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Involvement of Cytochrome P450 2ELlike 
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Induction of tumours in the nasal olfactory region of MRC rats by iV-nitrosobis(2-oxopropyl)amine 
(BOP) is inhibited by orchiectomy and restored by testosterone. These results suggest the involvement 
of a sex-specific enzyme in BOP bioactivation in rat nasal mucosa. The present study was undertaken 
to identify this enzyme. Enzyme-linked immunosorbent assay (ELISA) and the metabolism of known 
substrates (pnitrophenol) pointed to a microsomal cytochrome P450 (P450) tEl-like isoform as a 
candidate enzyme. A correlation was found between the enzyme activity in nasal mucosal microsomes 
and serum testosterone levels. Four times more activity was detected in the nasal mucosa than in the 
liver of male rats. Vanillin inhibited the activity of the nasal mucosal enzyme to a greater extent than 
that of the liver enzyme. The overall results suggest that a nasal mucosal P450 ZEl-like isoform is 
involved in BOP metabolism. 
Oral Oncol, Eur J Cancer, Vol. 30B, No. 3, pp. 179-185, 1994. 

INTRODUCTION 

THE NASAL cavity is a major port of entry into the body, and is 
exposed to a variety of xenobiotics, including inhaled odor- 

ants, steroids and carcinogens [ 11. The nasal mucosa of many 
species, including humans, contains microsomal cytochrome 
P450 (P450) enzymes that can metabolise xenobiotics [2-81. 
The activities of some of these enzymes are higher in the nasal 

mucosa than in the liver [4, 51. The nasal mucosa of rats and 
hamsters are particularly sensitive to tumour induction by 
carcinogens, especially nitrosamines [3, 91. The ability of the 
nasal mucosa of rats to metabolise nitrosamines to reactive 
products has been shown [3, 10, 111. In the respiratory and 
olfactory epithelium of rats, P450 IA1 (P-NFB), P450 2BI 
(PB-B) and P450 3A2 (PCN-E) have been demonstrated 

immunohistochemically [2, 12, 131. Some P450 enzymes, 
including P45Os 2Cll (UT-A), 2C12 (UT-I), 2G1,3A2 and 
2El are either sex specific [ 141 or tissue specific. P450 2G1, for 
example, has been reported to occur only in olfactory tissue [ 1, 
151. 
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P450 2El is important for the activation of N-nitrosodi- 

methylamine, N-nitrosodiethylamine and tobacco-specific 

nitrosamines [3]. A high incidence of nasal mucosal tumours in 
male rats induced by N-nitrosobis(2-oxopropyl)amine (BOP) 

can be prevented by orchiectomy [ 161 and restored by systemic 
testosterone treatment [ 171. BOP is a dialkyl-N-nitrosamine 
that requires metabolic activation for carcinogenic action. Our 
observations suggest that the activation of BOP is catalysed by 

P45Os whose activities may be modulated by testosterone. 
To identify the enzyme in the rat nasal mucosa, the present 

studies were undertaken. 

Anima Is 
MATERIALS AND METHODS 

Wistar-derived MRC rats from the Eppley colony, females 
with an average weight of 210 g and males with an average 

weight of 320 g, were housed under standard laboratory 
conditions (temperature, 21+ 3°C; light/dark, 12 h/l2 h; rela- 
tive humidity, 40 + 5 %). They had free access to a pelleted diet 

(Wayne Lab Blox, Allied Mills, Chicago, Illinois, U.S.A.) and 
tap water. 

Chemicals 
Testosterone propionate (TP) (Sigma Chemical Co., St 

Louis, Missouri, U.S.A.) was suspended in olive oil 
(40 mg/ml) and was given subcutaneously (s.c.) 
(0.25 ml/l00 g). BOP was obtained from Ash Stevens, 
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(Detroit, Michigan, U.S.A.). Vanillin, imadazole, capsaicin, 
pyrazole, p-nitrophenol, g-nicotinamide adenine dinucleotide 
phosphate, reduced form (NADPH), 6-thioguanine, bovine 
serum albumin (BSA) and Trizma-base were obtained from 
Sigma Chemical Co., 2,2’-azino-di(3-ethyl-benzthiazoline- 
sufonate) horseradish peroxidase (ABTS HRP) from Kirke- 
gaard and Perry Labs (Gaitherburg, Maryland, U.S.A.); and 
goat anti-rabbit or rabbit anti-goat horseradish peroxidase 
labelled conjugates from Bio-Rad (Richmond, California, 
U.S.A.); and Williams medium E (WE), fetal bovine serum 
(FBS) (non-dialysed) (10% v/v), penicillin G and streptomy- 
cin and antimycotic solution from BRL-Gibco (Grand Island, 
New York, U.S.A.). 

Treatment 
Bilateral orchiectomy or ovariectomy was performed on 

&week-old rats under Nembutal anaesthesia [75 mg/kg body 
weight (b.w.)] injected intraperitoneally (i.p.). The testes or 
ovaries were ligated and removed. Wound clips were used to 
close the scrotal incision, while 5-O chromic sutures were used 
to close the abdominal incision in females. Three weeks after 
orchiectomy or ovariectomy, rats were entered into the 
experiment. Some orchiectomised and control rats were given 
TP (lOOmg/kg b.w.) S.C. daily for 5 days, and blood 
testosterone level was measured 1 day after the last injection. 
Before killing, a blood sample was taken from all the animals 
for determination of testosterone levels. 

Hormone radioimmunoassay 
Testosterone levels were measured using a coat-a-count 

radioimmunoassay (RIA) kit (Diagnostic Products Corp., Los 
Angeles, California, U.S.A.). 

Antibodies 
Three polyclonal antibodies against xenobiotic metabolis- 

ing enzymes P450 2Cll (UT-A) [18], P450 1Al (P-NFB) [18] 
and P450 2El (Oxford Biomedical Res., Oxford, Michigan, 
U.S.A.) were used. Antibodies were diluted to 40 ug/ml for 
the enzyme-linked immunosorbent assay (ELISA). The 
nomenclature of the P45Os is adapted from Nebert et al. [ 191. 

Preparation of microsomes 
All animals were killed (rats treated with TP were eutha- 

nised 5 days after the initial TP injection) with excess 
Nembutal (100 mg/kg b.w., i.p.). The liver (left lobe) and 
nasal mucosa were removed and placed in ice-cold 0.05 mol/l 
Tris-sucrose buffer (pH 7.4). Tissues from four rats were 
pooled to obtain an adequate amount of nasal mucosal 
microsomes (6 mg). Microsomes were prepared by differential 
centrifugation [20]. The protein content was measured by the 
method of Lowry et al. [21]. 

ELISA 
Liver and nasal mucosal microsomes from each test group 

were diluted to a protein concentration of 2 kg/ml with a 
sodium bicarbonate buffer (pH 9.6). These were titred out 
onto Nunclon 96 well polystyrene microwell plates (A/S 
NUNC, Roskilde, Denmark). Four protein concentrations per 
group were used: 0.25, 0.5, 1 and 2 ug/well. Plates were 

incubated overnight (4°C) to allow the protein to attach. The 
plates were washed with phosphate buffered saline (PBS), then 
2% BSA in PBS was added to each well to block unbound 
sites. After incubation for 1 h, the plates were washed with 
PBS, and anti-P450s lA1, 2Cll or 2El were added to the 
coated wells and then incubated for 2 h at room temperature. 
Goat anti-rabbit (1Al and 2Cll) and rabbit anti-goat (2El) 
each labelled with horseradish peroxidase were added after the 
plates were washed. After incubation for 1 h at room 
temperature and washing with PBS, 100 ul of ABTS was 
added and then incubated for 30 min at room temperature. 
Absorbance was read at 405 nm using a through-the-plate 
spectrophotometer (Titertek Multiscan PLUS, Flow Lab, 
Mclean, Virginia, U.S.A.). 

Enzyme activity 
P450 2El-like isoform activity was measured by the 

conversion of p-nitrophenol to p-nitrocatechol [22], with 
slight modifications. Each assay was performed with 400 ug of 
microsomal protein obtained from the pooled livers (left lobe) 
and nasal mucosa of four rats. Activities were measured in 
control and treated male and female rats. Each test was 
repeated three times with fresh microsomes. Microsomes were 
incubated for 10 min at 37°C with 0.25 mmol/lp-nitrophenol, 
60 mmol/l NADPH and 2 ml 0.1 mol/l phosphate buffer 
(pH 7.4). The reaction was stopped with the addition of 1 ml 
of 15% trichloroacetic acid (TCA) and the precipitated 
protein removed by centrifugation. Sodium hydroxide (250 ul 
of a 10 mol/l solution) was added to 2.5 ml of the supernatant. 
Absorbance was read at 5 15 nm and the amount of conversion 
was calculated using the formula: A 515/0.4 mg 
protein/l0 min/0.0117 = mmol/mg protein/min. 

In vitro inhibition of p-nitrophenol conversion to p- 
nitrocatechol was tested with capsaicin, imadazole, vanillin 
and pyrazole, each dissolved in 0.5% ethanol. Vanillin, 
pyrazole, capsaicin or imadazole (40-640 pmol/l), nasal 
mucosa or liver microsomes (400 ug each) from untreated male 
rats, 0.25 mmol/lp-nitrophenol and 60 mmolfl NADPH were 
placed in 2.0 ml of 0.1 mol/l potassium phosphate buffer 
(pH 7.4). Control reactions consisted of microsomes, p- 
nitrophenol, NADPH and buffer. 

For in vivo experiments, three groups of rats (four per 
group) were injected i.p. (1 ml solution/kg body weight) with 
vanillin 25 or 50 mg/kg (LD,,= 1580 mg/kg [23]), 6 h before 
killing. After killing, microsomes were prepared and the 
enzyme activity measured as described above. We used 
vanillin in the inhibition assays, because capsaicin was too 
toxic to be used in vivo, and pyrazole and imadazole did not 
inhibit P450 2El-like isoform to the extent that vanillin did, 
especially in the nasal mucosa. 

Effect of testosterone on enzyme activity 
From all the rats used, serum testosterone levels were 

measured and plotted against the apparent K,,, determined in 
the p-nitrophenol assay. 

Effect of anti-P450 2El on enzyme activity 
Liver and nasal mucosa microsomes from control male and 

female rats (four per group) were pooled. Microsomes (400 ug 
per assay) were placed in phosphate buffer together with 
40 pg/ml anti-P450 2E1 and incubated for 30 min. The 
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Table 1. ELISA of nasal mucosa and liver microsomes reported as slope (absorbance/protein) 

Antibody Male C-male C-male-T C-female C-female-T Female 

N 
1Al 1.14*0.1* 0.82~0.1* 0.94kO.l 1.42 + 0.3 1.13+0.1 1.23kO.l 
2Cll 1.40*0.1t 0.56fO.lt 0.67f0.2 1.2OkO.2 1.01+0.02 1.05kO.l 
2El 0.53kO.2 0.32+0.1$ 0.60f0.01$ 0.22kO.2 0.06kO.O o.U3*0.1 

L 
1Al 2.02k1.4 3.28 f 1 .O 1.7850.9 0.47 20.4 0.45 +0.4 0.49kO.3 
2Cll 2.26kO.l 3.16* 1.5 2.3OkO.5 0.67 +0.2 0.55 kO.2 0.66kO.3 
2El 0.43f0.18 0.16&0.03$ 0.22kO.04 0.22iO.l 0.18kO.02 0.22kO.l 

C =castrated; T=testosterone treated. Absorbance was read a 405 nm. Data given are the 
mean&S.E.M. *P<O.O2; ‘fP<0.0006; fP<0.05; §P<O.O3. 

remaining test components were added, and the activity was 
determined as described above. 

Mutagenicity 

Mutagenicity was measured in V79 cells using resistance to 
&thioguanine as the marker of mutagenicity, with liver and 
nasal mucosa homogenates as the activating system as 
described previously [24, 251. 

Statistical analysis 

For data comparison, the unpaired t-test was performed. 

RESULTS 
ELISA 

Liver and nasal mucosa microsomes from six treatment 
groups were subjected to ELISA analysis using three anti- 
P45Os (lAl,2Cll and 2El). The results, which were obtained 
from reading the absorbance at 405 nm, are shown in Table 1. 
The data is reported as the slope of the antibody response 
calculated by using the absorbance at three protein concentra- 
tions (0.25, 0.5 and 1 kg/well). The results show that 
expression of P450 IA1 and I’450 2Cll diminished in the 
castrated male rat nasal mucosa but started to recover after 
testosterone administration. A similar trend was seen with 
P450 2El-like isoform. In the liver, orchiectomy enhanced 
P450 1Al and P450 2Cll levels, which also returned to control 
levels with testosterone treatment. The expression of I?450 
2El-like isoform decreased slightly in the liver of orchiec- 
tomised rats and slightly recovered after testosterone treat- 
ment. Neither the nasal mucosa nor the livers of female rats 
displayed significant differences between groups. 

P450 2El-Eke isoform activity 

There was more p-nitrophenol hydroxylase activity in the 
nasal mucosa than in the liver of control female and male rats 
(Fig. la and b). There was five times more P450 2El-like 
isoform activity in the nasal mucosa than in the liver of female 
rats, four times more in the nasal mucosa than in the liver of 
male rats, and slightly more activity in males than in female 
(1.3-fold for liver and 1.2-fold for nasal mucosa). At the 
highestp-nitrophenol concentration (1 mmol/l), activity in the 
liver and nasal mucosa of females and in the liver of males had 
reached a plateau, whereas it was still increasing in the male 
nasal mucosa. The greater activity in the nasal mucosa was 

associated with an apparent K,,, that is significantly different 
from the liver in both female (Fig. lc) and male rats (Fig. Id). 

Effect of castration on P450 2El-like isoform activity 

Castration shifted the apparent K, in both liver and nasal 
mucosa of the male rat (Fig. 2). Following castration, the 
apparent K,,, was the same in the nasal mucosa and liver. This 
shift may indicate the presence of a competitive inhibitor in the 
castrated male rat. Female rats were not examined. 

Effect of testosterone on P450 2El-like isoform activity 

Testosterone levels determined in the serum of rats taken at 
the time of killing were plotted against the apparent K,,, 
determined in the p-nitrophenol assay. The lower the testos- 
terone concentration, the lower the P450 2El-like isoform 
affinity for the substrate (Fig. 3). 

Effect of anti-P450 2El on enzyme activity 

Anti-P450 2El added to microsomal preparations of male 
and female liver and nasal mucosa inhibited p-nitrophenol 
hydroxylase activity, with a significantly greater extent of 
inhibition being produced in the nasal mucosa of both male 
and female rats than in the liver (Table 2). 

Inhibition of P450 2El -like isoform activity 

P-nitrophenol hydroxylase activity was inhibited by capsai- 
tin, pyrazole, imidazole and vanillin when both liver and nasal 
mucosa microsomes were used (Fig. 4). The IC,, were 
80 umol/l for capsaicin, 200 umol/l for pyrazole and 
110 umol/l for vanillin. Capsaicin and vanillin were more 
effective then pyrazole or imidazole when nasal mucosal 
microsomes were used. The inhibitory effect of vanillin on 
P450 2El-like isoform activity was also tested in vivo 6 h after 
treatment. The i.p. administration of either vanillin or ethanol 
inhibited enzyme activity in the nasal mucosa but not in the 
liver (Fig. 5). The inhibitory effect of vanillin on enzyme 
activity was dose-dependent. 

Mutagenitity study 

The mutagenicity of BOP (1 mmoljl) was measured in V79 
cells after activation by homogenates of nasal mucosa and liver 
from intact male rats in the presence or absence of pyrazole and 
vanillin (Table 3). The nasal mucosal homogenate was more 
efficient at generating mutagens than the liver homogenate. 
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The concentrations of pyrazole (200 pmol/l) and vanillin 
(120 pmol/l) used were equal to the IC,,S based on the 
inhibitory action on cytochrome P450 2E l-like isoform. When 
BOP was activated by a liver homogenate, the inhibition of 
mutagenicity was 73% (pyrazole) and 68% (vanillin). The 
inhibition was 53% (pyrazole) and 82% (vanillin) when nasal 
mucosal homogenates were used. This inhibition is significant 
when compared to the mutagens generated by BOP only. 
Pyrazole and vanillin were not mutagenic. 

DISCUSSION 
The inhibitory effect of orchiectomy on the carcinogenicity 

of BOP in the nasal mucosa and the reversal of this inhibition 
by testosterone supplementation indicated that testosterone 
plays a role in nasal mucosal carcinogenesis in rats. 

P45Os are involved in the metabolism of xenobiotics, 
including nitrosocompounds. Some of the P45Os are sex 
specific [ 141. If a sex specific isoform regulates the metabolism 
of BOP in the nasal mucosa, it is expected that there is more of 
the isoform in males than females and that its activity decreases 
following orchiectomy and increases after subsequent testos- 
terone treatment. In search for such a P450, we first screened 
nasal mucosa and liver microsomes with anti-P450s by an 
ELISA. The ELISA showed that the levels of isoforms, 
including P450 2El-like isoform, decreased following cast- 
ration and started to recover after testosterone treatment, but 
the results were not clear-cut. To clarify this matter, we 
examined p-nitrophenol hydroxylase activity, which (in nasal 
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‘mucosal and liver microsomes) is a metabolic marker for the 
presence of P450 2E 1 [26]. Castration shifted the apparent K,,, 
for this reaction, there was a relationship between the serum 
level of testosterone and the apparent K,,, of p-nitrophenol 
hydroxylase activity in the male’s nasal mucosa. Inhibition of 
the enzyme activity by capsaicin, which we have shown to 
inhibit the activity of P450 2El [27], and by pyrazole and 
vanillin, which we have found to inhibit the activity of this 
isoform both in witro and in Go, further suggested that we are 
dealing with a P450 2El-like isoform. 

To further clarify the issue, we then examined the mutation 
levels of nasal mucosal and liver tissues BOP in the presence 
and absence of an inhibitor. The results of the mutagenicity 
experiment [24, 251 in the presence and absence of the 
inhibitors strengthen our assumption on the identity of the 
enzyme in the nasal mucosa. When liver tissue was used, 
pyrazole and vanillin inhibited BOP mutagenicity by 73 and 
68%, respectively, while the comparable inhibitions of P450 
2El-like isoform activity were 52 and 54%. When nasal 
mucosal tissue was used, pyrazole and vanillin inhibited 
mutagenicity by 53 and 82%, respectively, and P450 2El-like 
isoform activity by 25 and 59%. In all cases, the extent of 
inhibition of mutagenicity was greater than the inhibition of 
P450 2El-like isoform activity. 

The overall results, however, pointed to differences between 
the nasal mucosal and liver P450 2El-like isoform. Activity 
was greater in the male’s nasal mucosa than in the liver. A 
distinct difference was also found in response to vanillin, 
which inhibited activity in the nasal mucosa more than in the 
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Fig. 1. P-nitrophenol hydroxylase activity in the liver and nasal mucosa of control female (a, c) and male (b, d) MRC rats. 
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Fig. 2. P-nitrophenol hydroxylase activity in the nasal mucosa 
and liver of intact and castrated MRC rats. 
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Fig. 3. The relationship between serum testosterone levels and 
the apparent K,,, for pnitrophenol hydroxylase in the liver 

(0) and nasal mucosa (0). 

liver. We used vanillin as an enzyme inhibitor because our 
previous studies with capsaicin [27] indicated that the 
methoxy portion of capsaicin provides the reactive centre for 

Table 2. Inhibition of I’450 2El enzyme activity in the liver and nasal 
mucosa of male and female rats 

Tissue 

Nasal 

Liver 

Anti-2EI Control 

Female Male Female Male 

0.319+0.04* 0.180f0.03t 0.648+0.08* 0.533+0.10t 

0.114+0.02 0.179kO.04 0.139kO.10 0.252kO.06 

Data given are the means and S.E.M.s of nitrocatechol formed (nmol/ 

mg protein/min). *P<O.O3; tP<0.025. 

enzyme inhibition. The aromatic ring appears to be the planar 

space filling portion of the molecule required for cytochrome 
P450 2El selectivity, and the side chain is believed to confer 
the major toxicity. Vanillin fulfills these requirements but 

lacks the toxicity of capsaicin. 
The reactivity of nasal mucosal preparations with the 

polyclonal anti-P450 2El in an ELISA analysis also strongly 

supports the existence of differences between the liver and 
nasal mucosal isoform. It is known that there are considerable 
catalytic differences even among very closely related P450 

proteins. A good example is P450 2A1, which has testosterone 
7a-hydroxylation as a characteristic activity [28], whereas the 

very similar P450 2A6 (69% identity) is devoid of this activity 
[29]. This difference could be due to a single change in the 
sequence of the P450 2Al molecule that could alter its catalytic 
specificity as well as reactivity with antibodies against a related 

family member. The failure of castration to inhibit hepato- 
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Fig. 4. Effects of capsaicin (Cap), imidazole (Imi), pyrazole 
(Pyr) and vanillin (Van) on pnitrophenol hydroxylase acti- 

. . nty m nasal mucosa (a) and liver(b) microsomes of MRC rats. 
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Fig. 5. In viva effects of ethanol (Etoh) and vanillin (Van) on 
the nasal mucosa enzyme activity of male MRC rats. Cont = 
control. Two doses of vanillin were used: 25 mg/kg b.w. 

(Van25) and SO mg/kg b.w. (VanSO). 

carcinogenicity of BOP is an additional hint of differing 
identity and function of the P450 in the nasal mucosa and liver 
of rats. 

Overall findings suggest that the P450 in our study may 
correspond with the recently described olfactory-specific P450 
2Gl (P450olf) [30]. The induction of nasal mucosal tumours 
by BOP restricted to the olfactory region [ 16,171 supports this 
view. It has been shown that the P450-dependent metabolism 
of various substrates is higher in olfactory epithelium than in 
the liver and that the enzymes in the olfactory epithelium have 
different kinetic and substrate specificities [ 11. These enzymes 
are also more sensitive to P450 inhibitors than those in the liver 
[31], as we also found in our study. Vanillin inhibited the 

activity of the nasal mucosal protein much more than that of 
the liver. Because P450 2Gl does not show an identity greater 

than 53% with other known P450 sequences [ 11, the lack of the 
reactivity of this isoform with the antibody to P450 2El is self- 
explanatory. Further studies are required to substantiate the 
identity of the enzyme in our studies. 
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