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Abstract--Administration of the non-steroidal anti-inflammatory drug benoxaprofen to rats gave rise 
to significant increases in the hepatic O-dealkylations of ethoxyresorufin and methoxyresorufin and in 
the 12-hydroxylation of lauric acid but, in contrast, the N-demethylation of dimethylnitrosamine was 
inhibited. Immunoblot studies employing solubilized microsomes from benoxaprofen-treated rats 
revealed that benoxaprofen increased the apoprotein levels of P450 IA1 and A2 and of P450 IVA1. 
The same treatment with benoxaprofen increased the r-oxidation of palmitoyl CoA determined in liver 
homogenates, and immunoblot analysis showed an increase in the apoprotein levels of the trans-2-enoyl 
CoA hydratase bifunctional protein. It is concluded that benoxaprofen is a peroxisomal proliferator 
which selectively induces the hepatic cytochrome P450 I and IV families. The possible implications of 
these findings to the well-known hepatotoxicity of this drug are discussed. 

Benoxaprofen [2-(4-chlorophenyl)-5-benzoxazol-2- 
propionic acid], a non-steroidal anti-inflammatory 
analgesic, used clinically in the treatment of 
rheumatoid arthritis and osteoarthritis [1], was 
associated with a wide variety of adverse effects 
in man, including cutaneous phototoxicity and 
onycholysis, soon after its introduction [2]. Following 
reports of fatal hepatotoxicity resulting from chronic 
dosage for a month or longer, especially in the 
elderly, the drug was withdrawn in August 1982 [3]. 

Consideration of the molecular and electronic 
structures of benoxaprofen employing computer 
graphic techniques [4], has revealed that the drug 
has an area/depth 2 of 2.5 and a AE(E[LEMO] 
-E [HOMO] ,  (where AE is the difference in 
energy between the frontier orbitals, LEMO is 
the lowest empty molecular orbital and HOMO 
the highest molecular orbital) of 12.0 which places 
it in the interface between substrates of the cyto- 
chrome P450 I family (cytochromes P448) and 
other cytochrome P450 families [5,6]. These 
observations indicate that benoxaprofen may be a 
substrate/inducer of the P450 I family, although it 
is unlikely to show high specificity. Bearing in mind 
the role of the P450 I family in the production of 
reactive electrophiles which may manifest toxicity 
and carcinogenicity [7,8], it was considered 
worthwhile to evaluate the ability of the drug to 
induce the hepatic cytochrome 1:t450 I family in the 
rat. Moreover, benoxaprofen contains an aryl 
propionic acid moiety (Fig. 1), which, in the case of 
compounds such as clofibrate, phthalates and certain 
herbicides has been associated with the induction of 
the cytochrome P450 IV family and hepatic 
peroxisomal proliferation [9, 10] which, at least in 

* To whom correspondence should be addressed. 

some animal species, has been associated with liver 
tumours [11]. 

The purpose of the present studies is, therefore, 
two-fold, namely, to investigate the effect of 
benoxaprofen administration on the hepatic cyto- 
chrome P450 I and IV families and, on the basis of 
such effects, to consider possible mechanisms for 
the known hepatotoxicity of the drug. 

MATERIALS AND METHODS 

Methoxy-, ethoxy-, pentoxy-resorufins and reso- 
rufin (Molecular Probes, Eugene, OR, U.S.A.), 
dimethylnitrosamine, lauric acid, palmitoyl CoA and 
all cofactors (Sigma Chemical Co., Poole, U.K.) 
were purchased. 

Benoxaprofen, m.p. 189-191 ° (lit. 189-190 °) was 
synthesized by the method of Dunwell et al. [12]. 
Thin layer chromatography on Merck silica gel plates 
in methanol/chloroform 95:5 (v/v) gave a single 
spot with Rf value of 0.5 together with traces of two 
minor impurities, with Rf values of 0.0 and 0.95. 
Analysis by HPLC was carried out using a Spherisorb 
50DS2 column and a solvent system of water/ 
methanol 15 : 85, detection being achieved with UV 
at 280 nm. Benoxaprofen had a retention time of 
22.26 min and two minor impurities with retention 
times of 1.14 min (0.087%) and 4.65 rain (0.041%) 
were also detected. These studies showed that the 
drug was 99.87% pure. Elemental analysis for C, H 
and N were within 0.4% of theoretical values, and 
NMR spectroscopy (200Mz, DMSO dr) was 
consistent with the required structure and showed 
negligible traces of impurity as singlets at dt 1.22 and 
3.5. 

Antibodies to purified P450 IA1 protein were 
raised in sheep as previously described [13, 14]; these 
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Fig. 1. The structures of clofibric acid and benoxaprofen. 

antibodies recognized both the AI and A2 proteins. 
Antibodies to P450 IVA1 and the trans-2-enoyl CoA 
hydratase bifunctional protein (an indicator of 
peroxisomal proliferation) were generous gifts from 
Dr G. G. Gibson, University of Surrey, Guildford, 
and Dr D. L. Cinti, Department of Pharmacology, 
University of Connecticut Health Center, 
Farmington, CT, respectively. 

Male Wistar albino rats ( 100-110 g) were purchased 
from the Experimental Biology Unit, University of 
Surrey. These were randomly divided into four 
groups of four animals each, which were given three 
single daily intraperitoneal doses of benoxaprofen, 
dissolved in 0.2 M glycine-NaOH, pH 10.5, at dose 
levels of 25, 100 and 250 mg/kg/day, with the fourth 
group serving as control, receiving the corresponding 
volume of vehicle. All animals were killed 24 hr 
after the last dose of benoxaprofen. To obtain liver 
microsomal preparations to serve as positive controls 
in the immunoblot studies, one rat was treated with 
clofibrate (80mg/kg/day) and a second rat was 
treated with 3-methylcholanthrene (25 mg/kg/day), 
both as single daily intraperitoneal doses for three 
days, with the animals being killed 24 hr after the 
last administration. 

Livers were immediately excised, homogenates 
prepared, and microsomal fractions isolated as 
previously described [15]. The following deter- 
minations were carried out on the homogenate: fl- 
oxidation of palmitoyl CoA [16]; and on the 
microsomal fraction: demethylation of methoxy- 
resorufin [17], deethylation of ethoxyresorufin [18], 
depentylation of pentoxyresorufin [19], 11- and 12- 
hydroxylations of lauric acid [20], N-demethylation 
of dimethylnitrosamine, at a final substrate con- 
centration of 6 mM [21], the NADPH-dependent 
reduction of cytochrome c [22] and total cytochrome 
P450 [23]. Protein was determined in both 
microsomes and homogenate using bovine serum 
albumin as standard [24]. 

Immunoblotting analysis of electrophoretically- 
resolved microsomal proteins was carried out using 
antibodies to P450 IA1 and P450 IVA1 as previously 
described [25, 26]. Immunological determination of 
the trans-2-enoyl CoA hydratase bifunctional protein 
was similarly carried out following resolution of the 
solubilized homogenate proteins and of the standards 
by electrophoresis. Aliquots of homogenate proteins 
were solubilized using the same volume of Tris--HCl 
buffer, pH8.3  (60mM) containing Triton X-100 
(1% w/v). Solubilized proteins were separated 

electrophoretically and then transferred onto nitro- 
cellulose paper and immunostained essentially as 
described by Towbin et al. [27]. The immunoblot 
was carried with rabbit antisera to the bifunctional 
protein (diluted 1:1000) followed by peroxidase- 
labelled donkey anti-rabbit IgG (diluted 1:2000). 

Statistical analysis was carried out using the 
Student's t-test. 

RESULTS 

Exposure of rats to benoxaprofen resulted in a 
significant increase in the hepatic O-deethylation of 
ethoxyresorufin at the doses of 25 and 100 mg/kg, 
but at the highest dose employed, 250 mg/kg, the 
change in activity, although still higher than control, 
was not statistically significant (Table 1). A similar 
pattern was obtained in the O-demethylation of 
methoxyresorufin, but in contrast, treatment with 
benoxaprofen had no significant effect on the O- 
depentylation of pentoxyresorufin (Table 1). The 
hepatic 11-hydroxylation of lauric acid was not altered 
by treatment of the animals with benoxaprofen, 
whereas the 12-hydroxylation was enhanced at the 
higher doses of the drug (Table 1). The N- 
demethylation of dimethylnitrosamine was sig- 
nificantly inhibited by treatment with benoxaprofen, 
the effect being more pronounced at the lower doses. 
Microsomal levels of total cytochrome P450 increased 
at the two lower doses of the drug. Finally, 
benoxaprofen had no effect on the NADPH- 
dependent reduction of cytochrome c and microsomal 
protein (Table 1). 

Immunoblot analysis employing polyclonal anti- 
bodies against P450 IA1 showed that benoxaprofen, 
at the two lower doses, increased both A1 and A2 
proteins, but to an extent much less than that 
produced by 3-methylcholanthrene, used as the 
positive control (Fig. 2A). When polyclonal 
antibodies against P450 IVA1 were employed, 
benoxaprofen was seen to cause a marked, 
concentration-dependent increase in the P450 IVA1 
levels, but had no major effect on the other protein, 
presumably P450 IVA2, recognized by this antibody 
(Fig. 2B). 

Treatment with benoxaprofen caused a con- 
centration-dependent increase in the fl-oxidation of 
palmitoyl CoA determined in the liver homogenate 
(Table 1). Immunoblot analysis employing antibodies 
to the microsomal trans-2-enoyl CoA hydratase 
bifunctional protein showed that benoxaprofen 
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Table 1. Effect of benoxaprofen on rat hepatic mixed-function oxidases and peroxisomal activities 
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Benoxaprofen Benoxaprofen Benoxaprofen§ 
Parameter Control (25 mg/kg) (100 mg/kg) (250 mg/kg) 

Eth0xyresorufin O-deethylase 
(pmol/min/nmol P450) 

Methoxyresorufin O-demethylase 
(pmol/min/nmol P450) 

Pentoxyresorufin O-depentylase 
(pmol/min/nmol P450) 

Lauric acid 12-hydroxylase 
(nmol/min/nmol P450) 

Lauric acid 11-hydroxylase 
(nmol/min/nmol P450) 

Dimethylnitrosamine N-demethylase 
(nmol/min/nmol P450) 

Palmitoyl CoA oxidation 
(nmol NADH/min/mg protein) 

Cytochrome P450 
(nmol/mg protein) 

NADPH-cytochrome c reductase 
(nmol/min/mg protein) 

Microsomal protein 
(mg/g liver) 

Total hepatic protein 
(mg/g liver) 

31 - 5 58 + 5* 63 - 7* 49-+ 5 

23 - 2 31 -+ 1" 41 -+ 4* 48-+ 11 

3.4 - 0.7 4.1 -+ 0.1 4.2 -+ 0.4 5.0 - 0.6 

3.5 -+ 0.4 3.3 ± 0.2 5.8 - 0.2~: 7.7 -+ 0.9t 

2.1 ± 0.6 2.0 +- 0.4 2.7 -+ 0.4 2.9 -+ 0.5 

7.6 - 0.6 4.6 -+ 0.4t 5.9 -+ 0.5* 7.8 - 1.5 

5.4 - 1.1 8.7 --+ 0.7t 9.4 - 0.9t 11.6 - 1.4" 

0.72 - 0.01 0.99 ± 0.03:~ 0.92 - 0.03~ 0.72 - 0.08 

27.8 ± 0.6 27.5 ± 1.1 25.5 - 1.1 27.0 - 0.7 

16.3 - 0.5 18.9 -+ 0.4 20.6 - 1.0 19.8 - 0.4 

121 ± 8 118- 4 122-+ 9 141 - 2 

Results are presented as means - SEM for four animals. Rats were treated with single daily intraperitoneal doses of 
the drug for 3 days, while controls received the corresponding volume of the vehicle. All animals were killed 24 hr after 
last injection. 

* P < 0.05; t P < 0 . 0 1 ;  $ P < 0.001 
§ At this dose level one of the animals died so that N = 3. 

administration caused a dose-dependent increase in 
the levels of this protein, the effect being similar to 
that of clofibrate, an established peroxisomal 
proliferator (Fig. 3). 

DISCUSSION 

Treatment with benoxaprofen modestly enhanced 
the O-deethylation of ethoxyresorufin, an activity 
exclusively catalysed by the P450 I family, and 
particularly the A1 isoenzyme [28,29]. Similar 
changes were observed in the O-demethylation of 
methoxyresorufin, an activity also associated with 
the P450 1 family, and particularly the A2 isoenzyme 
[30] and these findings are supported by the 
immunoblot studies. The P450 I family has been 
implicated in the metabolic activation and toxicity 
of many chemicals including drugs [7, 8], and the 
induction of the P450 I family by benoxaprofen 
raises the possibility that these enzymes may 
metabolically convert benoxaprofen to a "reactive 
electrophile(s)", which by virtue of its interaction 
with cellular nucleophiles may mediate the known 
hepatotoxicity of the drug. The fact that no induction 
has been observed at the highest benoxaprofen dose 
probably reflects the toxicity of the drug as one of 
the animals died. It would be reasonable to assume 
that reactive metabolites of benoxaprofen formed 
by P450 I metabolism would subsequently react 
preferentially with this enzyme leading to its ultimate 
destruction. However, in contrast to this hypothesis, 
it has previously been concluded, from studies in rat 
BP 42:1-I 

hepatocytes, that benoxaprofen hepatotoxicity was 
due to the parent compound and that cytochrome 
P450-dependent metabolic oxidation was not 
involved, as the toxicity was unaffected by P450 
inducers and inhibitors [31]. 

Nevertheless, benoxaprofen interacts in vitro with 
hepatic microsomes to elicit a type I spectral change 
[31], indicative of binding of the drug to the substrate 
binding site of cytochromes P450. Moreover, various 
other benzoxazole derivatives have been shown in 
studies in vitro to modulate mixed-function oxidase 
activities [32]. Furthermore, although metabolic 
studies in animals and man revealed that the only 
metabolite of benoxaprofen is an ester glucuronide, 
with no oxidation metabolites identified [33], minor 
metabolites, of a polar character, were also reported, 
and although not identified, might represent 
oxidation metabolites formed by the cytochrome 
P450 system. It should also be noted that 
benoxaprofen metabolism was studied following 
single administration of the drug to animals not 
pretreated with inducing agents [33]; in such 
circumstances the concentrations of hepatic P450 I 
are low, comprising less than 5% of total 
hepatic cytochrome P450 [34] so that oxidation of 
benoxaprofen would be minimal. However, repeated 
administration of benoxaprofen would result in 
induction of P450 I so that oxidative metabolism to 
hepatotoxic intermediates might assume greater 
importance, thus explaining why long term adminis- 
tration of the drug was necessary for hepatotoxicity 
to occur. Continuous high production of reactive 
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Fig. 2. Immunoblot analysis of microsomes from benoxaprofen-treated rats using anti-cytochrome P450 
IA1 and anti-cytochrome P450 IVA1 polyclonal antibodies. Microsomal proteins (20 #g) were resolved 
by electrophoresis in a 10% (w/v) SDS-polyacrylamide gel and transferred electrophoretically to 
nitrocellulose. In the case of P450 IA1 (A) the immunoblot was carried out with sheep anti-cytochrome 
P450 IA1 (diluted 1 : 12,000) followed by peroxidase-labeUed donkey anti-sheep IgG (diluted 1 : 1000). 
a: Control, b: benoxaprofen 25 mg/kg, c: benoxaprofen 100 mg/kg, d: benoxaprofen 250 mg/kg and e: 
3-methylcholanthrene 25 mg/kg (10/~g loaded). In the case of P450 IVA1 (B) the immunoblot was 
carried out with sheep anti-cytochrome P450 IVA1 (diluted 1:1600) followed by peroxidase-linked 
donkey anti-sheep IgG (diluted 1:2000). a: benoxaprofen 250mg/kg, b: clofibrate (10/~g loaded), 

80 mg/kg, c: benoxaprofen 100 mg/kg, d: benoxaprofen 25 mg/kg and e: control. 

intermediates would consequently deplete protective 
intracellular glutathione, that could further exacer- 
bate benoxaprofen toxicity. This illustrates the need, 
in drug safety evaluation studies, to examine the 
metabolism of the drug after repeat dosage. 

Treatment of rats with benoxaprofen gave rise 
also to a concentration-dependent increase in the 
12-hydroxylation of lauric acid; this effect was 
specific in that the 11-hydroxylation of the fatty acid 
was unaffected. The hydroxylation of lauric acid at 
the 12-position is specifically catalysed by the P450 
IV family of enzymes, and benoxaprofen caused a 
concentration-dependent increase in the apoprotein 
levels of this family, determined immunologically. 
Similarly, the cyanide-insensitive fl-oxidation of 
palmitoyl CoA, a marker enzyme for peroxisomes, 
was increased in a dose-dependent manner. 

Furthermore, the same treatment increased the 
hepatic apoprotein levels of a protein present in the 
peroxisomes, namely, trans-2-enoyl CoA hydratase, 
which is characterized by bifunctional activity 
catalysing the hydration and dehydrogenation in the 
fl-oxidation of fatty acids [35, 36] and is induced by 
a variety of peroxisomal proliferators [37]. Recent 
studies have revealed that the bifunctional protein 
is in fact a trifunctional enzyme, also possessing A 3, 
A2-enoyl CoA isomerase activity [38]. A number of 
chemicals such as the drug clofibrate and its 
analogues, phthalate esters, and chlorinated phenoxy 
acids, have been shown to induce both P450 IVA1 
activity and peroxisomal proliferation, and an inter- 
relationship appears to exist between these two 
phenomena [39, 40]. It has been argued that such 
peroxisome proliferators function as epigenetic 
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Fig. 3. Immunoblot analysis of microsomes from benoxaprofen-treated rats using antibodies to the 
peroxisomal bifunctional protein. Homogenate proteins (30/~g) were resolved by electrophoresis in a 
3% (w/v) SDS-polyacrylamide gel and transferred electrophoretically to nitrocellulose. The immunoblot 
was carried out with rabbit antisera to the peroxisomal bifunctional protein (diluted 1 : 1000) followed 
by peroxidase-linked anti-rabbit IgG (diluted 1 : 2000). a: clofibrate 80 mg/kg, b: benoxaprofen 250 mg/ 
kg, c: benoxaprofen 100 mg/kg, d: benoxaprofen 25 mg/kg and e: control. The molecular weight 
markers were: 1 :triosephosphate isomerase (26,600), 2: lactate dehydrogenase (36,500), 3: fumarase 
(48,500), 4: pyruvate kinase (58,000), 5: fructose 6-phosphate kinase (84,000), 6: /3-galactosidase 

(116,000) and 7: tr2-macroglobulin (180,000). 

carcinogens, i.e. acting through a non-genotoxic 
mechanism [41]. The increased production of 1-1202 
through peroxisomal proliferation, may yield active 
oxygen species which may give rise to lipid 
peroxidation and possibly DNA damage. The 
possibility, therefore, exists that benoxaprofen may 
induce its hepatotoxicity as a consequence of this 
proliferative effect on peroxisomes. 

However, the relevance of peroxisomal pro- 
liferation to chemical toxicity/carcinogenicity has 
been questioned and may apply to small animals 
only, such as rat and mouse [42]. In recent studies 
the diphenyl ether herbicide, fomesafen, was shown 
to induce peroxisomal proliferation in isolated 
hepatocytes from rats and mice but not from guinea 
pig, marmoset and man [43]. Moreover, because of 
their high rates of metabolic oxidation and oxygen 
uptake, the mouse and rat may more readily generate 
reactive oxygen radicals, following peroxisomal 
proliferation, which can function as tumour pro- 
moters and initiators [44]. Indeed, some larger 
animals, like the marmoset, are refractive to 
the toxicity and hepatocarcinogenicity of known 
peroxisomal proliferators [11]. However, potent 
hypolipidaemic drugs like ciprofibrate have been 
reported to induce peroxisomal proliferation in cats 
and in rhesus and cynomolgus monkeys [45], but it 
is not clear if this is associated with toxicity in these 

species. It should be noted that drugs like clofibrate, 
a potent inducer of peroxisome proliferation and of 
P450 IV activity, have been used extensively to treat 
hyperlipidaemia with no increase in human liver 
tumours [46]. 

The O-dealkylation of pentoxyresorufin, a diag- 
nostic substrate for the phenobarbital-inducible 
forms of cytochrome P450 [19] was unaffected by 
the treatment with benoxaprofen showing that the 
inductive effect of the drug is selective for the P450 
I and IV families. Moreover, the N-demethylation 
of dimethylnitrosamine which, at the substrate 
concentration employed (6 mM), serves as a probe 
for the P450 IIE subfamily [47], was inhibited by 
benoxaprofen treatment indicating that the induction 
of the P450 I and IV families may have occurred at 
the expense of the P450 IIE subfamily, and other 
constitutive forms of the cytochrome that participate 
in dimethylnitrosamine demethylation. 

In the present study, induction of P450 I was 
observed at a daily dose of 25mg/kg, given 
intraperitoneally to rats for 3 days, whereas clinically, 
the drug was administered to patients at an oral dose 
of 10 mg/kg/day; orally administered benoxaprofen 
is readily absorbed from the gastrointestinal tract 
[33]. The extent of enzyme induction is directly 
related to the elimination t~ of the inducing agent 
[15]. Benoxaprofen is characterized by a long 
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biological t½ of nearly 30 hr [48], similar to that seen 
in the rat [33], but in elderly patients, in whom 
benoxaprofen hepatotoxicity was manifested, the t~ 
was over 100 hr, with consequent drug accumulation 
[49, 50]. After 1 month of repeated oral dosage of 
benoxaprofen, drug accumulation would result in 
tissue concentrations of the drug 10 times greater 
than after a single dosage, so at the clinical 
doses employed benoxaprofen may potentially be 
an inducer of the cytochrome P450 1 and IV families. 

In summary, the present studies demonstrate that 
benoxaprofen, at doses similar to those used 
clinically, induces the cytochrome P450 I and IV 
families in the rat. On the basis of these observations 
mechanisms are proposed that could account for the 
known hepatotoxicity of benoxaprofen in elderly 
patients. 
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