-inflammatory action as aspirin (12). Several
suggestions have been made to describe how salicy-
lates exert their pharmacological effects. From the
data published by Kopp and Ghosh (13) it appears that
inhibition of the transcription factor nuclear factor B
(NF-«B) could be a mechanism by which salicylates
exert their anti-inflammatory action. However, rela-
tively high concentrations of sodium salicylate (i.e.,
higher than that obtained after therapeutic dosing)
were required to provide inhibition of NF-«B activa-
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tion. Moreover, it has been proposed previously that
salicylic acid mediates inhibition of prostaglandin syn-
thesis via a metabolite (14, 15).

The aim of the present study was to investigate the
influence of three salicylate metabolites on the COX-2-
dependent formation of prostaglandin E, (PGE,) in
murine macrophages. The macrophage cell line (RAW
264.7) used in our experiments has been established as
a suitable model to investigate compounds interfering
with lipopolysaccharide (LPS)-inducible inflammatory
cascades including the COX-2 pathway (16-18). Here
we show that the salicylate metabolites gentisic acid
and salicyl-coenzyme A (CoA) inhibit LPS-induced
PGE, formation in RAW 264.7 cells. In conclusion, our
results imply that certain metabolites of salicylic acid
may contribute to the pharmacological action of its
parent compound by inhibiting COX-2-derived prosta-
noid synthesis in vivo at sites of inflammation.

MATERIALS AND METHODS

Materials. Dulbecco’s modified essential medium (DMEM) with 4
mM L-glutamine and 4.5 g/L glucose was purchased from BioWhittaker
(Verviers, Belgium). Fetal calf serum and penicillin-streptomycin were
bought from Boehringer-Mannheim (Mannheim, Germany). LPS from
E. coli (serotype 026:B6), aspirin, sodium salicylate, salicyluric acid,
gentisic acid (2,5-dihydroxybenzoic acid), +y-resorcylic acid (2,6-di-
hydroxybenzoic acid), CoA, hydrocortisone and all other reagents were
purchased from Sigma (Deisenhofen, Germany).

Preparation of salicyl-CoA. Salicyl-CoA was synthesized accord-
ing to a modification of the protocol published by Mieyal et al. (19).
Briefly, a suspension of salicylic acid in toluene was heated until all
acid was dissolved. The equimolar concentration of thionyl chloride
was dissolved in toluene and slowly added to the hot solution. After-
wards, the solution was refluxed for two hours, and toluene was
removed under reduced pressure. The synthesized salicyl chloride
was subsequently added dropwise to a rapidly stirred solution con-
taining CoA in water adjusted to pH 8.0 with LiOH. The pH was kept
at 7-8 by periodic additions of 2 M LiOH. After 1 h the suspension
was adjusted to pH 3 with concentrated HCI, and the formed precip-
itate was removed by centrifugation. Aqueous and organic phases
were evaporated to dryness under reduced pressure. The residue was
extracted 10 times with 10 ml acetone:methanol (10:1, v/v) until
chloride was undetectable in the extract. Thereafter, the residue was
dissolved in phosphate buffer and monitored by fractionating HPLC.
For qualitative analysis, salicyl-CoA was dissolved in D,O and analyzed
by 'H NMR and UV spectroscopy. Quantification of salicyl-CoA was
performed after hydrolysis with NaOH (2 M) by HPLC technique.

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

Incubation protocol. RAW 264.7 cells were seeded at 5 X 10°
cells/well in 24-well plates. Cells were preincubated with the respec-
tive test compound for 30 min. Thereafter, LPS was added and the
incubation was continued for an additional 24 h. Afterwards, super-
natants were removed for determination of PGE, and cells were
lysed for subsequent RNA isolation. Total RNA was isolated using
the RNeasy total RNA Kit (Qiagen, Hilden, Germany).

Determination of PGE,. PGE, concentrations were determined
using a commercially available enzyme immunoassay kit (Cayman,
Ann Arbor, MI). Basal PGE, levels were taken to represent the lower
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limit of stimulated mediator release (i.e., 0%), whereas the mean of
PGE, levels determined in the LPS-treated group was used as the
maximal possible mediator release (i.e., 100%). The percentage stim-
ulation of PGE, release was calculated according to the following
formula: % stimulation = {[PGE, level (LPS + test compound) —
PGE, level (basal)]/[PGE, level (LPS) — PGE, level (basal)]} X 100%.

Quantitative RT-PCR analysis. B-Actin (internal standard) and
COX-2 mRNA levels were determined by quantitative real-time RT-
PCR. Briefly, this method uses the 5 — 3’exonuclease activity of
rTth DNA polymerase to cleave a probe during PCR. A probe consists
of an oligonucleotide coupled with a reporter dye (6-carboxyfluores-
cein; 6FAM) at the 5’end of the probe and a quencher dye (6-carboxy-
tetramethylrhodamine; TAMRA) at an internal thymidine. Follow-
ing the cleavage of the probe reporter and quencher dye become
separated resulting in an increased fluorescence of the reporter.
Accumulation of PCR products is detected directly by monitoring the
increase in fluorescence of the reporter dye using the integrated
thermocycler and fluorescence detector ABI PRISM 7700 Sequence
Detector (Perkin—Elmer, Weiterstadt, Germany). Quantification of
mRNA was performed by determining the threshold cycle (Cy), the
latter being defined as the cycle at which the 6FAM fluorescence
exceeds 10 times the standard deviation of the mean baseline emis-
sion for cycles 3 to 10. COX-2 mRNA levels were normalized to
the housekeeping gene B-actin according to the following formula:
C; (COX-2) — C; (B-actin) = AC+. Subsequently, respective COX-2
mRNA levels were calculated using the AAC; method, i.e.,, AC+
values representing mRNA from cells treated with LPS in combina-
tion with a test compound were set in relation to the AC; value
representing mMRNA levels from cells treated with LPS alone accord-
ing to the following formula: AC; (LPS + test compound) — AC;
(LPS) = AAC; (LPS + test compound). The relative mRNA level for
the respective test compound was calculated as 2 **“; X 100% based
on the results of control experiments with an efficiency of the PCR of
approximately 100%.

RT-PCR was performed in 25-ul reaction volumes containing 1X
reaction buffer (50 mM Bicine, 115 mM KOAc, 10 uM EDTA, 8%
(w/v) glycerol, pH 8.2), Mn(OAc), solution (4 mM), 300 uM de-
oxynucleotides triphosphates (dATP, dCTP, dGTP, dTTP; Gene-
Craft, Munster, Germany), 0.2 uM primer, 0.1 uM probe and 1.25 U
rTth DNA Polymerase (GeneCraft, Munster, Germany). The follow-
ing thermal profile was used: 2 min 50°C, 30 min 60°C, 5 min 95°C,
and 45 cycles of 95°C for 15 s, 60°C for 1 min. RNA samples were
amplified using commercially synthesized primers specific for mu-
rine B-actin and COX-2 (TIB MOLBIOL, Berlin, Germany). Se-
quences of the primers and probes were as follows: B-actin sense
primer, 5'-TCACCCACACTGTGCCCATCTACGA, B-actin antisense
primer, 5'-GGATGCCACAGGATTCCATACCCA,; B-actin probe,
5'-(6FAM) TATGCTC (TAMRA) TCCCTCACGCCATCCTGCGT.
COX-2 sense primer, 5'-TTTGTTGAGTCATTCACCAGACAGAT;
COX-2 antisense primer, 5'-CAGTATTGAGGAGAACAGATGG-
GATT; COX-2 probe, 5'-(6FAM) CTACCATGGTC (TAMRA)TC-
CCCAAAGATAGCATCA.

RESULTS

Incubation of RAW 264.7 macrophages with LPS for
24 h substantially increased PGE, levels in cell culture
supernatants from 0.46 = 0.17 ng/ml (mean = SEM,
n = 7) under basal conditions to 29.7 = 5.3 ng/ml
(mean = SEM, n = 12). To evaluate the influence of
different salicylic acid derivatives on prostanoid forma-
tion, RAW 264.7 cells were pretreated with the respec-
tive test compound for 30 min before inducing COX-2
expression with LPS for an additional 24 h. According
to Fig. 1, aspirin inhibited LPS-induced PGE, forma-
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FIG. 1. Influence of aspirin (ASP; 1-100 wM) on LPS-induced

PGE, synthesis in RAW 264.7 cells. Following a 30-min preincuba-
tion of cells with aspirin, LPS (10 ng/ml) was added to the cultures
and the incubation was continued for an additional 24 h. PGE, levels
were determined in cell culture supernatants. Values are means *+
SEM of n = 3 observations. *P < 0.05, treatment vs control (open
column), Student’s t test.

tion with an I1Cs, of 5.35 uM, whereas sodium salicylate
caused only a slight decrease of PGE, biosynthesis
(17% inhibition at 100 wM) (Fig. 2). Incubation of cells
with the oxymetabolite gentisic acid (2,5-dihydroxy-
benzoic acid) led to a significant attenuation of LPS-
induced PGE, production at a concentration as low as
10 uM reaching a 62% inhibition at 100 uM (Fig. 3). In
contrast, an isomer of gentisic acid, y-resorcylic acid
(2,6-dihydroxybenzoic acid), was virtually inactive in
this respect (Fig. 3). Treatment of cells with the glycine
conjugate and major salicylate metabolite, salicyluric
acid, failed to suppress PGE, synthesis, whereas a
significant inhibition was observed in the presence of
salicyl-CoA, the intermediate product in the formation
of salicyluric acid (Fig. 4). Under the same experimen-
tal conditions, unconjugated CoA had no influence on
LPS-induced PGE, synthesis (Fig. 4). To assess the
influence of the test compounds on COX-2 expression,
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FIG. 2. Influence of sodium salicylate (SA; 1-100 uM) on LPS-

induced PGE, synthesis in RAW 264.7 cells. Following a 30-min
preincubation of cells with sodium salicylate, LPS (10 pg/ml) was
added to the cultures and the incubation was continued for an
additional 24 h. PGE, levels were determined in cell culture super-
natants. Values are means += SEM of n = 3 observations.
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FIG. 3. Influence of gentisic acid (GEN; 1-100 uM) and

y-resorcylic acid (RES; 100 uM) on LPS-induced PGE, synthesis in
RAW 264.7 cells. Following a 30-min preincubation of cells with the
respective test compound, LPS (10 pg/ml) was added to the cultures
and the incubation was continued for an additional 24 h. PGE, levels
were determined in cell culture supernatants. Values are means +
SEM of n = 3 observations. *P < 0.05, treatment vs control (open
column), Student’s t test.

COX-2 mRNA levels were determined using quantita-
tive real-time RT-PCR. Following a 24-h incubation of
cells with LPS, a marked increase in COX-2 mRNA
levels was observed. However, all salicylic acid deriv-
atives tested failed to inhibit LPS-induced COX-2
MRNA expression (Fig. 5). In contrast, incubation of
cells with hydrocortisone (1 uM) being used as a posi-
tive control led to a 92% inhibition of LPS-induced
COX-2 expression (Fig. 5) accompanied by a 95% inhi-
bition of PGE, formation in cell culture supernatants
(data not shown).
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FIG. 4. Influence of salicyluric acid (SUA; 100 uM), salicyl-CoA

(SA-CoA; 10-100 uM) and CoA (100 wM) on LPS-induced PGE,
synthesis in RAW 264.7 cells. Following a 30-min preincubation of
cells with the respective test compound, LPS (10 pg/ml) was added to
the cultures and the incubation was continued for an additional 24 h.
PGE, levels were determined in cell culture supernatants. Values
are means = SEM. of n = 3 observations. *P < 0.05, treatment vs
control (open column), Student’s t test.
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FIG. 5. Influence of aspirin (ASP; 100 uM), sodium salicylate

(SA; 100 uM), gentisic acid (GEN; 100 uM), y-resorcylic acid (RES;
100 wM), salicyluric acid (SUA; 100 uM), salicyl-CoA (SA-CoA; 100
uM), and hydrocortisone (HC; 1 uM) on LPS-induced COX-2 mRNA
expression. Following a 30-min preincubation of cells with the re-
spective test compound, LPS (10 pg/ml) was added to the cultures
and the incubation was continued for an additional 24 h. COX-2
mMRNA levels were determined as described under Materials and
Methods. Values are means = SEM of n = 3 observations. *P <
0.05, treatment vs control (open column), Student’s t test.

DISCUSSION

Aspirin and salicylic acid are well-known NSAIDs
for over a century now. Following oral administration,
aspirin appears to be rapidly deacetylated to salicylic
acid, the latter being the major mediator of the anal-
gesic and anti-inflammatory properties of aspirin (20,
21). However, unlike aspirin and other NSAIDs, sali-
cylic acid possesses virtually no inhibitory effect on the
activity of the COX isozymes in vitro (1, 10, 11). On the
other side, sodium salicylate has been demonstrated to
be an effective inhibitor of prostaglandin formation in
vivo at sites of inflammation (22) and to be equally
effective against arthritis as aspirin (12). Thus, infor-
mation regarding the influence of salicylate metabo-
lites on COX-2-derived prostaglandin biosynthesis
could lead to a better understanding of how salicylic
acid exerts its pharmacological action.

In the present study we observed a substantial inhi-
bition of COX-2-derived PGE, synthesis in RAW 264.7
macrophages in the presence of aspirin, whereas incu-
bation of cells with salicylic acid, the immediate me-
tabolite of aspirin in vivo, did not result in significant
suppression of LPS-induced PGE, levels. On the other
hand, a considerable attenuation of PGE, formation
was observed in the presence of gentisic acid which is
produced in vivo by hydroxylation of salicylate and
accounts for less than 5% of the ingested salicylic acid
(23). However, albeit the fraction metabolized to gen-
tisic acid is rather small, the latter has been implicated
as a metabolite with antioxidant properties that is
predominantly formed under inflammatory conditions
by polymorphonuclear leukocytes producing reactive
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oxygen radicals (24—27). In agreement with these stud-
ies, febrile patients undergoing salicylate treatment
have previously been shown to excrete higher levels of
gentisate than healthy subjects (28). In our study, gen-
tisic acid significantly inhibited PGE, formation at a
concentration as low as 10 uM which is within the
range of plasma and synovial fluid concentrations be-
ing achieved in patients with rheumatoid arthritis re-
ceiving salicylate (24, 25). Moreover, the concentration
and uptake of salicylate and, consequently, gentisic
acid can be enhanced at sites of inflammation through
capillary damage leading to extravasation of protein-
bound substances (29). Interestingly, inhibition of
PGE, synthesis was confined to gentisic acid (2,5-
dihydroxybenzoic acid) and was not elicited by its iso-
mer ~y-resorcylic acid (2,6-dihydroxybenzoic acid) sug-
gesting that the specific para-substitution of the
hydroxy groups confers the capacity of gentisic acid to
interfere with COX-2-derived prostanoid formation.

Like many other carboxylic acid xenobiotics, salicylic
acid is conjugated with glycine before excretion. This
conjugation involves a two step pathway including the
activation of salicylic acid to a CoA thioester by the
action of a CoA synthetase (30) and the subsequent
transfer of the acyl moiety to the amino group of gly-
cine by the action of a glycine N-acylase (31). In the
present study the glycine conjugate and major salicy-
late metabolite salicyluric acid, which accounts for up
to 65% of ingested salicylic acid and aspirin, respec-
tively (23, 32), failed to inhibit LPS-induced PGE, syn-
thesis. On the contrary to this finding, salicyl-CoA, the
intermediate thioester formed during the biosynthesis
of salicylurate in liver and kidney (30, 33), caused a
significant inhibition of PGE, production in RAW 264.7
cells. The inhibition of COX-2-derived PGE, biosynthe-
sis by R(—)-ibuprofenoyl-CoA (intermediate in the met-
abolic chiral inversion of the pharmacologically inac-
tive R(—)-ibuprofen into its potent S(+)-antipode)
demonstrated in a previous study from this lab (34)
prompted us to analyze the action of salicyl-CoA on
PGE, formation. According to our results, the introduc-
tion of a CoA moiety into the salicylate molecule con-
fers comparable properties. In contrast to salicyl-CoA,
unconjugated CoA failed to affect PGE, synthesis sug-
gesting that inhibition of the inducible COX-2 isozyme
is confined to the activated CoA thioester. However, no
studies have been published so far focusing on the
determination of salicyl-CoA following administra-
tion of clinically used doses of aspirin and salicylate,
respectively.

Different mechanisms have been proposed to explain
the anti-inflammatory effects of salicylic acid suggest-
ing that its pharmacological action may involve multi-
ple steps with the formation of active metabolites being
only one possible mode of action. Accordingly, both
aspirin and sodium salicylate have been reported to
inhibit neutrophil activation by interfering with signal
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transduction pathways independently of inhibition of
prostaglandin synthesis (35). Moreover, salicylates
have been recently shown to inhibit COX-2 expression
in human umbilical vein endothelial cells and foreskin
fibroblasts (36). However, this observation is not in line
with other studies performed in murine fibroblasts
(37), rabbit alveolar macrophages (38), human macro-
phages (39) or murine NIH 3T3 cells (40). According to
our results, none of the salicylate derivatives tested
suppressed COX-2 mRNA levels. On the other hand
and in agreement with previous findings (4, 5, 37, 38),
COX-2 expression was inhibited by the glucocorticoid
hydrocortisone which was used as a positive control. In
several studies, sodium salicylate at millimolar con-
centrations has been shown to suppress NF-«B-
mediated transcriptional activation by inhibiting deg-
radation of the IkB molecule (13, 41, 42). As the
expression of a number of inflammatory mediators re-
quires the activation of the transcription factor NF-«B,
this effect has been suggested as a further possible
mechanism by which salicylate exerts its anti-
inflammatory action. However, to inhibit NF-«B acti-
vation salicylate concentrations were required that are
beyond the levels achieved in vivo even after adminis-
tration of antirheumatic salicylate doses (12). As
pointed out by Franz and O'Neill (43), salicylates may
non-specifically inhibit kinase activities at supraphar-
macological concentrations supporting the view that
inhibition of NF-kB may simply be attributable to non-
specific and toxic properties of high salicylate concen-
trations. It therefore appears questionable, whether an
interference with the activation of NF-«B accounts for
the pharmacological action of salicylic acid.

In summary, our data demonstrate that the salicy-
late metabolites gentisic acid and salicyl-CoA inhibit
COX-2-derived PGE, synthesis suggesting that sali-
cylic acid requires further bioactivating steps before
acting as an inhibitor of the COX-2 isozyme in vivo. In
conclusion, our results imply an additional mechanism
for the action of salicylic acid, and may thus add a new
aspect to a pharmacological enigma regarding the ac-
tions of aspirin and salicylate.
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