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Abstract

In a previous study, we reported a new pyrroloquinazoline derivative, 3-(4V-acetoxy-3V,5V-dimethoxy)benzylidene-1,2-dihydropyrrolo[2,1-

b]quinazoline-9-one (PQ), which inhibited human purified 5-lipoxygenase activity and prostaglandin E2 release in lipopolysaccharide-

stimulated RAW 264.7 cells. In the present work, we show that PQ inhibits cyclo-oxygenase-2 activity in intact cell assays (human monocytes)

and purified enzyme preparations (ovine isoenzymes) without affecting cyclo-oxygenase-1 activity. This behaviour was confirmed in vivo by

using the zymosan-injected mouse air pouch model, where PQ caused a marked reduction in cell migration and leukotriene B4 levels at 4 h, as

well as inhibition of prostaglandin E2 levels without affecting cyclo-oxygenase-2 expression at 24 h after zymosan stimulation. In addition, oral

administration of this compound significantly reduced carrageenan-induced mouse paw oedema and phenyl-p-benzoquinone-induced

writhings in mice. These results indicate that oral PQ exerts analgesic and anti-inflammatory effects, which are related to dual inhibition of

cyclo-oxygenase-2 and 5-lipoxygenase activities. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Eicosanoids derived from the cyclo-oxygenase and lip-

oxygenase pathways contribute to inflammatory and immune

responses. There are two isoforms of cyclo-oxygenase.

Cyclo-oxygenase-1 is constitutively expressed in most mam-

malian tissues and is responsible for the production of

prostanoids participating in homeostatic functions, whereas

cyclo-oxygenase-2 is induced rapidly upon stimulation of

cells with cytokines, endotoxins or mitogens and synthesizes

high levels of prostaglandins (Smith and DeWitt, 1996). In

animal models of inflammation, cyclo-oxygenase-2 is in-

duced prior to the onset of the inflammatory response fol-

lowed by the production of high levels of prostaglandin E2

(Seibert et al., 1994;Masferrer et al., 1994a). Increased cyclo-

oxygenase-2 expression is also found in synovial tissues of

patients with rheumatoid arthritis (Kang et al., 1996).

Although the contribution of cyclo-oxygenase-1 to inflam-

matory responses has been suggested (Wallace et al., 1998),

it is widely accepted that the anti-inflammatory efficacy of

non-steroidal anti-inflammatory drugs (NSAIDs) is closely

related to inhibitory effects on cyclo-oxygenase-2, whereas

inhibition of cyclo-oxygenase-1 accounts for their side ef-

fects. This hypothesis has led to the development of selective

cyclo-oxygenase-2 inhibitors able to effectively inhibit in-

flammation, pain and fever and which show a better safety

profile in the digestive tract than dual cyclo-oxygenase

inhibitors (Vane and Botting, 1998; Hawkey, 1999; Mitchell

and Warner, 1999).

The rate-limiting enzyme for the synthesis of leukotrienes

is 5-lipoxygenase, which is present in white blood cells,

macrophages and mast cells. Leukotriene B4 potently acti-

vates neutrophil migration and chemotaxis in addition to

other effects including stimulation of superoxide production

and lysosomal enzyme secretion. Increased production of

this mediator has been related with pathological conditions

such as rheumatoid arthritis, psoriasis and inflammatory

bowel disease (Tsuji et al., 1998). The cysteinyl leukotrienes

are potent mediators in allergy and inflammation, by mod-

ulating smooth muscle tone and vascular permeability, and
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have an important role in asthma and other respiratory di-

seases (Lewis et al., 1990; Henderson, 1994; McMillan and

Walker, 1992). 5-Lipoxygenase products are also involved in

hyperalgesia (Amann et al., 1996; Bennett et al., 1998;

Tonussi and Ferreira, 1999), and results obtained with differ-

ent experimental models suggest that dual cyclo-oxygenase

and 5-lipoxygenase inhibitors may be more efficient analge-

sic agents than selective cyclo-oxygenase inhibitors (Gris-

wold et al., 1991). Interestingly, leukotrienes have been

implicated in acute gastric and intestinal damage induced

by classical NSAIDs (Rainsford, 1999), whereas 5-lipoxy-

genase inhibition may play an important role in the preven-

tion of digestive lesions induced by these drugs (Kirchner et

al., 1997).

In a previous work, we reported the effect of the alkaloid

isaindigotone and a series of pyrroloquinazoline derivatives

on leukocyte functions (Molina et al., 2001). The acetylated

derivative of isaindigotone, 3-(4V-acetoxy-3V,5V-dimethoxy)-

benzylidene-1,2-dihydropyrrolo[2,1-b]quinazoline-9-one

(PQ) (Fig. 1), had a potent inhibitory effect on human

neutrophil 5-lipoxygenase activity (IC50 = 0.6 mM) and also

inhibited the generation of prostaglandin E2 in lipopolysac-

charide-stimulated RAW 264.7 cells (IC50 = 0.2 mM). The

present study was undertaken to determine whether this

novel pyrroquinazoline derivative was able to inhibit cyclo-

oxygenase-1/cyclo-oxygenase-2 activities in intact cells as-

says and purified enzyme preparations. We also investigated

the anti-inflammatory effect of PQ on experimental inflam-

mation, using the zymosan-injected mouse air pouch and the

carrageenan-induced mouse paw oedema models, as well as

its analgesic activity against phenyl-p-benzoquinone-in-

duced writhing in mice.

2. Materials and methods

2.1. Preparation of human monocytes

Human leukocytes were obtained from the citrated blood

of healthy volunteers after sequential centrifugation as pre-

viously described (Bustos et al., 1995). The mononuclear

cell interphase was obtained by Ficoll-Paque density gra-

dient centrifugation. Cells were resuspended in RPMI 1640

supplemented with 10% foetal bovine serum (107 cells/ml)

and incubated in Petri dishes. Some plates contained aspirin

(300 mM). Monocytes, purified by discarding non-adherent

cells after a 2-h incubation, were removed from the Petri

dishes using a cell scraper, centrifuged at 400� g for 10 min,

resuspended at a concentration of 2� 106/ml in a total

volume of 200 ml and cultured in 96-well culture plates. Cell
viability was greater than 95% according to the Trypan blue

exclusion test.

2.2. Cyclo-oxygenase-1/cyclo-oxygenase-2 activity in intact

human monocytes

To assess the effects of the compounds on cyclo-oxygen-

ase-2 activity, aspirin-treated human monocytes were

incubated with Escherichia coli [serotype 0111:B4] lipopo-

lysaccharide (1 mg/ml) for 24 h to induce cyclo-oxygenase-2.

Cultured medium was then changed and PQ, 5,5-dimethyl-3-

(3-fluorophenyl)-4-(4-methylsulphonyl)phenyl-2(5H)-fura-

none (DFU), indomethacin or vehicle was added for a 15-

min preincubation at 37 �C. Arachidonic acid (10 mM) was

then added and the cells were incubated for a further 2 h. In

parallel experiments, aspirin-untreated monocytes were pre-

incubated for 15 min with test compounds or vehicle. Af-

terwards, arachidonic acid (10 mM) was added and cells were

cultured for 2 h at 37 �C to assess the effects of compounds

on cyclo-oxygenase-1 activity. After the incubation period,

supernatants were collected for the measurement of prosta-

glandin E2 levels by radioimmunoassay (Moroney et al.,

1988).

2.3. Cell viability assay

The mitochondrial-dependent reduction of 3-(4,5-dime-

thylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) to

formazan (Gross and Levi, 1992) was used to exclude a

possible cytotoxic effect of PQ and reference compounds.

Treatment of human monocytes with lipopolysaccharide at 1

mg/ml for 24 h did not significantly inhibit cell viability.

2.4. Cyclo-oxygenase-1/cyclo-oxygenase-2 ovine enzyme

assay

PQ and reference compounds were preincubated for 15

min with cyclo-oxygenase-1 or cyclo-oxygenase-2 purified

ovine isoenzymes at 37 �C in 50 mM Tris–HCl pH 8 in the

presence of 2 mM hematin and 1 mM L-tryptophan (Brown-

lie et al., 1993). Arachidonic acid was then added at a final

concentration of 0.5 mM, and the samples were further in-

cubated at 37 �C for 30 min. The reaction was stopped by

boiling the samples for 5 min, and after centrifugation at

10,000� g at 4 �C for 30 min, prostaglandin E2 levels in

supernatants were determined by radioimmunoassay.

Fig. 1. Structure of PQ.
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2.5. Phospholipase A2 assay

Secretory phospholipase A2 was assayed by using

[3H]oleate-labelled membranes of E. coli (Franson et al.,

1974). Bee venom, porcine pancreatic, and human recombi-

nant synovial enzymes were used as sources of secretory

phospholipase A2. Cytosolic phospholipase A2 was prepared

from the RAW 264.7 macrophage cell line (Cell Collection,

Department of Animal Cell Culture, C.S.I.C., Madrid, Spain)

and its enzymatic activity was measured as the release of

radiolabelled arachidonic acid according to the method of

Clark et al. (1990).

2.6. Mouse air pouch

All studies were performed in accordance with European

Union regulations for the handling and use of laboratory

animals. The protocols were approved by the Institutional

Animal Care and Use Committee. Air pouch was performed

in female Swiss mice (25–30 g) as previously described

(Edwards et al., 1981; Posadas et al., 2000). Six days after

the initial air injection, 1 ml of sterile saline or 1 ml of 1% w/

v zymosan in saline was injected into the air pouch. In the 4-

h zymosan-injected air pouch, PQ (1, 10, and 100 nmol/

pouch) was administered at the same time as zymosan. The

reference inhibitors indomethacin, DFU and 6-[[3-fluoro-5-

(4-methoxy-3,4,5,6-tetrahydro-2H-pyran-4-yl)phenoxy]-

methyl]-1-ethylquinol-2-one (ZM230,487) were assayed at

100 nmol/pouch. In the 24-h zymosan-injected air pouch, PQ

(20 mg/kg), DFU (20 mg/kg) and dexamethasone (5 mg/kg)

were administered orally 1 h before and 8 h after zymosan

injection. After 4 or 24 h, the animals were killed by cervical

dislocation and the exudate in the pouch was collected.

Leukocytes present in exudates were measured using a

Coulter counter. After centrifugation of the 4-h exudates,

the supernatants were used to measure leukotriene B4 and

prostaglandin E2 levels by radioimmunoassay. The super-

natants of the 24-h exudates were used to measure prosta-

glandin E2 levels and the cell pellets were used to determine

cyclo-oxygenase-2 expression by Western blot analysis as

described below. Protein was quantified by the Bradford

technique, using bovine serum albumin as standard.

2.7. Western blot analysis

Microsomal fractions from leukocytes present in 24-h

pouch exudates were used to measure cyclo-oxygenase-2

expression. Equal amounts of protein were loaded on 12.5%

polyacrylamide-sodium dodecyl sulphate gels for electro-

phoresis and then transferred onto polyvinylidene difluoride

membranes for 90 min at 125 mA. Membranes were blocked

in phosphate-buffered saline (0.02 M, pH 7.0)–Tween 20

(0.1%) containing 3% w/v unfatted milk and incubated with

specific anti-cyclo-oxygenase-2 polyclonal antiserum (1/

1000). Finally, membranes were incubated with peroxi-

dase-conjugated goat anti-rabbit immunoglobulin G (IgG)

(1/20,000). The immunoreactive bands were visualized

using an enhanced chemiluminescence system (ECL, Amer-

sham Iberica, Madrid, Spain).

2.8. Carrageenan paw oedema

The anti-inflammatory activity of PQ was assessed in the

carrageenan paw oedema test in mice according to the me-

thod of Sugishita et al. (1981). This compound (10, 20 and

40 mg/kg), DFU (20 mg/kg), indomethacin (5 mg/kg), or

vehicle (water/ethanol/Tween 80, 90:5:5 v/v/v) was admin-

istered orally (0.5 ml) 1 h before injection of carrageenan

(0.05 ml; 3% w/v in saline) into the subplantar area of the

right hind paw. The volumes of injected and contralateral

paws were measured at 1, 3, and 5 h after induction of

oedema by using a plethysmometer (Ugo Basile, Comerio,

Italy). The volume of oedema is expressed for each animal as

the difference between the carrageenan-injected and con-

tralateral paws.

After the last determination of paw oedema (5 h), the

animals were killed by cervical dislocation and the right hind

paws were homogenized in 2 ml of saline. Aliquots of su-

pernatants were used to determine prostaglandin E2 levels by

radioimmunoassay. Stomachs were homogenized in 2 ml of

methanol and the content of prostaglandin E2 was measured

in supernatants after centrifugation.

2.9. Phenyl-p-benzoquinone-induced writhing in mice

Female Swiss mice (20–25 g) were injected intraperito-

neally with 0.2 ml of a 0.02% w/v solution of phenyl-p-

benzoquinone in ethanol/distilled water (5/95 v/v) and then

were placed singly in a plastic animal cage measuring 50�
50 cm. The irritant induced a series of abdominal constric-

tions and hind limb extensions, which were counted for a 20-

min period, commencing immediately after irritant injection.

Vehicle or drugs were administered orally 1 h prior to

phenyl-p-benzoquinone in a volume of 0.5 ml.

2.10. Hot-plate test

Groups of 8–12 female Swiss mice (20–25 g) were used.

The reaction time (seconds) of each mice was measured in a

hot-plate apparatus (Socrel, Milano, Italy) maintained at 55

F 0.5 �C. Animals were placed on the heated surface 1 h af-

ter oral administration of test compounds or vehicle and re-

moved immediately after they licked the footpad of any paw.

2.11. Materials

PQwas synthesized as described previously (Molina et al.,

2001). [5,6,8,11,12,14,15(n)-3H]prostaglandin E2 and

[5,6,8,9,11,12,14,15(n)-3H]leukotriene B4, were from Amer-

sham Iberica. [9,10-3H]oleic acid and L-3-phosphatidylcho-

line 1-palmitoyl-2-arachidonyl [arachidonyl-1-14C] were

purchased from Du Pont (Itisa, Madrid, Spain). Cyclo-oxy-

I. Rioja et al. / European Journal of Pharmacology 434 (2002) 177–185 179



genase-1 and cyclo-oxygenase-2 ovine isoenzymes and

cyclo-oxygenase-2 polyclonal antiserum were purchased

from Cayman Chem. (MI, USA). DFU was kindly provided

by Merck Sharp & Dohme (NJ, USA). Antibody against

leukotriene B4 and the reference compound ZM230,487 were

kindly provided by Zeneca Pharmaceuticals (Macclesfield,

Cheshire, UK). The other reagents were from Sigma (MO,

USA). E. coli strain CECT 101was a gift from Prof. Uruburu,

Department of Microbiology, University of Valencia, Spain.

2.12. Statistical analysis

The results are presented as meansF S.E.M.; n represents

the number of experiments or the number of animals per

group. Inhibitory concentration 50% (IC50) values were

calculated from at least four significant concentrations

(n = 6) and effective dose 50% (ED50) from at least three

doses (n = 6–12). When appropriate, 95% confidence limits

were calculated. The level of statistical significance was

determined by analysis of variance (ANOVA) followed by

Dunnett’s t-test for multiple comparisons.

3. Results

3.1. Cyclo-oxygenase-1/cyclo-oxygenase-2 activity in hu-

man monocytes

Cyclo-oxygenase-2 was induced in aspirin-treated mono-

cytes by 24-h stimulation with lipopolysaccharide. Cultured

medium was then changed and after a 15-min preincubation

of vehicle or test compounds, arachidonic acid was added

and cells were incubated for a further 2 h. In a parallel expe-

riment, cyclo-oxygenase-1 activity was studied in non-in-

duced cells after a 2-h incubation with arachidonic acid. As

shown in Table 1, PQ significantly inhibited prostaglandin

E2 production derived from cyclo-oxygenase-2 activity, with

an IC50 value in the micromolar range. In contrast, only a

weak effect was observed at 10 mM in non-induced cells. As

expected, the reference compound indomethacin was more

potent as cyclo-oxygenase-1 inhibitor, whereas DFU selec-

tively inhibited cyclo-oxygenase-2 activity.

3.2. Cyclo-oxygenase-1/cyclo-oxygenase-2 ovine enzyme

assay

To confirm the results obtained in the intact cell assays, we

examined the effects of PQ on cyclo-oxygenase activity using

ovine isoenzymes and arachidonic acid as substrate. PQ and

DFU dose dependently reduced prostaglandin E2 levels

derived from cyclo-oxygenase-2 activity (Table 2). In con-

trast, cyclo-oxygenase-1 activity was not affected by these

compounds even at concentrations over 50 mM. Under the

Table 1

Effect of PQ and reference compounds on cyclo-oxygenase-1 and cyclo-

oxygenase-2 activities in human monocytes

Cyclo-oxygenase-1 Cyclo-oxygenase-2

Prostaglandin

E2 (ng/ml)a
IC50

b Prostaglandin

E2 (ng/ml)a
IC50

b

Basal 3.3F 0.4c – 7.6F 0.5c –

Control 10.0F 0.4 – 40.9F 2.1 –

PQ 8.3F 0.4d >10 mM 17.6F 0.8c 1.2 (0.7–

1.9) mM
DFU 4.7F 0.2c 1.5 (0.7–

3.2) mM
14.8F 0.8c 3.3 (1.5–

5.6) nM

Indomethacin 3.5F 0.1c 6.2 (1.0–

23.4) nM

9.2F 1.6c 50.3 (20.4–

100.0) nM

a Compounds were assayed at 10 mM. Data show meansF S.E.M.

(n= 9–12).
b Values represent the concentration required to produce 50% inhibition

of the response, along with the 95% confidence limits.
c P < 0.01 compared with control values.
d P< 0.05 compared with control values.

Table 2

Effect of PQ and reference compounds on cyclo-oxygenase-1 and cyclo-

oxygenase-2 activities in purified ovine isoenzymes

Cyclo-oxygenase-1 Cyclo-oxygenase-2

Prostaglandin

E2 (ng/ml)a
IC50

b Prostaglandin

E2 (ng/ml)a
IC50

b

Basal 0.5F 0.2c – 0.4F 0.1c –

Control 35.2F 2.9 – 28.5F 1.1 –

PQ 34.6F 0.8 >50 mM 6.7F 1.1c 20.5 (14.1–

31.6) mM
DFU 30.6F 0.5 >50 mM 11.8F 0.7c 6.4 (4.5–

8.0) mM
Indomethacin 0.6F 0.1c 34.9 (25.1–

50.1) nM

5.3F 0.4c 0.3 (0.2–

0.6) mM

a Compounds were assayed at 10 mM. Data show meansF S.E.M.

(n= 9–12).
b Values represent the concentration required to produce 50% inhibition

of the response, along with the 95% confidence limits.
c P < 0.01 compared with control values.

Table 3

Effect of PQ and reference compounds on secretory PLA2 (sPLA2) activity

belonging to groups I (porcine pancreatic), II (human synovial) or III (bee

venom) and on cytosolic PLA2 (cPLA2) prepared from RAW 264.7

macrophages

sPLA2 (pmol OA/mg/min) cPLA2

(pmol AA/

mg/min)

Pancreatic Human

synovial

Bee venom RAW 264.7

Control 19097.4F 992.0 2111.7F 151.6 252.8F 9.3 11.4F 0.9

PQ 18067.8F 441.7 1995.2F 110.4 241.3F 6.0 9.7F 0.8

Scalaradial 9888.3F 792.9a 735.6F 47.3a 98.9F 7.7a N.D.

PTK N.D. N.D. N.D. 2.7F 0.2a

All compounds were assayed at 10 mM. Data represent meansF S.E.M.

(n= 6–8).
a P < 0.01 compared with control values. OA=[H3]oleic acid; AA=[14C]

arachidonic acid. PTK=Palmityl trifluoromethyl ketone.
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same conditions, the non-selective inhibitor indomethacin

exerted very potent inhibitory effects on cyclo-oxygenase-1.

3.3. Phospholipase A2 activity

To exclude that the inhibitory effect on prostaglandin E2

production in intact cells could be related to interference

with the release of arachidonic acid, PQ (10 mM) was

assayed with different types of phospholipase A2. As shown

in Table 3, this compound did not modify the amount of

[3H]oleic acid released from E. coli membranes by phos-

pholipase A2 activity belonging to groups I (porcine pan-

creatic), II (human synovial) or III (bee venom) (data not

shown). Cytosolic phospholipase A2 activity from RAW

264.7 macrophages was not inhibited by PQ at the above

concentration (data not shown).

3.4. Mouse air pouch

We used the 4-h zymosan-stimulated mouse air pouch

model to assess the in vivo effect of PQ on leukocyte mi-

gration, leukotriene B4 generation and prostaglandin E2

levels derived from cyclo-oxygenase-1 activity (Posadas et

al., 2000). As shown in Fig. 2, the number of leukocytes in-

filtrated into the pouch exudate collected 4 h after zymosan

Fig. 2. Effect of PQ and reference compounds on the 4-h zymosan-injected

air pouch. Leukocyte influx (A), leukotriene B4 (B) and prostaglandin E2

levels (C) measured in exudates. S = saline; Z = zymosan; PQ1, PQ2 and

PQ3= PQ injected at 1, 10 and 100 nmol/pouch, respectively. DFU,

I = indomethacin and ZM=ZM230,487 were assayed at 100 nmol/pouch.

Data representmeansF S.E.M. (n= 8–12 animals ). *P< 0.05, * *P < 0.01.

Fig. 3. Effect of PQ (20 mg/kg, p.o.), DFU (20 mg/kg, p.o.) and DX=

dexamethasone (5mg/kg p.o.) on the 24-h zymosan-injected air pouch.Drugs

were administered orally 1 h before and 8 h after zymosan injection.

Leukocyte influx (A) and prostaglandin E2 levels (B) measured in exudates.

Data represent meansF S.E.M. (n= 8–12 animals); *P< 0.05, * *P < 0.01.

(C) Western blot analysis of cyclo-oxygenase-2 protein expression in cells

from exudates and densitometric analysis. S = saline, Z = zymosan, DX=

dexamethasone. The figure is representative of three experiments.
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challenge was significantly reduced by intrapouch admin-

istration of PQ at the three doses assayed, with an ED50 of

12.8 nmol/pouch. Leukotriene B4 levels were also strongly

reduced at the same doses (ED50 = 7.9 nmol/pouch), whereas

prostaglandin E2 levels were unaffected. Reference inhib-

itors were assayed at 100 nmol/pouch. ZM230,487 (selective

5-lipoxygenase inhibitor) reduced leukocyte infiltration and

leukotriene levels at the dose assayed. Indomethacin potently

inhibited prostaglandin E2 levels without having a significant

effect on cell migration or leukotriene B4 production. The

cyclo-oxygenase-2 inhibitor DFU partially reduced leuko-

cyte migration and prostaglandin E2 levels but it did not

affect leukotriene B4 generation.

In the 24-h zymosan-stimulated air pouch, maximal

expression of cyclo-oxygenase-2 is observed and prostaglan-

din E2 levels are increased in exudates (Posadas et al., 2000).

We used this time point to assess the effect of PQ on cyclo-

oxygenase-2 activity and protein expression. Cell influx was

reduced to a minor extent by PQ (33.4%), whereas DFU did

not significantly affect cell recruitment (Fig. 3A). Prosta-

glandin E2 levels were significantly reduced after oral

administration of PQ or DFU at the dose of 20 mg/kg, with

per- centages of inhibition of 58.6 and 75.6, respectively

(Fig. 3B). Dexamethasone was also assayed as reference

compound and at the dose of 5 mg/kg p.o. caused a marked

inhibition of prostaglandin E2 levels (90.5%) and leukocyte

infiltration (69.1%).

Western blot analysis (Fig. 3C) for cyclo-oxygenase-2

was carried out on microsomal fractions of leukocytes

obtained by centrifugation of exudates from the 24-h zymo-

san assay. As expected, dexamethasone potently inhibited

the expression of this enzyme, whereas in animals treated

with PQ or DFU, protein expression was unaffected.

3.5. Carrageenan-induced mouse paw oedema

After oral administration, PQ caused a dose-dependent

reduction of carrageenan-induced oedema in mice 1, 3, and 5

h after induction of inflammation (Fig. 4). The greatest effect

was observed at 3 h with an ED50 of 27.2 mg/kg. At the same

time, DFU (20 mg/kg) and indomethacin (10 mg/kg) caused

a significant reduction of swelling (37.5% and 44.1%, res-

pectively).

After the last determination of oedema (5 h), the animals

were killed and the paws injected with carrageenan were

homogenized to determine the levels of prostaglandin E2. PQ

and DFU at a dose of 20 mg/kg produced a moderate but

significant reduction of this prostanoid, with a similar per-

centage of inhibition for both compounds. In contrast, indo-

methacin strongly reduced prostaglandin E2 levels at 10 mg/

kg (Table 4). In addition, the content of prostaglandin E2

measured in stomach homogenates was not significantly

affected by the administration of PQ or DFU, whereas in-

domethacin potently reduced the levels of this metabolite

(Table 4). It should be noted that indomethacin produced

macroscopically visible gastric damage at the dose assayed,

in contrast to PQ or DFU.

3.6. Phenyl-p-benzoquinone-induced writhing in mice

Administration of phenyl-p-benzoquinone to mice at a

concentration of 0.02% of irritant resulted in 52.6F 2.1

Table 4

Inhibition by PQ, indomethacin and DFU of prostaglandin E2 levels in

homogenates of inflamed paws or stomachs (control values 128.2F 9.6 and

37.9F 3.3 ng/ml, respectively)

Dose (mg/kg, p.o.) Percentage of inhibition of prostaglandin E2

Inflamed paws Stomachs

PQ (10) 13.1F 7.0 11.4F 7.1

PQ (20) 33.7F 5.7a 11.4F 7.0

PQ (40) 45.9F 3.7a 11.3F 4.5

DFU (20) 31.8F 3.9a 18.4F 4.9

Indomethacin (10) 93.8F 8.9a 87.8F 9.7a

Data represent meansF S.E.M. (n= 8–12 animals).
a P < 0.01 compared with control group.

Fig. 4. Effect of PQ, DFU and indomethacin on carrageenan-induced mouse paw oedema, 1, 3 and 5 h after the induction of inflammation. C = vehicle; D1, D2

and D3 = PQ administered orally at 10, 20 and 40 mg/kg, respectively. DFU at 20 mg/kg, p.o.; I = indomethacin at 10 mg/kg, p.o. Data represent

meansF S.E.M. (n= 8–12 animals). *P < 0.05, * *P< 0.01.
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writhes in the control group. As shown in Fig. 5, PQ dis-

played dose-related inhibitory effects after oral administra-

tion with an ED50 (95% confidence limits) of 2.6 (1.5–3.5)

mg/kg. In this model, the reference compounds DFU, ZM

230,487 and codeine showed ED50 values of 3.9 (1.2–7.5),

4.2 (2.8–6.0) and 2.3 (1.1–5.2) mg/kg, respectively, after

oral administration.

3.7. Hot-plate test

The reaction time for the control group in this test was

6.9F 0.4 s. The responses of animals treated orally with PQ

or DFU at the dose of 20 mg/kg did not differ from those of

the control group (data not shown). In contrast, administra-

tion of codeine at the same dose produced a significant

increase in reaction time (14.1F1.2 s, P < 0.01).

4. Discussion

In this study, we have presented evidence that the pyrro-

loquinazoline derivative PQ inhibits cyclo-oxygenase-2

activity in vitro in experiments using human intact cells and

ovine isozymes. These results confirm previous observations

for lipopolysaccharide-stimulated RAW 264.7 cells (Molina

et al., 2001; Rioja et al., 2000). As a reference, we used in our

experiments DFU, a potent and highly selective cyclo-oxy-

genase-2 inhibitor (Riendeau et al., 1997). It should be noted

that all compounds tested showed a higher potency in intact

cells than against purified enzymes, which is in agreement

with previous reports of cyclo-oxygenase inhibitory studies

using both types of assays (Mitchell et al., 1994). PQ did not

modify arachidonic acid release by a direct action on phos-

pholipase A2 activity.

We have recently described the time course of inflamma-

tory mediator production in the zymosan-injected mouse air

pouch as well as the participation of cyclo-oxygenase-2

metabolites in the late phase response in this model (Posadas

et al., 2000). According to our previous experiments, we

used in the present work the 4-h zymosan-injected mouse air

pouch to determine the effects of PQ on 5-lipoxygenase and

cyclo-oxygenase-1 activities, whereas the 24-h zymosan-

injected mouse air pouch was used to assess the effects of

this compound on cyclo-oxygenase-2. In this model, the

pyrroloquinazoline derivative exhibited an inhibitory behav-

iour well correlated with its in vitro effects, since prosta-

glandin E2 levels measured in the exudates were inhibited by

PQ and the reference compound DFU, without affecting the

expression of cyclo-oxygenase-2 in the migrating cells. In

contrast, PQ did not modify prostaglandin E2 levels in the 4-

h zymosan-stimulated air pouch exudates, indicating that this

compound did not inhibit cyclo-oxygenase-1 activity in

vivo. Indomethacin, a non-selective cyclo-oxygenase inhib-

itor, potently reduced the levels of this eicosanoid at 4 h after

challenge, whereas DFU inhibited prostaglandin E2 levels to

a minor extent. In addition, PQ reduced neutrophil migration

and leukotriene B4 levels in the 4-h zymosan-stimulated air

pouch. These effects are well correlated with the potent

inhibition of 5-lipoxygenase activity in vitro (Molina et al.,

2001). Thus, PQ could prevent or slow the progression of

neutrophil-mediated tissue injury in addition to its cyclo-

oxygenase-2 inhibitory effect.

PQ also exerted an anti-oedematous effect on mouse paw

oedema induced by carrageenan after oral administration. In

this model, indomethacin abolished prostaglandin E2 over-

production in paw homogenates, whereas PQ or DFU exert-

ed a smaller effect, likely due to the selective inhibition of

cyclo-oxygenase-2 activity.

Cyclo-oxygenase-1 is the major cyclo-oxygenase iso-

zyme present in the gastrointestinal tract of many species

(Kargman et al., 1996), and selective cyclo-oxygenase-2 in-

hibitors do not inhibit stomach prostaglandin E2 production

in contrast to non-selective NSAIDs (Masferrer et al.,

1994b). Our results indicate that oral anti-inflammatory

doses of PQ have no detectable ulcerogenic effects nor affect

prostaglandin E2 levels in stomach homogenates. This

behaviour is similar to that of the cyclo-oxygenase-2 inhib-

itor DFU. In contrast, indomethacin induced gastrointestinal

lesions after a single acute dose of 10 mg/kg and potently

reduced prostaglandin E2 levels in the stomach.

It has been suggested that inhibition of prostaglandin

production by NSAIDs would result in an increased for-

mation of leukotrienes and neutrophil infiltration into the

digestive tract. As a result, inhibition of 5-lipoxygenase

could prevent the gastric side effects of cyclo-oxygenase

inhibitors (Kirchner et al., 1997) and treatment with dual

cyclo-oxygenase and 5-lipoxygenase inhibitors would have

greater gastrointestinal safety, with protective effects against

neutrophil adhesion and gastrointestinal inflammation in-

duced by NSAIDs (Argentieri et al., 1994; Kirchner et al.,

Fig. 5. Dose– response relationship for the inhibition by PQ, DFU and

ZM230,487 of the phenyl-p-benzoquinone-induced writhing response.

Compounds were administered orally 1 h before the intraperitoneal injection

of irritant. Control group showed 52.6F 2.1 writhes. Results are the

meansF S.E.M. for 8–12 mice. *P < 0.05; * *P< 0.01.
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1997; Janusz et al., 1998). Therefore, the dual cyclo-oxy-

genase-2/5-lipoxygenase inhibitory activity of PQ may be a

favourable feature and make PQ a non-gastrolesive anti-

inflammatory drug.

Selective cyclo-oxygenase-2 inhibitors have demonstra-

ted analgesic efficacy in animal models (Lin et al., 1995) and

humans (Morrison et al., 1999). After oral administration, PQ

displayed a dose-related inhibitory effect in the phenyl-p-

benzoquinone-induced writhing test, being 10 times more

potent as analgesic than as anti-inflammatory agent. Prosta-

glandins derived from cyclo-oxygenase-1 activity in perito-

neal cells would mediate abdominal pain after irritant

administration (Kusuhara et al., 1998), although both selec-

tive and non-selective cyclo-oxygenase inhibitors are effec-

tive against writhing and it is likely that prostaglandins

produced by cyclo-oxygenase-1 and cyclo-oxygenase-2 are

involved in this response. Cyclo-oxygenase-2 is the predom-

inant constitutive isoform in brain and spinal cord and it can

be induced after peripheral induction of inflammation, lead-

ing to a high production of prostaglandins (Beiche et al.,

1996; Hoffmann, 2000). Thus, cyclo-oxygenase-2 could

participate in both a peripheral and a central component of

inflammatory pain (Smith et al., 1998; Ballou et al., 2000),

and the continuous production of prostaglandin E2 by this

isozyme could play a key role in the maintenance of inflam-

matory hyperalgesia (Zhang et al., 1997). Nevertheless, PQ

was inactive in the hot-plate test, a model in which the

response is not inhibited by NSAIDs and which is likely

not related to cyclo-oxygenase-2 activity (Yamamoto and

Nozaki-Taguchi, 1996).

It is generally accepted that 5-lipoxygenase products

induce the recruitment and activation of leukocytes, leading

to tissue damage and hyperalgesia (Levine et al., 1984;

Amann et al., 1996; Bennett et al., 1998). In fact, the 5-

lipoxygenase inhibitor ZM230,487 reduced the phenyl-p-

benzoquinone writhing in the present work and previous

reports have shown that dual inhibition of cyclo-oxygenase

and 5-lipoxygenase can result in higher analgesic and anti-

inflammatory activities (Griswold et al., 1991; Mylari et al.,

1990). In particular, dual inhibitors of cyclo-oxygenase-2

and 5-lipoxygenase have been selected as antiarthritic drug

candidates (Inagaki et al., 2000).

In summary, the present study demonstrates that PQ

exerts anti-inflammatory and analgesic effects which are

mainly related to dual inhibition of cyclo-oxygenase-2 and

5-lipoxygenase activities, thus controlling the overproduc-

tion of mediators and cell infiltration that leads to tissue

damage in the inflamed area. Development of this class of

compounds could provide new drugs for the modulation of

different inflammatory pathologies, with reduced gastric

toxicity.
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