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ABSTRACT

The influence of a-naphthoflavone (ANF) on the metabolism and
binding of radiolabeled ethinylestradiol (KK.) has been examined both in
vitro and in vivo in hamster liver microsomes. |MC]EE2was metabolized
extensively to seven major oxidative metabolites, 7a-hydroxyEE2, 4-
hydroxyEEz, 2-hydroxyEE2, D-homoesrrone, monohydroxyEE2, and two
dihydroxyEE2 metabolites identified as catechols with the additional
hydroxy group on ring B or C, and a nonpolar fraction. The main EE2
metabolite found was 2-hydroxyEE2, and it represented 47% of the total
metabolites formed. The total amount of EE2 catechol metabolites formed
in untreated hamster liver microsomes was 65.6%. When ANF was added
in vitro to these hepatic microsomes, there was a 27-45% decline in 2-
hydroxyEE2 formation, a 98% reduction in dihydroxyEE2 (catechol-2),
and a 56-66% reduction in the nonpolar fraction. The marked inhibition
of EE2 metabolism by the in vitro addition of ANF is reflected by a
corresponding decrease in the irreversible binding of radioactive hormone
to hamster liver microsomal proteins. In contrast, a biphasic response of
ANF on !â€¢>'.:metabolism was observed after in vivo administration for

2.0 and 4.0 months. After 2.0 months of ANF treatment, there was a
modest decline in all |"C]EE2 metabolites, except 2-hydroxyEE2 and

dihydroxyEE2 (catechol 1). After 4.0 months of ANF treatment, the
reduction in EE2 metabolism was even lower than after 2.0 months of
treatment. Most interestingly, there was a 1.5-fold increase in 2-
hydroxyEE2 after 4.0 months of ANF treatment, representing nearly
69% of the total EE2 metabolites formed. These results are consistent
with an increase in irreversible binding of [14C]EE2metabolites to hamster

liver microsomal proteins after 4.0 months of ANF treatment. The
relative 1.3-fold and the absolute 1.5-fold increases in 2-hydroxyEE2
after 2.0 and 4.0 months of ANF treatment in vivo, respectively, suggest
that the elevation in this reactive EE2 metabolite precursor may contribute
importantly to hepatotumorigenesis in the hamster following prolonged
EE2 plus ANF treatment.

INTRODUCTION

Numerous reports have shown that chronic estrogen admin
istration results in a low or negligible incidence in hepatic
tumors in various rodents (1-4). In contrast, we have shown
that synthetic steroidal or stilbene estrogens induce a high
frequency (90-100%) of hepatocellular carcinomas in castrated
male hamsters provided with a diet containing 0.3-0.4% ANF3
(5, 6). On the basis of our previous studies (7-9), we have
proposed that both hormonal and carcinogenic properties of
estrogens act in concert to elicit neoplastic transformation in
the hamster. In this regard, we have shown a 5.0-fold increase
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in estrogen receptor levels after 4.0 months of treatment with
DES plus ANF and only a 2.0-fold elevation after DES treat
ment alone, compared to receptor levels found in untreated
hamsters (5). The suggestion that metabolic activation of estro
gens to reactive intermediates is involved in liver tumorigenesis
in this species results from observations made in our laboratory
that catechol estrogen formation in renal microsomes of ANF-
exposed hamsters is markedly depressed while the activity of
hepatic estrogen 2- and 4-hydroxylase in similarly ANF-treated
animals appeared to be unaffected (10). This coincides with the
shift in oncogenesis from the kidney to the liver in DES plus
ANF-treated hamsters. In contrast, ANF has been shown to
interact with P-450 monooxygenases (11), to inhibit certain
species of these cytochromes which are inducible by 3-methyl-
cholanthrene or /3-naphthoflavone (12, 13), and to suppress the
tumorigenicity of 7,12-dimethylbenz[a]anthracene in mouse
skin (14, 15). On the other hand, other studies have reported
that ANF is also able to induce other species of cytochrome
P-450 (16, 17) and to enhance the carcinogenic activity of
7,14-dimethyldibenzo[a,A]anthracene and dibenzo[a,A]-
anthracene in mice (17). Since ANF is able to augment or
inhibit oxidative metabolism of carcinogens, we have consid
ered the possibility that it could also modulate the metabolic
activation of synthetic estrogens and thus enhance the potential
carcinogenic property of these estrogens in the presence of
ANF.

Therefore, we have investigated whether ANF is capable of
altering the metabolism of EE2.

MATERIALS AND METHODS

Chemicals and Reagents. [4-14C]EE2(4 mCi/mmol) was purchased
from Amersham Corp., Arlington Heights, IL, and [4-14C]-17/3-estra-

diol (56 mCi/mmol) was obtained from Research Products Interna
tional Corp., Mount Prospect, IL. Both compounds were purified by
HPLC, using a 0.46- x 30-cm Chromegabond Diol column (ES Indus
tries, Marlton, NJ) with a linear gradient from 4 to 30% isopropyl
alcohol in hexane, a flow rate of 2.0 ml/min, and a column temperature
of 40Â°C.The radiochemical purity was approximately 99%. The puri
fied [4-'"C]estradiol was diluted with unlabeled estradiol (Sigma Chem

ical Co., St. Louis, MO) to a final specific activity of 4 mCi/mmol in
ethanol and used for all incubations. Glucose-6-phosphate dehydrogen-
ase (bakers' yeast, 200 units/mg protein), NADPH (type III), NADP,
ascorbic acid, Trizma base, 17/3-estradiol, EE2, and estrone were pro
vided by Sigma; ANF was obtained from Aldrich, Milwaukee, WI. 7a-
HydroxyEE2 was kindly provided by Dr. Robert H. Purdy, Department
of Organic Chemistry, Southwest Biomedicai Research Foundation,
San Antonio, TX, 2-hydroxyEE2 and o-homoestrone were a gift from

Dr. William Slikker, Jr., National Center for Toxicological Research,
Jefferson, AR. All other chemicals and solvents used were of the highest
purity available and were obtained from either Sigma or Fisher Scien
tific, Chicago, IL.

Animals and Treatment. Adult castrated Syrian golden hamsters,
weighing 90-100 g, were purchased from HarÃan Sprague Dawley,
Indianapolis, IN. The animals were maintained on a 12-h light- 12-h-
dark cycle (6 a.m.-6 p.m.) and fed a modified semisynthetic diet (ICN
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Biochemicals, Cleveland, OH) alone or containing 0.4% ANF. They
had free access to water and food ad libitum. These studies were
performed in adherence with the guidelines established in the Guide
for the Care and Use of Laboratory Animals, United States Department
of Health and Human Resources (NIH 1985). Animals were housed in
facilities accredited by the American Accreditation of Laboratory Ani
mal Care.

Microsomal Preparations. Animals were decapitated and their livers
were perfused with ice-cold 150 HIMTris-HCl buffer, pH 7.4, through
the portal vein (16). Livers were removed, minced, and placed on ice.
Thereafter, the minced tissues were weighed and homogenized in glass-
Teflon homogenizers with 3 volumes/g in 250 mM sucrose.

The homogenates were centrifuged at 10,000 x g for 30 min and the
resultant supernatants were then centrifuged in a Spinco L2-65B ultra-
centrifuge for 60 min at 165,000 x g. The microsomal pellets, free of
glycogen, were washed in the same volume of 1.15% KC1 and 5-ml
aliquots were centrifuged again for 60 min at 165,000 x g. The final
microsomal pellets, containing about 20 mg protein each, were stored
in 1.15% KC1 at -80Â°C until further use. Protein was determined

according to the method of Lowry et al. (18) with bovine serum albumin
as a standard.

Assay of Irreversible Binding of |'4C]Ethinylestradiol to Liver Micro-

somes. Assays were carried out as described previously (19). Briefly,
microsomal pellets were diluted with 150 mM Tris-HCl buffer, pH 7.4,
to a final concentration of 1 mg protein/ml. A 5-ml aliquot was taken
and incubated with 50 pM final concentration of either [I4C]EE2or [I4C]
-17/J-estradiol for 5 min; thereafter, the reaction was initiated by the
addition of 1 mM NADPH and incubated for 30 min at 37Â°C.In the

inhibition studies, incubations were carried out in the presence of ANF
over a range of 5-500 /<Min dimethyl sulfoxide. NADPH was omitted
in control incubations. The reactions were stopped by adding a 5-fold
volume of methanol:acetone (1:1, v/v), containing 0.5% acetic acid.
The precipitated protein was sedimented at 3000 x g for 30 min and
extracted successively with 25 ml of methanol. methanol:ether (1:1, v/
v), and ether. No further radioactivity was removed with additional
solvent washings.

The extracted pellets were solubilized in 3.0 ml Protosol (New
England Nuclear, Boston, MA) for l h at 60 ( with gentle agitation
and transferred into glass scintillation vials; the radioactivity was then
measured in a Packard Tri-Carb model 4640 liquid scintillation counter
(Packard Instruments Co., Downers Grove, IL) after the addition of 10
ml of Liquifluor/protosol/toluene (42:550:1000).

The amount of macromolecular binding of 14C-estrogen metabolites

is expressed as nmol bound per 30 min per mg protein, after correction
of the small amount of nonspecific, nonenzymatic binding to microso
mal protein which was no greater than 1% of the total bound radioac
tivity.

Metabolism of |14C|Ethinylestradiol in Liver Microsomes. These stud

ies were carried out following the modification of Haaf and Metzler
(20). Microsomal pellets were diluted with 150 mM Tris-HCl, pH 7.4,
to a final concentration of 2 mg/ml. A 5-ml aliquot was incubated with
50 MM[I4C]EE2, 500 MMascorbic acid, and 5 mM MgCl2 for 5 min at
37Â°Cunder gentle agitation. The reaction was initiated by the addition

of 1 mM NADPH, 2 mM NADP, 8 mM glucose 6-phosphate and 10
units of glucose-6-phosphate dehydrogenase. The samples were incu
bated for 30 min more at 37Â°C.For control incubations, the NADPH

generating system was omitted.
The reaction was stopped by adding 35 ml cold methanohacetone

(1:1, v/v), containing 0.5% acetic acid. The precipitated protein was
sedimented at 3000 x g for 30 min and then extracted successively with
25 ml methanol, methanohether (1:1, v/v), and ether.

The combined supernatants were transferred into round bottomed
flasks and evaporated under nitrogen. The residues were redissolved in
10 ml distilled water containing 5 g ammonium sulfate and extracted
twice with 60 ml diethyl ether. After evaporation of the ether, the
metabolites were dissolved in methanol, 200 /<!. containing 1 mg
ascorbic acid and stored under argon at â€”20Â°Cuntil HPLC analysis.

HPLC Separation of Oxidative Estrogen Metabolites. Separation of
the 14C-labeled estrogen metabolites was accomplished using a Waters

model 840 liquid Chromatograph equipped with a radioactive flow

detector, model 1C (Radiomatic Instruments, Tampa, FL). Samples
were eluted on 2 tandem octadecyl (Cig) columns, 0.46 x 25 cm (IBM
Instruments, Wallingford, CT) using a linear gradient from 52 to 72%
methanol in water for 42 min at a column temperature of 35'C set

under 100% methanol for 10 more min. Scintillation fluid for detecting
the radioactivity was Biofluor (New England Nuclear) at a flow rate of
3 ml/min. When available, retention times of the radioactive metabo
lites were compared with those of unlabeled reference compounds.
Results are expressed as percentage metabolite of the total recovered
radioactivity.

Identification of Metabolites by GC/MS. High performance liquid
chromatography fractions used for GC/MS analysis were evaporated
to dryness and derivatized with O,jV-bis(trimethylsilyl)acetamide (8-10
lit). GC/MS was performed on a Finnigan 4510 GC/MS/DS (Data
System), using a fused silica capillary column (15m long, 0.32 mm
inside diameter; Durabond 1701, ICT) with a chemically bounded OV-
1 phase 1.0 Mm thick. The column was set at a temperature range of
150-290Â°C at 10Â°C/minand at 290Â°Cfor 20 min. Electron impact

mass spectra were taken at an electron energy of 70 eV, scan time per
mass spectra was 1 s, and scanning intervals were 50-700 m/e. Metab
olites were identified by both their mass spectra and their retention
times on the GC column and were compared with available reference
standards. If no standard was available, a tentative structure was pro
posed from the mass spectrum only.

RESULTS

Metabolism of |M('|l-1 . in Hamster Liver Microsomes. Ini

tially the optimal incubation conditions were determined for
the oxidative metabolism and the irreversible binding of radio-
labeled EE2 in hamster liver microsomes. To determine condi
tions for maximal metabolism of radiolabeled |M( '|I T ;. the

total protein concentration (2-20 mg), the substrate concentra
tion (10-100 /Â¿M),and the time (15-60 min) were varied. The
optimal metabolism of [14C]EE2occurred at a protein concen

tration of 10 mg, using 50 /AI substrate concentration, 500 /AI
ascorbate, and an incubation time of 30 min. Under these
conditions, the nonextractable microsomal protein binding was
reduced to 1.0%. Maximal irreversible binding of [14C]EE2was

observed at 5 mg of protein, 50 /Â¿Msubstrate, and the same
incubation time in the absence of ascorbate. The binding study
conditions are similar to those reported earlier for 17/3-estradiol
(20). Fig. 1 depicts a typical HPLC profile for EE2 metabolites
in liver microsomes from untreated castrated male hamsters.
Seven major metabolites and a nonpolar fraction were separated
and identified using two reverse phase columns in series. The
EE2 metabolites were fractionated and applied to GC/MS.
Based on their cochromatography and mass spectra (Fig. 2),
7a-hydroxyEE2, 4-hydroxyEE2, 2-hydroxyEE2, and D-homoes-
trone were conclusively identified on the basis of the mass
spectra and retention times of known standards (mass spectra
1, 5, 6, and 7). When no standard was available, the structure
of the I-1-â€¢metabolites was proposed on the basis of its mass
spectrum alone. In addition to these four EE2 metabolites, we
have identified a monohydroxylated EE2 (mass spectra 3) with
a hydroxy group on either ring B or C which is probably 6-
hydroxyEE2. We have also detected two other metabolites with
one hydroxy group on ring B or C and another on the phenolic
ring forming the catechol (mass spectra 2 and 4). These
dihydroxyEE2 metabolites decreased after methylation with
catechol-O-methyltransferase, thus confirming their catechol
nature. The nonpolar peak could not be identified by GC/MS
but is thought to be either fatty acid esters of EE2 metabolites
or polymerization products caused by free radicals. No 16/3-
hydroxyEE2 was found.
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Fig. 1. HPLC profile of [4-'4C]EE2metabolites in hamster liver microsomes. Incubationsconsisted of 10 mg microsomalprotein, 50 AIM[4-'4C]EE2,500 AIM
ascorbic acid, 1 mMNADPH, 2 mM NADP, 8 mM glucose6-phosphate, and 10 units of glucose-6-phosphatedehydrogenase.HPLC separation of the [I4C]EE2
metaboliteswas carried out on a Cu column, using a linear gradient of 52-72% methanol in water in 42 min, following 10 min elution with 100% methanol. D-
Homo-Ei, r>homoestrone.

Fig. 2. Mass spectra of the in vitro metab
olites of EE2. Names of the metabolites are
(topto bottom):7a-hydroxyEE2,dihydroxyEE2
(catechol 1), monohydroxy-EEj, dihydroxy-
EE2 (catechol 2), 4-hydroxyEE2, 2-hy-
droxyEEj, and D-homoestrone.Synthetic ref
erence compounds were available except for
spectra 2, 3, and 4 and had mass spectra and
retention times identicalwith those of the metabolites. I'MSOgroupsinbracketssignifythat

the hydroxy group may be located at one of
the positions shown.The wavedline at spectra
2 and 4 indicates that the hydroxy group is
locatedat either position 2 or position4 of the
phenolic ring.
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Table I Influence of a-naphthoflavone in vitro on the metabolism off'CJethinylestradiol in hamster liver microsomes0

Concentrationof a-naphthoflavoneadded invitro[l4C]Ethinylestradiol

metabolites7a-Hydroxyethinylestradiol

Dihydroxyethinylestradiol(catechol 1)
Monohydroxyethinylestradiol
Dihydroxyethinylestradiol(catechol2)
4-Hydroxyethinylestradiol
2-Hydroxyethinylestradiol
Ethinylestradiol
D-Homoestrone
tlnpolar fractionOpM1.5

Â±0.5
0.8 Â±0.2
1.9Â±0.3
5.7 Â±0.8
8.4 Â±0.7

32.9 Â±2.3
21.6 Â±2.5
0.8 Â±0.2

18.6Â±5.910

AIM2.8

Â±0.1
0.6 Â±0.1
1.8+ 0.1
2.1 Â±0.2*

10.2Â±0.7
32.9 Â±2.8
22.0 Â±0.7
0.7 Â±0.1

18.6Â±0.150

AIM3.5
Â±0.5

0.6 Â±0.1
1.9Â±0.1
0.1 Â±0.01*
8.2 Â±0.9

24.1 Â±2.0*
50.0 Â±0.4C
0.6 Â±0.1
8.2 Â±1.4*100

AIM3.3

Â±0.2
0.4 Â±0.1
2.0 Â±0.30.1 Â±0.01*
6.4 Â±0.9

18.1Â±0.7Â°
61.6Â±2.8Â°
0.5 Â±0.16.4 Â±0.2C

" Incubations consisted of 10 mg microsomal protein, 50 AIM|'4C)EE2,500 AIMascorbic acid, 5 mM MgCb, 1 mM NADPH, 2 mM NADP, 8 HIMglucose 6-
phosphate,and 10units of glucose-6-phosphatedehydrogenase.HPLC separationof the [>4C]EE2metaboliteswascarried out on a ( 'ls column, usinga lineargradient
of 52-72% methanol in water in 42 min. Valuesare expressedas percentageof total recoveredradioactivityÂ±SE.

*Statisticallysignificantcompared to control (0 AIMANF);n = 3, P Â£0.01.
' Statisticallysignificantcomparedto control (0 AIMANF); n = 3, P < 0.005.
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Influence of ANF in Vitro on the Metabolism and Binding of
[14C]EE2in Hamster Liver Microsomes. Table 1 shows the in

vitro influence of ANF on the metabolism of EE2 in hamster
liver microsomes. At a concentration of 10 MM, ANF only
slightly inhibited the oxidative metabolism of EE2 compared to
unexposed levels. Interestingly, only the dihydroxyEE2 metab
olite (catechol 2) was lowered. However, at higher concentra
tions, 50 and 100 MM,there was a 27-45% depression in 2-
hydroxyEE2 formation and a further reduction of the catechol
2 metabolite by 98%. The nonpolar fraction was also inhibited
56-66% at the higher ANF concentrations. Reflecting this
marked inhibitory effect of ANF on the oxidative metabolism
of EE2, the amount of unmetabolized EE2 remaining was in
creased 2.8-fold. The other five metabolites, including 4-

hydroxyEE2, were unaffected by ANF at any concentration.
Fig. 3 shows the effect of the in vitro addition of ANF on the

binding of [I4C]EE2 metabolites to hamster liver microsomal

proteins. This binding was inhibited by ANF in a dose depend
ent manner, over a range of 5-25 MM.A concentration of 10
MMANF already resulted in a 60% inhibition of the radioactive
EE2 bound which could not be enhanced further.

Influence of Administered ANF on the Metabolism and Bind
ing of Rad iolaIn-led EE2 and 17/3-Estradiol in Hamster Liver
Microsomes. The effect of ANF administered in vivo on the
metabolism of EE2 in hamster liver microsomes is shown in
Table 2. The animals were killed after receiving 0.4% ANF in
the diet for 1.0 and 2.0 months. Treatment with ANF for 1.0
month did not result in any alteration in EE2 metabolism. In
contrast, treatment with ANF for 2.0-months revealed a similar
but more modest decline in EE2 metabolism compared to ANF
added in vitro at 50 and 100 MM.Expectedly, there was a 1.9-
fold increase in the amount of unmetabolized EE2. One differ
ence, however, was the finding that monohydroxyEE2 (ring B
or C) was depressed 70% after 2.0 months of ANF treatment
but was unchanged by the in vitro addition of ANF, even at
high concentrations. Interestingly, the amount of 2-hydroxyEE2
formed remained the same despite an overall decrease in EE2
metabolism after 2.0 months of ANF treatment.

Table 3 shows the effect of ANF on the metabolism of [14C]-

EE2 in hamster liver microsomes after treatment for 4.0
months. Prolonged ANF treatment resulted in only a 50%
inhibition of the monohydroxyEE2, a 28% decline of the cate-
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Fig. 3. Effect of different concentrations of a-naphthoflavone on the binding
of [4-"C]EE2 to hamster liver microsomal proteins. Incubations consisted of 5
mg microsomal protein, 50 fiM ("C]EE2, 1 HIMNADPH, and ANF at 5-500 JIM.
These results are expressed as the percentage of inhibition of [I4C]EE2metabolites

bound to microsomal proteins. They represent the mean Â±SE (bars) of at least
three individual determinations.

chol 2, and a 48% depression in the formation of the unpolar
fraction. These reductions in EE2 metabolism after 4.0 months
of ANF treatment were less striking than those observed after
2.0-months of ANF exposure. Most interesting, however, was
the 1.5-fold increase in 2-hydroxyEE2 formation from 274 to
411 pmol/mg protein/min whereas 4-hydroxylation was essen
tially unaltered following 4.0 months of ANF treatment. Due
to both an inhibition and stimulation of oxidative metabolism
after 4.0 months of treatment with ANF, the amount of un
metabolized EE2 which remained did not differ from untreated
hamsters. Consistent with these observations is the finding that
the amount of irreversible binding of [14C]EE2 to hamster liver

microsomal proteins was decreased by 33% after 2.0 months of
ANF treatment (Table 4). No difference in irreversible binding
to hepatic microsomal proteins by radiolabeled EE2 was found
after treatment with ANF for only 1.0 month. Moreover, while
a 23% decline in irreversible binding of [14C]-17j3-estradiol was

found after 2.0 months of ANF treatment, there was no corre
sponding increase in the binding of this hormone after 4.0
months of ANF treatment as seen after metabolism of [14C]

EE2.

DISCUSSION

We have shown that [14C]EE2is metabolized to seven major

metabolites by hamster liver microsomes (Fig. 4). The main
EE2 metabolite was 2-hydroxyEE2 and represents about 47%

of the total metabolites formed. This catechol is also the major
metabolite found in rats and humans at this organ site (21, 22).
Interestingly, the overall metabolism of [14C]EE2using hamster
liver microsomes was about 70-77% compared to only 35%
found with rat liver microsomes at the same protein concentra
tion.4 Consistent with this finding is the observation that only

one other major metabolite, 16/3-hydroxyEE2 was formed from
rat liver microsomes (23). We have also described the formation
of two polyhydroxylated EE2 metabolites (catechols) which
have not been reported previously as metabolic products of this
synthetic estrogen. These dihydroxyEE2 (catechols 1, 2) repre
sent 7.4% of the total metabolites produced by EE2. Although
the amounts of these metabolites were diminished with increas
ing concentrations of ANF when added in vitro, only the
dihydroxyEE2 (catechol 2) was decreased after in vivo treat
ment with ANF at 2.0 and 4.0 months. In addition, the
monohydroxyEE2 was also depressed following in vivo ANF
treatment at these time periods but remained unaffected after
in vitro addition of ANF at all concentrations studied. The
biphasic nature of ANF on P-450 monooxygenases and hence
metabolism of certain carcinogens reported elsewhere (12, 13,
15, 16) are supported in the present studies with EE2. The in
vivo inhibition of EE2 metabolism by ANF was not as great as
that seen following the addition of ANF in vitro. This difference
was probably due to the absorption, distribution, and elimina
tion of this compound in vivo. A marked decrease in the
oxidative metabolites of DES has also been shown following in
vivo exposure to ANF for 1.0 and 5.0 months (24).

Since EE2 treatment alone resulted in a 5-10% incidence of
the same hepatocellular carcinomas as those seen after concom
itant EE2 plus ANF treatment and since no hepatic carcinomas
have been induced with ANF alone for up to 13 months of
treatment, it seems reasonable to postulate that ANF may alter
the metabolism of EE2 and other synthetic estrogens so as to
enhance the formation of potential reactive metabolites in this

' Unpublished data.
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Table 2 Influence of a-naphthoflavone in vivo on the metabolism off'CJethinylestradiol in Hamster liver microsomef

Liver microsomes after ANF treatment*

1.0 month treatment 2.0 months treatment

4ClEthinylestradiol metabolites -ANF + ANF -ANF + ANF
7a-HydroxyethinylestradiolDihydroxyethinylestradiol

(catechol1)MonohydroxyethinylestradiolDihydroxyethinylestradiol

(catechol2)4-Hydroxyethinylestradiol2-HydroxyethinylestradiolEthinylestradiolD-HomoestroneUnpolar

fraction1.2

Â±0.20.6
Â±0.22.4
Â±0.25.4
Â±0.77.9
Â±0.336.4
Â±2.419.5
Â±4.80.6
Â±0.222.5
Â±2.81.3

Â±0.20.6
Â±0.12.3

Â±0.37.3
Â±1.45.9
Â±1.244.0
Â±3.313.6

Â±4.40.6
Â±0.120.8

Â±2.01.2

+0.20.7
Â±0.12.0

Â±0.34.8
Â±0.36.7
Â±1.534.3
Â±3.322.6
Â±4.31.0

Â±0.221.6
Â±2.20.8

Â±0.40.6
Â±0.20.6
Â±0.4f2.0
Â±0.6"4.7

Â±1.034.2
Â±6.443.1
Â±1.2"0.7

Â±0.210.4
Â±1.3"

" Incubations consisted of 10 mg microsomal protein, 50 UM [I4C]EE2, 500 Â¿iMascorbic acid, 5 mM MgCI2, 1 mM NADPH, 2 mM NADP, 8 mM glucose 6-
phosphate, and 10 units of glucose-6-phosphate dehydrogenase. HPLC separation of the [<4C]EE2metabolites was carried out on a C,g column, using a linear gradient
of 52-72% methanol in water in 42 min. Values are expressed as percentage of total recovered radioactivity Â±SE.

* Hamster received a diet containing 0.4% ANF for 1 or 2 months, respectively.
' Statistically significant compared to controls, â€”ANF;n = 5, P < 0.0125.
d Statistically significant compared to controlx, â€”ANF;n = 5, P < 0.0025.

Table 3 Influence of a-naphthoflavone in vivo on the metabolism off'CJethinylestradiol in hamster liver microsomes0

Liver microsomes after 4.0-month treatment*

["CJEthinylestradiolmetabolites7o-Hydroxyethinylestradiol

Dihydroxyethinylestradiol (catechol 1)
Monohydroxyethinylestradiol
Dihydroxyethinylestradiol (catechol 2)
4-Hydroxyethinylestradiol
2-Hydroxyethinylestradiol
Ethinylestradiol
D-Homoestrone
Unpolar fraction%

of total
recovered

radioactivity1.5

Â±0.2
0.5 Â±0.1
2.2 Â±0.3
4.3 Â±0.4
7.4 Â±1.1

32.9 Â±2.4
28.6 Â±5.7

0.7 Â±0.1
19.7 Â±3.0-ANFESH

activity
(pmol/mg/min)4.1

Â±0.835.8

Â±3.3
61.6 Â±9.0

274.0 Â±27.3%

of total
recovered

radioactivity1.3

Â±0.1
0.6 Â±0.1
1.1 Â±0.2r
3.1 Â±0.2''

5.6 Â±0.6
49.3 Â±2.9f

26.7 Â±3.5
0.6 Â±0.1

10.2 Â±1.5"+

ANFESH

activity
(pmol/mg/min)5.0

Â±0.825.8

Â±1.6'

46.6 Â±5.0
41 1.0 Â±24.0'

" Incubations consisted of 10 mg microsomal protein, 50 MM[14C]EE2, 500 Â¡Ã•Mascorbic acid, 5 mM MgCh, 1 mM NADPH, 2 mM NADP, 8 mM glucose 6-
phosphate, and 10 units of glucose-6-phosphate dehydrogenase. HPLC separation of the | "( |1 |{. metabolites was carried out on a ( V,column, using a linear gradient
of 52-72% methanol in water in 42 min. 2- and 4-hydroxylase (ESH) activity was calculated from the percentage of catechol eluted by HPLC Â±SE.

* Hamsters received a diet containing 0.4% ANF for 4.0 months.
' Statistically significant compared to controls (n = 6), P < 0.005.
d Statistically significant compared to controls (n = 6), P Â£0.01.

Table 4 Influence of a-naphthoflavone treatment on the binding of[4->4CJ-
ethinylestradiol and (4-'4C]estradiol to hamster liver microsomal proteins'

Substrate binding (nmol bound/mgprotein)Treatment'1.0

month-ANF

+ANF2.0

months
-ANF+

ANF4.0

months
-ANF+

ANFEthinylestradiol6.35

Â±0.05
6.27 Â±0.086.46

Â±0.08
4.34 Â±0.07f6.15

+ 0.04
7.96Â±0.15f17/3-Estradiol7.42

Â±0.21
8.08 Â±0.247.69

Â±0.01
5.90 Â±0.08f7.41

Â±0.18
8.03 Â±0.17

" Incubations consisted of 6 mg microsomal protein, 1 mM NADPH, 50 ^M
[4-'*C]ethinylestradiol or ['4C]-17/3-estradiol. Results are expressed as nmol

bound/mg protein Â±SE.
'Hamsters received a diet containing 0.4% ANF for 1, 2, or 4 months,

respectively.
c Statistically significant compared to control (n = 4); P < 0.0005.

tissue. Recent evidence, however, has been provided which
indicates that ANF may itself possess weak mutagenic activity
(25, 26). These studies have shown that ANF enhanced the
frequency of sister chromatid exchange in peripheral lympho
cytes which previously have been exposed in vivo to xenobiotics
and that ANF metabolized by 2,3,7,8-tetrachlorodibenzodioxin
induced rat liver microsomes was able to cause DNA damage
in Chinese hamster ovary cells. At present, however, there is
no evidence that the weak mutagenic activity of ANF contrib
utes to the hepatotumorigenesis induced by EE2 in the hamster.

On the other hand, the 1.5-fold increase in hepatic 2-hydrox-
ylation after treatment with ANF for 4.0 months reported
herein is consistent with an alteration in the metabolism of this
estrogen. This is further supported by an increase in irreversible
binding of radiolabeled EE2 metabolites to hamster liver micro
somal proteins following the same duration of ANF treatment.
It is unlikely that 80-85% of the covalent binding of EE2 to P-
450 microsomal proteins observed is due to heme alkylation
via position 17 (27, 28) since the amount of binding was
markedly reduced in the presence of ascorbate or catechol-O-
methyltransferase (19), indicating that catechol formation is
essential for the binding to take place. It should be noted that
there are inherent limitations in using the coupled estrogen 2-
and 4-hydroxylase radioenzymatic assay, some of which has
recently been alluded to by us (29). Therefore, the relative
hepatic and renal 2- and 4-hydroxylase activities presented
previously (9, 11, 30, 31) are approximately 10-fold lower than
values presented herein. It is unlikely, however, that the deter
minations made of the relative ability of different estrogen
substrates to utilize hamster kidney and liver 2- and 4-hydrox
ylase with few exceptions will be substantially altered.

The relative increase (1.3-fold) in 2-hydroxylation of EE2
after 2.0 months of ANF treatment, as a consequence of overall
decline in EE2 metabolism, was not accompanied by a corre
sponding decrease in the formation of this metabolite. Together
with this relative increase in 2-hydroxylation at 2.0 month and
the absolute increase seen after 4.0 months of ANF treatment,
the prolonged elevation in reactive EE2 metabolite precursors
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Fig. 4. Metabolic pathway of EE2 in hamster liver microsomes. Hydroxy groups in brackets signify that the hydroxy group may be located at one of the positions
indicated.

in the livers may contribute importantly to the high incidence
of neoplastic transformation in this tissue following 7.0 to 9.0
months of EEj plus ANF treatment.
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