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ABSTRACT

The metabolism and binding of the analgetic drug |ring-3H|phenacetin

in the nasal mucosa were studied in vitro and in vivo in male Sprague-
Dawley rats. As shown by whole-body and light microscopic autoradiog-

raphy there was an irreversible binding of metabolites to the glands of
Bowman in the olfactory mucosa after high but not after low doses of
[â€¢'Hjphenacetin.In the other tissues, the distribution of radioactivity was
not changed when the dose was increased. Autoradiography of |3H|-

acetaminophen showed no preferential uptake of radioactivity in the
olfactory mucosa. At incubation of nasal septa with |3H|phenacetin in

vitro, a binding of metabolites to the glands of Bowman was observed
indicating that the metabolism occurred in situ. In rats, glutathione
(GSH) depleted by pretreatment with phorone, there was a binding to
the glands of Bowman in the olfactory mucosa also after a trace dose of
|3H|phenacetin. Addition of GSH decreased the irreversible binding of
[3H)phenacetin metabolites that occurred in 9000 x g nasal mucosa
supernatants incubated with [3H]phenacetin. There was a moderate de

crease in the level of nonprotein sulfhydryl groups, mainly GSH, in the
olfactory mucosa after administration of 100-300 mg/kg phenacetin.

Collectively, these data suggest that phenacetin is metabolized and sub
sequent to GSH depletion, bound preferentially in the glands of Bowman.
The data also suggest that in situ metabolic activation and binding of
phenacetin in the rat nasal mucosa at high doses may play a role in the
pathogenesis of the nasal tumors induced by high doses of phenacetin in
the rat.

INTRODUCTION

The hepatotoxic and nephrotoxic effects of the analgetic
drugs phenacetin and its metabolite acetaminophen have been
thoroughly studied during the last decade. The results have
demonstrated that these drugs are metabolized in the liver by
multiple pathways, some of which lead to the formation of
electrophilic reactive metabolites. At low doses the reactive
products interact with GSH2 to conjugates that are excreted

from the body, but at large doses the hepatic and renal GSH
levels are depleted and the reactive products will bind covalently
to the tissue, leading to cellular damage (1-5).

The carcinogenic effect of phenacetin has been subject to
some debate. Two separate long-term experiments have indi
cated that p.o. administration of large doses of phenacetin to
rats, besides tumors in the kidneys, will induce carcinomas of
the nose, whereas other studies have indicated that phenacetin
is not a carcinogenic compound (6-9). Previous work has
demonstrated that [efA>>/-'4C]phenacetin is dealkylated in the

adult and fetal rat nasal mucosa at a more rapid rate than in
the liver and kidney, and that radioactivity is bound, probably
covalently, to the glands of Bowman in the olfactory mucosa
(10-12). Since the radioactive products bound to the nasal
mucosa may be due either to two-carbon fragments (i.e., acet-
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aldehyde) formed from the 14C-ethyl group of phenacetin or to
nondeethylated reactive 14C-phenacetin metabolites, it was not
possible to conclude whether the tissue-bound radioactivity was
due to arylating phenacetin metabolites or not.

To be able to discriminate between the two-carbon fragments
and the possible arylating metabolites formed at metabolism of
phenacetin in the nasal mucosa, [ri/zg-3H]phenacetin was pre

pared for the present work. The results demonstrate that radio
activity was irreversibly bound to the glands of Bowman in the
olfactory mucosa after high doses of [3H]phenacetin, suggesting
a dose-dependent binding of arylating metabolites in one of the
target tissues.

MATERIALS AND METHODS

Chemicals

[fl/ng-3H]phenacetin (specific activity, 18.3 Ci/mmol) and p-hy-
droxy[3H]acetanilide (acetaminophen) (specific activity, 24 Ci/mmol)

were obtained from Amersham International pic, Amersham, Great
Britain. From the method of preparation it is estimated that >90% of
the label in [3H]acetaminophen is in the ring. Prior to each experiment,
the radiolabeled substances were purified by thin-layer chromatography
on silica gel plates using chloroform:ethyl acetate:formic acid (5:4:1)
as the solvent system. Unlabeled phenacetin was synthesized by Maria
Animan, University of Stockholm, Sweden. Metyrapone was a gift from
Ciba-Geigy, Basle, Switzerland. Acetaminophen and /3-naphthoflavone
were obtained from Sigma Chemical Co. Phorone was obtained from
Aldrich-Chemie, Gesellschaft mbH Co., Federal Republic of Germany.

Animals

Male Sprague-Dawley rats, obtained from Alab, Uppsala, Sweden,
were used in the experiments. The animals were given a standard pellet
diet (Ewos AB, SÃ¶dertÃ¤lje,Sweden) and had free access to water.

In Vivo Studies

Whole-Body Autoradiography. Groups of young rats (50-80 g) were
given injections of a trace dose (0.01 mg/kg; 75 /iCi in 200 Â¡i\saline
i.V.),a medium dose (1 mg/kg; 75 ud in 100 /il 95% ethanol i.p.), or a
high dose (100 mg/kg; 75 nC\ in 80 n\ 95% ethanol i.p.) of [3H]-

phenacetin supplemented with unlabeled phenacetin. One rat of each
dose group was killed 30 and 60 min and 4 h after the injections. In
addition, two rats of the high dose group were killed 24 h after the
injections.

A second series of young rats (55-70 g) was pretreated with phorone
(250 mg/kg; 0.1 ml corn oil i.p.) 60 min before injection of [3H]-

phenacetin (0.01 mg/kg; 65 pC\ in 80 ul 95% ethanol i.p.). The rats
were killed 30, 45, and 60 min after the [3H]phenacetin injections.
Control rats were given corn oil (0.2 ml) and [3H]phenacetin and were
killed at 30, 45, and 60 min after the [3H]phenacetin injections.

A third group of young rats (75-85 g) was given injections i.v. of a
trace dose (0.01 mg/kg; 50 ^Ci in 80 Â¡ADMSO) or a high dose (200
mg/kg; 50 MCiin 80 n\ DMSO) of [3H]acetaminophen. One rat of each

dose group was killed 60 min and 4 and 24 h after the injections. In
addition, one rat was pretreated with phorone as above, given an
injection of a trace dose, and killed 60 min after the [3H]acetaminophen

injection.
All animals were killed by exposure to gaseous ( '( ); and embedded

in aqueous carboxymethyl cellulose, frozen in n-hexane cooled with
solid CO2, and sectioned for autoradiography as described by Ullberg
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(13). In some cases, the head was separated from the rest of the body
and embedded so that transversal sections could be taken through the
nasal region. A series of sections was taken on tape, freeze-dried, and
applied to X-ray film (LKB Ultrofilm-3H; LKB-Produkter AB,

Bromma, Sweden). To study the distribution of firmly bound radioac
tivity, selected sections were stepwise extracted with 5% trichloroacetic
acid, absolute ethanol, n-heptane, absolute ethanol, 50% ethanol for 1
min. After washing for 5 min in running water, the sections were dried
and together with adjacent nonextracted sections pressed against X-ray
film. After 2-10 months of exposure the films were developed.

Microautoradiography. Two young rats (55 g) were given injections
i.v. of a trace dose of [3H]phenacetin (0.01 mg/kg; 25 nCi in 50 Â¿tl

saline) and killed after 15 min and 4 h, respectively. A third rat (61 g)
was pretreated with phorone as above and given an injection i.v. of a
trace dose of [3H]phenacetin (0.01 mg/kg; 80 pC\ in 0.2 ml saline) and

killed after 2 h. Two additional rats (50 g) were given injections i.p. of
a high dose of [3H]phenacetin (100 mg/kg; 65 MCi in 80 n\ of 95%

ethanol) and were killed after 1 and 3 h, respectively. All rats were
killed by exposure to gaseous CO.. and the entire nasal region was
excised and fixed in 4% formaldehyde in phosphate buffer, pH 7. After
fixation, the nasal region was decalcified in 5.5% EDTA in 10%
formaldehyde for about 1 week. The tissues were dehydrated in an
ethanol series and embedded in Historesin (LKB-produkter AB). Two-
um thick sections were cut and mounted on glass slides. The sections
were extracted twice for 5 min in xylene and then hydrated in a series
of ethanol immersions before the slides were dipped in NTB-2 liquid
film emulsion (Eastman Kodak Co.). The slides were stored for 1-8
months at 4 < m the dark. The film was then developed and the
sections stained with hematoxylin-eosin. Some sections were stained
with periodic acid-Schiff and hematoxylin before being dipped in the
film emulsion. Since the sections were extracted with organic solvents,
these microautoradiograms will show only the radioactivity which is
firmly, probably covalently, bound to the tissues.

QuantitÃ¤ten of Tissue Radioactivity. To study the possible influence
of solvents on the distribution of [3H]phenacetin, groups of rats (100-

110 g) were given injections i.p. at the same scheduled time of day (9
a.m.) with various doses of [3H]phenacetin (1, 25, 50, and 100 mg/kg;

10 fid; dissolved in 0.2 ml of DMSO or ethanol 95%). The rats were
killed 4 h after dosing by exposure to gaseous CO2 and the olfactory
mucosa and pieces of the livers were rapidly excised. The tissues were
dissolved in Soluene 350, a toluene scintillator was added, and the
radioactivity was determined in a Tricarb 460 CD liquid scintillator
counter (Packard Instrument, Inc.).

Determination of NPSH. Groups of rats (100-110 g) were given
injections i.p. at the same scheduled time of day (9 a.m.) with various
doses of phenacetin (50-300 mg/kg; 25-150 M' DMSO) or phorone
(250 mg/kg; 0.2 ml corn oil) and killed by exposure to gaseous CO2.
Control rats received equivalent volumes of DMSO. The olfactory
mucosa was rapidly excised and the NPSH level was determined
according to Sedlak and Lindsay (14). The percentage of control values
for NPSH was obtained by comparison of the data from treated rats
with an equal number of control rats killed at the same time.

In Vitro Studies

Microautoradiography. Adult rats (140 g) were pretreated with pho
rone (250 mg/kg) as above. Ninety min after the phorone treatment,
all phorone-treated rats and one nontreated rat were anesthetized with
gaseous CO.. and exsanguinated. The nasal septa were dissected and
placed in 2 ml Krebs-Ringer phosphate buffer (pH 7) supplemented
with 10 mM glucose, containing 0.8 JIM[3H]phenacetin (28.5 nCi). The
nasal septa were incubated for 60 min at 37Â°Cunder an atmosphere of

oxygen. The effect of addition of 0.1 mM metyrapone-0.5 mM phenac
etin (dissolved in 5 //I ethanol)-5 //I ethanol on the binding of | '111

phenacetin in nasal septa of phorone treated rats was examined. One
septum, previously heated in boiling water, was used as control. After
incubation, the septa were rinsed in saline and transferred to 1.5%
glutaraldehyde and 1.5% paraformaldehyde in a phosphate buffer, pH
7. After fixation, the septa were processed for microautoradiography
as described above.

In addition, one rat (250 g) was anesthetized with gaseous CO.. and

exsanguinated. The nasal septum and pieces of the lung and trachea
were dissected and placed in media containing 0.3 MM[3H]phenacetin

(11.5 Â¿iCiin 50 fÂ¡\ethanol) and incubated for 3 h as above. Boiled tissue
pieces were used as controls. After fixation, the tissues were processed
for microautoradiography as above.

Irreversible Binding to S-l and S-9 Fractions. Male rats (250-350 g)
were anesthesized and exsanguinated as above. The nasal mucosa from
both the respiratory and olfactory region and the liver were dissected
and placed in ice-cold 0.15 M KC1. The pooled tissues were homoge
nized with a motor-driven Teflon homogenizer and centrifuged for 10
min at 9000 x g. AH procedures were carried out at 4Â°C.The resulting
S-9 supernatants were decanted, quickly frozen, and stored at -70Â°C

until use. The protein content was determined by the method of Lowry
ft <il.(15) with bovine serum albumin as a standard. In addition, groups
of rats were pretreated daily for 3 days with phÃ©nobarbital,60 mg/kg
(i.p. injection, dissolved in saline) or with /3-naphthoflavone, 40 mg/kg
(i.p. injection, dissolved in corn oil), and the nasal mucosa and liver
were dissected and treated as above. Another group of rats were killed
as above, and the respiratory and olfactory nasal mucosa and the liver
were dissected and placed in ice-cold 0.15 M KC1. The tissues were
homogenized and centrifuged for 10 min at 1000 x g. The resulting S-
1 supernatant was frozen as above.

Aliquots of S-9 (containing about 0.25 mg of protein) or S-l fractions
(containing about 0.2 mg of protein) were incubated in a final volume
of 0.5 ml of incubation mixture containing 8 mM MgCh, 33 mM KCI,
5 mM glucose 6-phosphate, 2 IU glucose 6-phosphate dehydrogenase,
4 mM NADP, 100 mM phosphate buffer, pH 7.4, [3H]phenacetin (1 nCi

in 5 Â»/I95% ethanol), and various amounts of unlabeled phenacetin.
The effects of addition of various compounds on the binding of radio
activity to S-9 fraction were also examined. Control samples containing
trichloroacetic acid-precipitated fractions were run concurrently. The
incubations were started by addition of the S-9 or S-l fractions and
were performed at 37Â°Cin a shaking water bath under an atmosphere

of air. After various time intervals, the incubations were terminated by
the addition of 0.5 ml 20% trichloroacetic acid. The suspension was
centrifuged, the supernatant was discarded, and the precipitate was
resuspended in 0.5 ml 80% methanol. The precipitate was extracted
eight times in 80% methanol (16). The final pellets were dissolved in
1.0 ml of l M NaOH at 60Â°Cfor 1 h. Aliquots of the solution were

used for protein determination. Another set of aliquots were neutral
ized, mixed with 10 ml of Instagel (Packard Instrument, Inc.), and the
radioactivity was measured in a Packard Tricarb liquid scintillation
counter (Model 2405).

RESULTS

In Vivo Studies

Whole-Body Autoradiography. In all rats given injections of
trace and medium doses (0.01 or 1 mg/kg) of [3H]phenacetin,

the level of radioactivity in the nasal mucosa never exceeded
that of the blood. Thirty min and 1 h after the injections, the
radioactivity was low and homogeneously distributed in most
tissues (Fig. 1.4). A high level of radioactivity was present in
the contents of the intestines and urinary bladder. Four h after
the injections, there was a labeling of the liver, whereas the
level of radioactivity in the other tissues was low or almost
absent. In the intestinal contents, there was still a high amount
of radioactivity. By fixation and extraction of the tissue sections
with organic solvents, it was possible to remove radioactivity
which was present in most tissues, whereas some of the radio
activity in the liver was nonextractable.

Thirty min after the injection of 100 mg/kg [3H]phenacetin,

the radioactivity was homogeneously distributed in the tissues
except for a distinct and selective uptake of radioactivity in the
mucosa of the ethmoturbinates (Figs. \B and 2A). One and 4 h
after the injections, a preferential labeling of the subepithelial
parts of the ethmoid mucosa could be observed. Twenty-four h
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Fig. 1. Autoradiogram of sagittal sections
of the heads of two rats 30 min after injections
of [3H)phenacetin. In the rat (A) given a trace
dose (0.01 mg/kg) the level of radioactivity in
the nasal mucosa is low, whereas in the rat I/O
given a high dose (100 mg/kg) there is a
marked localization of radioactivity in the mu
cosa of the ethmoturbinates. C autoradiogram
of a sagittal section of a rat 24 h after i.p.
injection of [3H]phenacetin (100 mg/kg).
There is a marked localization of radioactivity
in the mucosa of the ethmoturbinates, oral
cavity, tongue, and esophagus.

MUCOSAOF THE ETHMOTURBINATES

MUCOSAOF THE ETHMOTURBINATES

MUCOSAOF THE ETHMOTURBINATES

MUCOSAOF THE TONGUE MUCOSAOF THE ESOPHAGUS

after the injection, there was a still high labeling of the mucosa
of the ethmoturbinates but now also of the mucosa of the
esophagus, oral cavity, and tongue (Fig. 1C). At all post-
injection times, the level of radioactivity in the liver and kidney
did not exceed that of the blood. Some of the radioactivity
present in mucosa of the ethmoturbinates, esophagus, oral
cavity, tongue, and liver could not be extracted with organic
solvents, whereas it was possible to remove the radioactivity
present in the other tissues.

In the phorone-pretreated rats, there was selective uptake of
radioactivity in the mucosa of the ethmoturbinates 30 and 45
min and l h after the injection of a trace dose (0.01 mg/kg) of
[3H]phenacetin, as compared to nonpretreated rats given the
same amount of [3H]phenacetin (Fig. 3). Some of the radioac

tivity in the ethmoid mucosa could not be extracted with organic
solvents but was bound to the tissue. In the phorone-treated

rats, the level of radioactivity in the other tissues generally was
higher as compared to the nonpretreated rats, but otherwise the
distribution of radioactivity showed no major differences be
tween the two groups of rats.

In rats given injections of [3H]acetaminophen the level of

radioactivity in the nasal mucosa never exceeded that of the
blood, neither in the nonpretreated rats given trace or high (200
mg/kg) doses nor in the phorone-treated rat given a trace dose
(results not shown). One h after injections, the distribution of

radioactivity was homogeneous with no selective site of uptake
except for a high level of radioactivity in the contents of the
intestines and urinary bladder. Four and 24 h after the injections
radioactivity was preferentially present in the blood, lung, liver,
and cortex of the kidney (Fig. 2B). There were no significant
differences in the rats given a trace or high dose of [3H]-
acetaminophen. In the organic solvent-extracted tissue sections
bound radioactivity was present in the lung, liver, and cortex of
the kidney.

Microautoradiography. In the phorone-treated rat killed 2 h
after the injection of a trace dose (0.01 mg/kg) of [3H]phenac-
etin a preferential binding of [3H]phenacetin metabolites oc
curred in the periodic acid-Schiff-positive Bowman's glands in

the submucosa of the ethmoturbinates and nasal septum (Fig.
4). In other parts of the nasal mucosa, i.e., the respiratory and
olfactory epithelium, vomeronasal organ, and seromucous
glands underneath the respiratory epithelium, the binding of
[3H]phenacetin radioactivity was low and did not exceed that

of the background. A similar distribution of tissue-bound radio
activity was also observed in the rats given a high dose (100
mg/kg) of [3H]phenacetin, although the level of radioactivity
was lower. In the rats given a trace dose of [3H]phenacetin no

bound radioactivity above the level of the background was
observed in the nasal tissues.

Tissue Levels of Radioactivity after Various Doses of |3111-
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LIVER KIDNEY

Fig. 2. Whole-body autoradiograms of rats
after injections of ['HJphenacetin (100 mg/kg)
(A) and ['H]acetaminophen (200 mg/kg) (Ã„).

There is a selective localization of radioactivity
in the nasal mucosa in the rat given [3H]phen-

acetin and killed 30 min later. In the rat given
[3Hjacetaminophen and killed 4 h later there

is no selective uptake of radioactivity in the
nasal mucosa.

NASALMUCOSA BLOOD

LIVER

INTESTINALCONTENTS

KIDNEY

NASALMUCOSA BLOOD INTESTINALCONTENTS

MUCOSAOF THE ETHMOTURBINATES MUCOSAOF THE ETHMOTURBINATES

Fig. 3. Autoradiogram of a transversal sec
tion of the heads of two rats I h after i.p.
injections of [3H]phenacetin (0.01 mg/kg). In

the nonpretreated rat (A) the level of radioac
tivity in the head is low, whereas in the pho-
rone-pretreated rat (B) there is a marked lo
calization of radioactivity in the mucosa of the
ethmoturbinates.

Phenacetin. As shown in Fig. 5, there was a dose-dependent
increase of radioactivity in the olfactory mucosa after injection
of [3H]phenacetin, whereas no such increase occurred in the
liver. Administration of [3H]phenacetin dissolved in ethanol

resulted in a higher level of radioactivity in the tissues than did
administration of ['Hjphenacetin dissolved in DMSO.

Effect of Phenacetin and Phorone on NPSH Levels in the
Olfactory Mucosa. As shown in Fig. 6A, the concentration of
NPSH was decreased in a dose-dependent manner 3 h after

administration of phenacetin. The minimal levels of NPSH
content in the olfactory mucosa (about 70% of the control level,
which varied between 2.8-3.5 Â¿Â¿mol/gwet weight tissue) oc
curred after administration of 100 mg/kg phenacetin and was
not lower even after larger doses of phenacetin (200-300 mg/
kg). Three h after administration of phorone (250 mg/kg) the
concentration of NPSH in the olfactory mucosa was only 17%
of that of the control level. As shown in Fig. 6Ã„,the NPSH
level was lowest (about 60% of the control level) 5 h after the
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Fig. 4. Microautoradiogram from the nose
of a phorone-pretreated rat given a trace dose
of [3H]phenacetin(0.01 mg/kg). Tissue-bound
radioactivity (black silver grains) is preferen
tially present in the glands of Bowman ((Hi)
underneath the olfactory epithelium (OD. The
radioactivity in the nerves (.V) and olfactory
epithelium does not exceed that of the back
ground. Periodic acid-Schiff-stained section.
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Fig. 5. Tissue levels of radioactivity after various doses of [3H]phenacetin.
Rats were given injections i.p. of various doses of [3H]phenacetin dissolved in 0.2

ml of ethanol ( ) or DMSO ( ). The rats were killed 4 h after dosing, and
the radioactivity in the olfactory mucosa (â€¢)and livers (O) was determined by
liquid scintillation, n = 3; mean Â±SE) (bars).

administration of 300 mg/kg of phenacetin.

In Vitro Studies

Microautoradiography. In the phorone-pretreated rat, nasal
septa which were incubated with [3H]phenacetin showed that

radioactivity was preferentially bound to the glands of Bowman
and to cells in the outer surface layer of the olfactory epithelium,
most likely the supporting cells (Fig. 1A). In the respiratory
epithelium certain cells, including the goblet cells (Fig. IB),
were also labeled. The ciliated cells contained no radioactivity
above the background. In the nasal septa of nonpretreated rats,
a similar distribution of bound radioactivity in the nasal mucosa
was observed, although the level of radioactivity was lower. The
addition of metyrapone to the incubations markedly decreased
but did not totally abolish the binding of [3H]phenacetin-derived

radioactivity in the nasal mucosa. Prior heating of the nasal
septa, or addition of unlabeled phenacetin to the incubations
blocked the binding, whereas addition of ethanol had no effect
on the binding of radioactivity in the mucosa. In the pieces of
the trachea or lung, no bound radioactivity was observed.

Irreversible Binding to S-1 and S-9 Fractions. The irreversible

100

â€¢S50

Â¡s
25

50 100 200
Dose (mg/kg)

300

KM

075

Â§
o 50
#

25

1357
Time(hr)

Fig. 6. A, NPSH concentration in the olfactory mucosa 3 h after i.p. admin
istration of various doses of phenacetin; B, NPSH concentration in the olfactory
mucosa at various time intervals after i.p. administration of 300 mg/kg of
phenacetin. Results are expressed as a percentage of control concentrations and
are the mean values of four treated rats compared to an equal number of control
rats killed at the same time.

binding of [wig-3H]phenacetin-derived radioactivity to the nasal
mucosa S-9 fraction was concentration dependent and increased
with time of incubation (Fig. 8). As seen in Tables 1 and 2, the
binding was markedly higher in the nasal mucosa than in the
liver. Table 1 also shows that phÃ©nobarbitalor /3-naphthofla-
vone pretreatment did not influence the binding of [ring^H]-
phenacetin-derived radioactivity to the nasal mucosa, whereas

the binding was decreased in the liver of the pretreated groups.
Incubations performed with nasal mucosa separated into the
olfactory and respiratory regions showed that there was a higher
binding to the olfactory region than to the respiratory region
(Table 2). The level of binding in the S-l fractions were in the
same range as that of the S-9 fractions. Table 3 shows that
additions of metyrapone, glutatione, and acetone to the incu-
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!

Fig. 7. Microautoradiogramsof aphorone-
pretreated rat nasal septum which was incu
bated with ['Hjphenacetin for 60 min. A, in
the olfactory mucosa the tissue-bound radio
activity is present in the glands of Bowman
Â«â€¢/>)and in cells in the outer surface of the
olfactory epithelium (('/1. most likely the sup
porting cells; B. in the respiratory mucosa the
tissue-bound radioactivity is present in certain
cells, including the goblet cells in the respira
tory epithelium. In the ciliated cells, the radio
activity does not exceed that of the back
ground. Periodic acid-Schiff-stained sections.
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Fig. 8. Irreversible binding of |5H]phenacetin in S-9 fractions prepared from
rat nasal mucosa. A, S-9 fractions (0.25 mg protein) incubated as described in
"Material and Methods" with ['Hjphenacetin (90 (iM) for various time periods;
B, S-9 fractions (0.25 mg protein) incubated with various concentrations of
I'Hjphenacetin for 15 min. Means of 3-4 incubations.

bÃ¢tionsdecreased the binding markedly, whereas a-naphthofla-
vone or methanol had no effect on the binding of [ring-3H]-
phenacetin-derived radioactivity to the nasal mucosa.

Table 1 Effects of presentments on irreversible binding offring-'HJphenacetin to
rat tissues in vitro

S-l fractions (0.25 mg protein) were prepared and incubated with [rmg-3H]-
phenacetin (90 *JM)for IS min as described in 'Materials and Methods."

[rmg-JH]Phenacetin bound
(pmol/mg protein)

TreatmentControl

PhÃ©nobarbital
(3-NaphthoflavoneNasal

mucosa95.9
Â±4.7Â°

82.6 Â±4.8
96.6 Â±20.6Liver46.3

Â±5.425.4
Â±6.2

25.5 Â±2.8
Mean Â±SD; n = 4-8.

Table 2 Irreversible binding offring-'HJphenacetin to rat tissues in vitro
S-l fractions (0.2 mg protein) were prepared and incubated with [rinn-*\l\

phenacetin (90 ^M) for 15 min as described in "Materials and Methods."

Tissue

[r/n/f-3H]Phenacetin bound

(pmol/mg protein)

Olfactory mucosa
Respiratory mucosa
Liver

127.3Â± 11.9Â°

66.7 Â±5.1
20.7 Â±4.7

' Mean Â±SD; n = 3.

DISCUSSION

The results of this study showed that after parenteral admin
istration of [3H]phenacetin there was a dose-dependent irrever

sible binding of metabolites to the rat olfactory mucosa, whereas
the distribution of radioactivity in the other tissues was not
changed when the dose was increased from 0.01-100 mg/kg.
Administration of [3H]phenacetin dissolved in ethanol resulted

in higher levels of radioactivity in the olfactory mucosa than
did administration of pHJphenacetin dissolved in DMSO. It
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Table 3 Effects of various compounds on irreversible binding of
fring-'HJphenacetin to rat nasal mucosa in vitro

S-9 fractions (0.25 mg protein) were prepared and incubated with [ring-'H]-
phenacetin (90 JIM) for 15 min as described in "Materials and Methods." The
control varied (70-110 pmol/mg protein) between different S-9 preparations.

Compounds

[ring-3H]Phenacetin bound

%of

Control
Metyrapone (0.2 ITIM)
Glutathione (0.5 HIMi
a-Naphthoflavone (IO /JM)*

Methanol 0.2 HIM
Aceton 0. 14 mivi10031

Â±10Â°

32 Â±5
106 Â±19
111 Â±4
26 Â±6

" Mean Â±SD of four incubations.
* Dissolved in methanol (0.2 HIM).

cannot be excluded that ethanol may influence the hepatic
phenacetin metabolism to a greater extent than may DMSO,
thus leading to higher levels of unchanged [3H]phenacetin in

the circulation. Upon pretreatment with phorone, a binding of
[3H]phenacetin metabolites occurred in the olfactory mucosa
also after a trace dose of ['Hjphenacetin. Since phorone is a
potent GSH-depleting agent acting on several tissues, including
the olfactory mucosa, but with no effect on microsomal mixed-
function oxidase and GSH-conjugating enzymes, it seems prob
able that the level of GSH in the olfactory mucosa is critical
for the binding of the [3H]phenacetin-derived radioactivity to
occur (17-19).

It is generally assumed that NPSH (mainly GSH) traps
electrophilic metabolites generated from various compounds
and thus protects the tissue against the toxic effects of these
metabolites. Studies in hamsters, in which phenacetin is hepa-
totoxic, have shown that at high doses of phenacetin the hepatic
NPSH levels will be depleted and a binding of the reactive
metabolites to the tissue will occur (3, 20, 21). The ability of
phenacetin (100-300 mg/kg) to deplete the NPSH level in the
rat olfactory mucosa was however limited (Â«70% of control
level). The olfactory mucosa is, however, a cellular heteroge
neous tissue and the ability of various cell types to metabolize
phenacetin may differ considerably. Tissue-bound metabolites
were preferentially present in the glands of Bowman in the
olfactory mucosa, both after administration of high doses of
[3H]phenacetin in vivo and after incubation of nasal septa with
['HJphenacetin in vitro, indicating that a metabolism of phen
acetin occurs in situ in the glands. A phenacetin-induced deple
tion of NPSH in a restricted cell population such as the glands
of Bowman may be disguised and underestimated by the un
changed NPSH levels in other cell types.

Also the binding of [3H]phenacetin metabolites to S-l and S-

9 homogenates of the nasal mucosa may be disguised by the
presence of cell types with no or low ability to metabolize
[3H]phenacetin. Despite the probable underestimation of the
binding of [3H]phenacetin metabolites to the nasal mucosa

homogenates, the level of binding was higher in the nasal
mucosa preparation than in the liver. By addition of GSH to
the incubations the binding to the nasal mucosa was decreased,
showing the ability of GSH to prevent the arylating metabolite
to bind to the tissue.

In the present study, microautoradiography of nasal septa
which were incubated with [3H]phenacetin showed that tissue-

bound metabolites were preferentially present in the glands of
Bowman and in the outer surface layer of the olfactory epithe
lium, i.e., most likely the supporting cells. This localization of
tissue-bound metabolites coincides with the immunohistochem-
ical staining for cytochrome P-450 PB-B and NADPH-cyto-
chrome P-450 reducÃase(22). Ultrastructural studies have in
dicated that at least two types of cells are present in the glands

of Bowman (23). One of these cell types is characterized by the
presence of a large quantity of smooth endoplasmatic reticulum.
Extensive smooth endoplasmatic reticulum, which usually is
the main location of cytochrome P-450-dependent enzyme ac
tivity, has also been demonstrated in the apical part of the
supporting cells in the olfactory epithelium as well as in non-
ciliated and goblet cells of the respiratory epithelium (24).

Whereas a labeling of certain cells in the respiratory and
olfactory surface epithelium occurred at incubation of nasal
septa in vitro, this could not be observed after injection of
[3H]phenacetin in vivo. In vitro, the surface epithelia are directly
exposed to high levels of [3H]phenacetin present in the incuba

tion medium. In vivo the surface epithelia are probably exposed
to relatively low levels of [3H]phenacetin, since the labeled

compound has to diffuse from the blood vessels in the lamina
propria to the avascular epithelia. It thus seems likely that /;/
vivo the glands of Bowman in the lamina propria are the
predominant location of [3H]phenacetin metabolism in the na

sal mucosa and that the surface epithelia are of less significance.
Previous studies have demonstrated that two other nasal carcin
ogens, W-nitrosonornicotine and 1,2-dibromethane, are metab
olized and irreversibly bound in the olfactory and respiratory
surface epithelium as well as in the glands of Bowman (25, 26).

The metabolic pathway of phenacetin in the olfactory mucosa
leading to an arylating metabolite has not been examined in the
present investigation. Thin-layer chromatography of the extract
of incubation media indicated that acetaminophen was formed
(results not shown). This is in agreement with our previous
studies showing a rapid dealkylation of phenacetin in the rat
nasal mucosa (10, 11). In the present investigation, no selective
uptake or binding of [3H]acetaminophen in the olfactory mu

cosa was observed, neither after injection of trace or high (200
mg/kg) doses in nonpretreated rats nor after injection of a trace
dose in a NPSH-depleted rat. Thus, the arylation of the olfac
tory mucosa observed after [3H]phenacetin administration most

likely is not mediated through formation and further metabolic
activation of acetaminophen (16, 27). In addition, there are no
reports describing the presence of tumors in the nasal mucosa
after administration of acetaminophen to Sprague-Dawley rats,
whereas after administration of phenacetin an increased fre
quency of tumors of the nasal region as well as in the kidney,
oral cavity, and forestomach has been reported (6, 7). With
regard to these latter locations, it is interesting to note that the
present study demonstrated a binding of [3H]phenacetin-derived

radioactivity also in the mucosa of the tongue, oral cavity, and
esophagus after injection of a high dose (100 mg/kg) of [3H]-

phenacetin. Several studies have been directed towards the
nephrotoxic effects of phenacetin (2, 3, 27, 28). No preferential
uptake or binding of radioactivity in the kidney was observed
in the present study, neither after injection of a low or a high
dose of [3H]phenacetin nor in NPSH-depleted animals.

The binding of [3H]phenacetin metabolites to the nasal mu-

cosal preparations in vitro could be decreased by addition of
metyrapone but was unchanged by addition of a-naphthofla-
vone, two different inhibitors of cytochrome P-450-dependent
monooxygenase activity. It might be speculated that the ob
served tissue-selective binding of [3H]phenacetin metabolites is
due to a specific form of cytochrome P-450 or another type of
enzyme, which is preferentially present in the olfactory mucosa.

In conclusion, the results of this study indicate that phenac
etin is metabolized and subsequent to GSH-depletion is bound
preferentially in the glands of Bowman in the rat olfactory
mucosa. These data suggest that in situ metabolic activation of
phenacetin and subsequent dose-dependent binding of metab-
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olites may play a role in the pathogenesis of nasal tumors
induced by high doses of phenacetin in the rat.
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