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SUMMARY

MILLER, ALEXANDER, III, HENDERSON, MARILYN C. & BUHLER, DoNnALD R. (1978)
Cytochrome P-450-mediated covalent binding of hexachlorophene to rat tissue
proteins. Mol. Pharmacol., 14, 323-336.

Enzyme-mediated binding of radioactivity from hexachlorophene (2,2'-[**C]meth-
ylenebis[3,4,6-trichlorophenol], [**CJHCP) to rat hepatic microsomes occurred in vitro
in the presence of NADPH and oxygen, and was inhibited by nitrogen, reduced
glutathione, cysteine, piperonyl butoxide, and 2-diethylaminoethyl 2,2’'-diphenylvaler-
ate HCl (SKF 525-A). Binding was increased 2-fold by treatment of animals with
phenobarbital (80 mg/kg intraperitoneally, daily for 3 days) and appeared to be
dependent on the production of an active metabolite that was formed oxidatively in
liver microsomes by a cytochrome P-450 mixed-function oxidase. Increased microsomal
binding was not observed in animals treated with 3-methylcholanthrene (20 mg/kg
intraperitoneally, daily for 2 days). Thin-layer chromatography of dinitrophenyl deriv-
atives prepared from Pronase-digested microsomal protein and sodium dodecyl sulfate-
polyacrylamide disc gel electrophoresis of solubilized microsomes indicated that the
radiolabeled products were covalently bound to amino acid residues of microsomal
protein. Raney nickel desulfurization of Pronase hydrolysates released several HCP
metabolites that were apparently bound to sulfur-containing amino acids such as
cysteine and homocysteine. The enhancement in binding of [**C]JHCP to microsomal
protein in the presence of epoxide hydrase inhibitors was consistent with the formation
of HCP arene oxides or structurally related species. After intraperitoneal and oral
administration of [*CJHCP (5 mg/kg) to male rats treated with phenobarbital, radiocar-
bon was covalently bound mainly to proteins of the liver, plasma, and kidney.
Covalently bound radioactivity in the liver was associated primarily with proteins in
the microsomal and 105,000 x g supernatant fractions. Lesser amounts were present in
the nuclear-cell debris and mitochondrial fractions.
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shown to be toxic to rats by either oral or
intraperitoneal administration (1-3), little
information is available on the mecha-
nism(s) of toxicity.

We observed that the half-life of radio-
activity from [“C]JHCP was quite long in
the liver and various other tissues of the
rat,® indicating that some HCP metabo-
lites persist in the animal for appreciable
times. Gandolfi et al. \4) reported that rat
liver microsomes bind considerable
amounts of radioactivity from [**CJHCP.
After incubation of [*CJHCP with a com-
plete microsomal system, over 89% of the
radioactivity remained bound to washed
microsomes, suggesting either a strong
hydrophobic interaction or possible cova-
lent binding to the microsomes. In a pre-
liminary report, Corsini et al. (5) indicated
that HCP covalently binds to liver micro-
somes in vitro and that binding was in-
creased by previous phenobarbital treat-
ment and inhibited by reduced glutathi-
one, SKF 525-A, and carbon monoxide.
HCP has also been shown to bind strongly
to skin (6), bovine serum albumin* (7),
the erythrocyte membrane (7), and var-
ious dehydrogenases.® Therefore the bind-
ing and resulting conformational changes
may play an important role in the biologi-
cal activity of the bisphenol.

The present study was initiated to as-
sess further the role of mixed-function
oxidases in the formation of HCP metabo-
lites that bind covalently to cellular mac-
romolecules, specifically rat tissue pro-
teins.

MATERIALS AND METHODS

Reagents. Radioactive hexachlorophene
(2,2'-["*C)methylenebis([3,4,6-trichlorophe-
nol]) (specific activity, 3.52 mCi/mmole)
was purchased from New England Nu-
clear, and its radiochemical purity was

phene; 3-MC, 3-methylcholanthrene; TCA, trichlor-
acetic acid; DNP, 2,4-dinitrophenyl; SDS, sodium
dodecyl sulfate; ETCP, 1,2-epoxy-3,3,3-trichloropro-
pane; FDNB, 1-fluoro-2,4-dinitrobenzene.

3D. R. Buhler, F. N. Dost, M. E. Rasmusson,
and A. J. Gandolfi, manuscript in preparation.

4T. L. Miller and D. R. Buhler, manuscript in
preparation.

3J.-L. Wang and D. R. Buhler, unpublished
results.
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established by thin-layer chromatography
on silica gel plates developed in benzene-
hexane-methanol-water (7:3:5:5 by vol-
ume). The specific activity was adjusted to
2.82 and 3.06 mCi/mmole with nonlabeled
HCP that had been recrystallized from
isopropyl alcohol-water prior to wuse.
NADPH, 3-methylcholanthrane, and Pro-
nase were obtained from Sigma Chemical
Company. A generous sample of 2-dieth-
ylaminoethyl 2,2’'-diphenylvalerate HCl
(SKF 525-A) was kindly supplied by Dr.
D. J. Reed, Department of Biochemistry
and Biophysics, at this institution. Piper-
onyl butoxide, Raney nickel, 1,2-epoxy-
3,3,3-trichloropropane, glycidol (2,3-epoxy-
1-propanol), cyclohexene oxide (1,2-epoxy-
cyclohexane), and 7,8-benzoflavone were
purchased from Pfaltz and Bauer. Other
chemicals used throughout this investiga-
tion were of analytical reagent grade.
Preparation of liver fractions. Adult
male OSU Wistar rats (320-350 g), ob-
tained from the Oregon State University
Animal Resources Facility, were killed by
cervical dislocation after CO, asphyxia-
tion, and the livers were immediately re-
moved, blotted free of excess liquid,
weighed, minced, and then homogenized
with a motor-driven glass-Teflon homoge-
nizer in approximately 3 volumes of 1.15%
KCl1-0.01 M sodium phosphate buffer, pH
7.3-7.4. The nuclear-cell debris, mitochon-
drial, microsomal, and soluble enzyme
fractions from control rats and animals
treated with sodium phenobarbital in 0.9%
NaCl solution or distilled water (80 mg/kg
intraperitoneally, daily for 3 days) or 3-
MC (20 mg/kg intraperitoneally, daily for
2 days) were isolated as described previ-
ously.® All rats were fasted for 12-24 hr
prior to death. Protein concentrations
were determined in duplicate according to
Lowry et al. (8), using crystalline bovine
serum albumin as the protein standard.
Determination of binding in vitro. The
conditions of incubation and determina-
tion of binding have been described previ-
ously.® Briefly, a typical reaction mix-
ture contained 0.062-0.125 mm [“C]JHCP
(1.5-3.0 x 10 cpm), 0.05 or 0.1 M sodium

6 A. Miller III, M. C. Henderson, and D. R.
Buhler, manuscript in preparation.
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phosphate buffer (pH 7.3), 1 mm NADPH,
and washed liver microsomes (4-5 mg of
protein) in a total volume of 2 ml. Control
flasks contained the above constituents
but with no added cofactor. All reactions,
unless stated otherwise, were conducted
aerobically for either 30 min or 1 hr at 37°
in a Dubnoff metabolic shaking incubator
and terminated upon addition of 2 ml of
10% TCA. The total radioactivity in the
control and reaction flasks was determined
by counting aliquots in 15 ml of Aquasol
(New England Nuclear), using a Packard
Tri-Carb liquid scintillation spectrometer
(model 3375). The TCA-insoluble precipi-
tates were washed with TCA, extracted
with ethyl ether (usually six or seven
extractions), and redissolved in 1 N NaOH,
and aliquots were counted after dark ad-
aptation. Radioactivity was corrected for
background and quenching (automatic ex-
ternal standardization) and converted to
nanomoles of ['*CJHCP equivalent bound
per milligram of protein after correction
for non-cofactor-dependent or endogenous
binding. Covalent binding refers only to
NADPH-dependent or enzyme-mediated
binding.

Examination of binding. Binding was
further assessed by repetitive dissolution
of ether-extracted microsomal prepara-
tions in 1 N NaOH, reprecipitation with
TCA, and extraction with ethyl ether.
Ether-extracted samples were also treated
with 8 M urea or acid (2 N HC)), or digested
with Pronase and allowed to react with 1-
fluoro-2,4-dinitrobenzene as described by
Jellinck et al. (9) and Jollow et al. (10).
The dinitrophenyl derivatives were then
sequentially extracted at pH 9 with ethyl
ether and ethyl acetate, and at pH 1 with
the latter solvent. All organic samples or
extracts were dried over P,O; under vac-
uum and dissolved in ethanol prior to
radioassay.

Thin-layer chromatography of DNP de-
rivatives. Thin-layer chromatography of
the DNP derivatives was conducted essen-
tially as described by Grant and Wicken
(11). Aliquots (10-20 ul) were chromato-
graphed on silica gel F,5, plates (0.25 mm
thick) and developed in the first dimension
using a solvent system containing 1-bu-
tanol plus 0.15 N ammonium hydroxide
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(1:1, v/v, upper phase) described by Ghuy-
sen et al. (12). Development in the second
dimension was carried out with 1.5 M
sodium phosphate buffer, pH 6 (13). Since
the DNP derivatives are somewhat sensi-
tive to light, all operations were carried
out in the dark. The resolved DNP deriva-
tives, visualized by their yellow color and
ultraviolet light, were recovered from the
plates and assayed for radioactivity in a
liquid scintillation spectrometer. Bind-
ing was further evaluated by SDS-poly-
acrylamide disc gel electrophoresis as de-
scribed below.

SDS-polyacrylamide disc gel electro-
phoresis. Solubilization of ether-extracted
rat liver microsomes and SDS-disc gel
electrophoresis were conducted as de-
scribed previously.® The separating gel,
7% polyacrylamide, was buffered with
Tris-HCl, pH 8.9; the stacking gel, 2.5%
polyacrylamide, was buffered with Tris-
HCI], pH 6.7; and the running buffer in
the electrode chambers was Tris-glycine,
pH 8.3, with 0.1% SDS. Electrophoresis
was carried out at 3 mamp/gel for 90 min
or until the tracking dye, bromphenol
blue, reached within 1 cm of the lower
end of the gel, and protein was visualized
by staining with 1% Amido black, followed
by destaining with 7% acetic acid. Molec-
ular weights were estimated as described
by Weber and Osborn (14). The logarithms
of the molecular weights of known pro-
teins were plotted against their respective
mobilities, and the molecular weights of
specific polypeptides were determined
from the standard curve constructed (Fig.
1).

Epoxide hydrase inhibition and activa-
tion. The effects of 1,2-epoxy-3,3,3-trichlo-
ropropane and cyclohexene oxide, inhibi-
tors of epoxide hydrase, and glycidol, an
activator of epoxide hydrase (15), on the
covalent binding of ["“CJHCP to micro-
somal protein were also examined. In-
creasing concentrations (1-10 mM) of
ETCP and glycidol were added to reaction
mixtures in 10-ul amounts from stock so-
lutions prepared with spectrophotometric
grade acetonitrile. Stock solutions of cy-
clohexene oxide were prepared with ethyl
ether. The contents of all flasks were vig-
orously mixed immediately prior to the
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F16. 1. Molecular weight determinations by
SDS-polyacrylamide disc gel electrophoresis

The logarithms of the known molecular weights
of the indicated proteins were plotted against their
respective mobilities. Unknown molecular weights
were determined from the standard curve.

addition of NADPH. Control mixtures (no
NADPH) contained 10 ul of acetonitrile or
ethyl ether. All mixtures were incubated
aerobically at 37° for 30 min, and covalent
binding was assessed as described above.

Binding in vivo. Covalent binding in
vivo of radioactivity from ["*C]JHCP in var-
ious selected tissues of the rat and in the
subcellular fractions of the liver were also
examined. Adult male rats (320-350 g),
treated with phenobarbital (80 mg/kg in-
traperitoneally, daily for 3 days) and
fasted for 12-24 hr prior to HCP treatment,
received 5 mg/kg oral or intraperitoneal
doses of [*CJHCP (specific activity, 2.82
and 3.06 mCi/mmole) in 0.4 ml of corn oil.
Animals were placed in individual metab-
olism cages, allowed water ad libitum but
not fed, and killed after 3 and 6 hr for the
intraperitoneal and oral doses, respec-
tively. The various organs and tissues
were removed, weighed, and homogenized
with approximately 10 or 20 volumes of
1.15% KCl1-0.01 M sodium phosphate
buffer, pH 7.3-7.4. Liver homogenates
were also subjected to differential cen-
trifugation to obtain nuclear-cell debris,
mitochondrial, microsomal, and soluble
fractions as described previously.® Total
tissue radioactivities were determined by
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counting aliquots of each homogenate fol-
lowing overnight dissolution in 1.0 N
NaOH. Portions (1 ml) of each homogenate
were also precipitated and washed with
10% TCA and treated as described for the
binding analyses in vitro; i.e., they were
extracted with ethyl ether and dissolved
in NaOH, and aliquots were counted. The
radioassays of all samples were performed
in duplicate. Urine and feces were also
collected from [*C]HCP-treated animals
for the determination of radioactivity.

Raney nickel treatment of Pronase di-
gests. Samples of ether-extracted micro-
somal protein, recovered from binding ex-
periments in vivo and in vitro conducted
as described above, were digested with
Pronase (80-100 units) for 48 hr at 37° and
then lyophilized. Raney nickel desulfuri-
zation of the Pronase hydrolysates was
conducted essentially as described by Cor-
bett and Nettesheim (16). Portions (0.1 g)
of the lyophilized preparations were ex-
tracted three times with ether, dissolved
in phosphate buffer (30 ml), and added to
100-ml round-bottomed flasks containing
3 g of thoroughly washed nickel. Approxi-
mately 1.5 ml of 1 N HC] were added, and
the mixtures were heated at 110-115° in
an oil bath for 30 min. The mixtures were
extracted with ether and dried over anhy-
drous Na,SO,, and excess solvent was
evaporated using a rotary evaporator. Al-
iquots of the ether extract were assayed
for radioactivity and chromatographed on
silica gel F,5, plates (0.25 mm thick). The
solvent system consisted of benzene-hex-
ane-methanol-water (7:3:5:5 by volume).
Metabolites were visualized by iodine va-
por and assayed for radioactivity.

RESULTS

Binding of [**C]JHCP to microsomal pro-
tein. Some requirements for the enzyme-
mediated or covalent binding of radioactiv-
ity from [“CJHCP to rat hepatic micro-
somes in vitro are given in Table 1. Bind-
ing was inhibited by 82.5% in a nitrogen
atmosphere but was not significantly af-
fected by NaCN (1 mmM). Non-cofactor-de-
pendent or endogenous binding, 0.5-0.8%
of the added radioactivity or 0.3 nmole of
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TaBLE 1

Conditions for covalent binding of radioactivity
from [**C]hexachlorophene to rat liver microsomes
in vitro

Rat liver microsomes (4-5 mg of protein) from
phenobarbital-treated animals were incubated at 37°
for 1 hr with 1 mmM NADPH and 0.125 mm [*CJHCP
as described in MATERIALS AND METHODS. Results
are the means of duplicate determinations. All val-
ues were corrected for non-cofactor-dependent or
endogenous binding.

Reaction mixture [“C]JHCP bound
nmoles/mg protein/hr
Experiment 1
Complete 1.49
Complete, heated (90-95°)
microsomes 0.00
-NADPH 0.00
+N, 0.26
Experiment 2
Complete 1.84
-NADPH 0.00
+NaCN (1 mm) 1.88

["*CIHCP equivalent per milligram of pro-
tein, occurred in the absence of either
NADPH or oxygen. The enzymatic nature
of the binding reaction was evident from
the complete absence of cofactor-depend-
ent binding when the microsomes were
heated at 90-95° for 10 min prior to incu-
bation.

Effect of ["*C]HCP and microsomal con-
centrations on binding. The effect of
["*CIHCP concentration on the covalent
binding in vitro of radioactivity to washed
rat liver microsomes from phenobarbital-
treated animals is shown in Fig. 2. Bind-
ing increased with the concentration of
[“*CIHCP, and maximal binding was ob-
tained with 0.125 mm [“C]JHCP. The
reduction in binding at the higher concen-
trations of HCP could have resulted from
either a limited mixed-function oxidase-
dependent activation of HCP and/or satu-
ration of available binding sites.

A double-reciprocal plot of mixed-func-
tion oxidase-dependent binding of radioac-
tivity from [“C]JHCP to microsomes is
shown in Fig. 3. The apparent K, for
binding to microsomes from phenobarbi-
tal-treated animals was 20 uM, and the
Vmax Was 0.48 nmole bound per milligram
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of protein per minute. These values are in
agreement with data previously reported
for the binding of acetaminophen (17) and

04

14C-HCP (nmoles Bound/mg Protein/hr)

o

) ox;sz 0.1.25 O.I187 0.1:50
M(_:-HCF’ CONCENTRATION (mM)
Fic. 2. Effect of concentration on binding of ra-
dioactivity from ["*CJHCP to rat liver microsomes in
vitro
Microsomes (6 mg of protein) from phenobarbital-
treated rats were incubated aerobically at 37° for 1
hr with 1 mm NADPH and [**C]HCP (0.015, 0.031,
0.062, 0.125, and 0.25 mMm) as described in MATERIALS
AND METHODS.

%(nmoles bound / mg protein / min)

Km® 2.0x10°%M

Vmox* 0.48 nmoles bound/ mg
protein/ min

-60 -40 -20 o 20 40 60 80

L (14c-Her mu)

Fic. 3. Lineweaver-Burk plot of mixed-function
oxidase-dependent binding of ["*C]HCP to liver mi-
crosomes in vitro

Microsomes (2-4 mg of protein) from phenobarbi-
tal-treated rats were incubated at 37° for 10 min
with 1 mmM NADPH and [**CJHCP (0.016, 0.031, and
0.063 mm). Covalent binding was determined as
described in MATERIALS AND METHODS.
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furosemide (18) to mouse hepatic micro-
somes.

The effect of microsomal protein concen-
tration on binding of radioactivity from
[“CJHCP to washed liver microsomes is
shown in Table 2. Maximal binding, 7.1-
7.2 nmoles/incubation mixture, occurred
with 2 and 4 mg of microsomal protein in
the reaction mixtures. Therefore, unless
stated otherwise, all subsequent reactions
in vitro were carried out using 4 mg of
microsomal protein.

Effects of prior treatments on binding.
Covalent binding of radiocarbon from
[“CJHCP by microsomes obtained from
phenobarbital- or 3-MC-treated male rats
was compared with binding by microsomes
from control animals. Phenobarbital treat-
ment increased binding approximately 2-
fold, whereas no significant increase,
other than slight stimulation in some
cases, was observed with 3-MC (Table 3).

Inhibition of binding to microsomal pro-
tein. The effects of various inhibitors on
the covalent binding of [“CJHCP to rat
liver microsomal protein are given in Ta-
ble 4. In the presence of washed micro-
somes (4-5 mg) and NADPH (1 mm), cys-
teine (0.5 mm) and GSH (0.5 mmMm) inhibited
binding by 8% and 28%, respectively.
When the concentration was increased to
10 mM, cysteine and GSH inhibited bind-
ing by 56% and 67%, respectively. No
appreciable inhibition of binding was ob-

TABLE 2
Effect of microsomal protein concentration on
covalent binding of radioactivity from
[“CJ]hexachlorophene to washed
liver microsomes

Increasing amounts of rat liver microsomes were
incubated at 37° for 1 hr with 1 mmM NADPH and
0.062 mm [“C]JHCP as described in MATERIALS AND
METHODS.

Total micro- Radioactivity bound
somal protein
mg nmoles/mg nmoles/incu-
protein/hr bation vessel
2 3.55 7.1
4 1.80 7.2
8 0.84 6.7
10 0.55 5.5
16 0.25 4.0
20 0.09 1.8
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TABLE 3

Effects of prior treatments on maximal covalent
binding of radioactivity from [**C]hexachlorophene
to rat liver microsomal protein in vitro

Liver microsomes (4-5 mg of protein) were incu-
bated at 37° with 1 mmM NADPH and 0.125 mm
[“C]JHCP as described in MATERIALS AND METHODS.
Treated animals received phenobarbital (80 mg/kg
intraperitoneally, daily for 3 days) or 3-MC (20 mg/
kg intraperitoneally, daily for 2 days). All animals
were fasted for 12-24 hr prior to death. Values
represent means *+ standard deviations of at least
five incubations, using microsomes from three to
five rats.

Treatment [**CJHCP bound
nmoles/mg protein/hr
None 0.76 = 0.23
Phenobarbital 1.57 = 0.32
3-MC 0.73 + 0.19

TABLE 4
Inhibition of covalent binding of radioactivity from
['*C]hexachlorophene to rat hepatic microsomes
in vitro
Rat liver microsomes (4-5 mg of protein) from
phenobarbital-treated animals (80 mg/kg intraperi-
toneally, daily for 3 days) were incubated at 37° for
1 hr with 1 mmMm NADPH and 0.031-0.126 mmMm
[**CJHCP as described in MATERIALS AND METHODS.
Reaction mixture [“CIJHCP Inhibition

bound
nmoles/ %
protein/hr
Experiment 1
Complete 1.49 0.0
+Cysteine (0.5 mm) 1.37 8.1
+Cysteine (10.0 mm) 0.66 56.0
+GSH (0.5 mm) 1.07 28.1
+GSH (10.0 mm) 0.50 67.0
Experiment 2
Complete 1.06 0.0
+Piperonyl butoxide
(1 mm) 0.16 84.9
+NaF (0.1 M) 0.95 10.4
Experiment 3
Complete 1.46 0.0
+17,8-Benzoflavone
(0.1 mm) 0.64 56.2
+17,8-Benzoflavone
(0.01 mm) 1.35 7.6
Experiment 4
Complete 1.90 0.0
+SKF 525-A (1 mM) 0.20 89.4

served in the presence of NaF (0.1 m).
Piperonyl butoxide, which forms a stable
complex with and inactivates cytochrome
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P-450, inhibited binding by 85%, and SKF
525-A inhibited oxidative metabolism by
approximately 90%. Binding was also in-
hibited by 56.2% and 7.6% in the presence
of 0.1 mM and 0.01 mmMm 7,8-benzoflavone,
respectively. Since the binding of radioac-
tivity from [“CJHCP was inhibited by
sulfhydryl compounds, increased by prior
phenobarbital induction of the hepatic mi-
crosomal enzymes, and decreased by inhi-
bitors such as piperonyl butoxide 7,8-ben-
zoflavone, and SKF 525-A, an active me-
tabolite of HCP apparently was formed by
enzymes of the cytochrome P-450 mixed-
function oxidase system.

Covalent nature of binding. More than
92% of the radioactivity from [“CJHCP
was removed from microsomes after TCA
precipitation, washing twice with TCA,
and extraction six or seven times with
ethyl ether. Additional amounts of bound
radioactivity were removed by a more
complete extraction involving repetitive
precipitation and washing of liver micro-
somes with TCA followed by solubilization
in 1 N NaOH (six times), treatment with 8
M urea and extraction with ethyl ether
(twice), and adjustment to pH 1 with HC1
and extraction with ethyl ether (twice).
However, approximately 0.11% of the ra-
dioactivity added in the absence of
NADPH and 1.74% of that added to the
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complete reaction mixture remained
bound to microsomes after disruption of
the secondary and tertiary protein struc-
ture by this extensive precipitation and
extraction process. Significant amounts of
radioactivity from [*CJHCP also remained
associated with liver proteins following
prolonged dialysis against several changes
of methanol. These results indicated that
a small but significant amount of HCP
metabolite(s) was covalently bound to rat
liver microsomes in vitro (approximately
1.5 nmoles/mg of protein). Similar values
for microsomal binding have been ob-
served with other chemicals or drugs® (10,
19).

Further evidence of the covalent nature
of [“CJHCP binding was obtained from
experiments in which the primary struc-
ture of liver proteins was broken by Pro-
nase digestion and the resulting amino
acids and peptides were then derivatized
with FDNB. Enzymatic hydrolysis of ex-
haustively extracted liver proteins appar-
ently released additional amounts of
bound HCP metabolites, since 31-44% of
the residual radioactivity in the controls
(i.e., no FDNB) was recovered in the var-
ious extract fractions (Table 5). Neverthe-
less, most of the radioactivity from
[“CJHCP remained in the aqueous frac-
tion. Much of this radioactivity (42-47%),

TABLE 5

Distribution of radioactivity from [**C]hexachlorophene after Pronase digestion of liver protein, treatment
with FDNB, and sequential extraction

Fraction and expo- Treatment Bound radioactivity
sure
Ethyl Ethyl ace- Ethyl ace- Aqueous
ether, pH9 tate,pH9 tate,pH1 residue
% original

Homogenate® Ethanol 14.7 6.7 22.8 55.7
Homogenate® FDNB + ethanol 19.5 15.6 42.0 22.9
Microsomes in vivo® Ethanol 9.7 2.8 20.2 67.2
Microsomes in vivo® FDNB + ethanol 21.6 5.0 42.3 31.1
Microsomes in vitro¢ Ethanol 9.6 4.3 17.0 69.0
Microsomes in vitro© FDNB + ethanol 11.3 8.1 46.9 33.7

¢ Portions (1 ml) of liver homogenate from phenobarbital-treated animals injected intraperitoneally
with 5 mg/kg of [*CIHCP were extracted six times with ethyl ether, digested with Pronase, and treated

with FDNB as described in MATERIALS AND METHODS.

% Hepatic microsomes from phenobarbital-treated animals injected intraperitoneally with 5 mg/kg of
[*CIHCP were treated as described above and in MATERIALS AND METHODS.
¢ Hepatic microsomes from phenobarbital-treated animals were recovered from reactions in vitro and

treated as described above.
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however, was removed in the pH 1 ethyl
acetate extract after treatment of the di-
gests with FDNB. Since FDNB reacts with
the amino groups of amino acids and pep-
tides to form DNP derivatives that are
extractable with organic solvents under
acidic conditions, the results indicated
that the active metabolite of hexachloro-
phene was covalently attached to amino
acid residues of microsomal protein.

Two-dimensional thin-layer chromatog-
raphy of the DNP-amino acids or DNP-
peptides from hepatic proteins substanti-
ated the covalent nature of the binding
reaction. Approximately 25 DNP deriva-
tives were separated but not identified,
and radioactivity was shown to migrate
with several of the major spots (Fig. 4).
Since appreciable radiocarbon (320 cpm)
was recovered from the residual silica gel
of the entire plate after visualization and
elution of the DNP derivatives, additional
radioactive spots may have been present
but were too faint to detect under ultravi-
olet light.

SDS-polyacrylamide disc gel electro-
Pphoresis. SDS-disc gel electrophoresis of
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Fi1c. 4. Tracing of two-dimensional thin-layer
chromatographic separation of DNP derivatives pre-
pared from Pronase-digested liver microsomal pro-
tein

Radioactivity was primarily localized in the fol-
lowing spots: 1 (985 cpm, 44.6%), 2 (179 cpm, 8.1%),
3 (152 cpm, 6.9%), 4 (92 cpm, 4.2%), 5 (200 cpm,
9.1%), and 14 (105 cpm, 4.8%). The remaining spots
and residual silica gel contained a total of 176 cpm
and 320 cpm, or 7.9% and 14.5% of the added
radioactivity, respectively.
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solubilized, ether-extracted microsomal
control and reaction mixtures following
incubations in vitro resolved 25-30 protein
bands upon staining with 1% Amido black
and destaining with 7% acetic acid. Com-
parison of electrophoretograms and radio-
active profiles of the sectioned gels re-
vealed at least two major radioactive areas
in the reaction gel that corresponded with
specific bands or peaks in the densitometer
curves (Fig. 5). The finding that a radio-
active HCP metabolite(s) and a particular
polypeptide(s) migrated together in an
electrical field again substantiates the ex-
istence of a strongly bound complex. The
estimated molecular weights of the two
major components indicated in Fig. 5 were
18,500-19,500 and 54,500-60,000, respec-
tively.

Binding in vivo. The distribution and
covalent binding in vivo of radioactivity
from [*“C]JHCP in various tissues of adult
male rats treated with phenobarbital and
then either intraperitoneally or orally
with 5 mg/kg of the bisphenol are shown
in Table 6. Radiocarbon was localized pri-
marily in the liver, kidney, and plasma.
The covalent binding of HCP metabolites
in vivo was appreciably less than the bind-
ing observed with liver microsomes in vi-
tro (Table 1). Approximately 65% and 76%
of administered radioactivity was ac-
counted for or recovered in the tissues,
urine, and feces of rats treated intraperi-
toneally and orally with [**CJHCP, respec-
tively. Limited radiocarbon was excreted
in the urine (1.7-3.2%) and feces (0.02-
0.10%) in the short time periods employed
in this study (Table 6). However, the dis-
tribution of tissue radioactivity and excre-
tion data were similar to those reported
by Buhler et al.? for rats at comparable
times after administration of [*CJHCP.

Subcellular location of bound radioac-
tivity. The subcellular distribution of co-
valently bound radioactivity from [“CJHCP
in rat liver is shown in Table 7. After
intraperitoneal and oral administration of
[“CIHCP, the major portion of the bound
radioactivity was localized primarily in
the microsomes (37-38%) and in the cyto-
sol (25-27%). Lesser amounts of radioactiv-
ity were associated with the proteins of
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Ether-extracted hepatic microsomes were incubated with 0.125 mm [*CJHCP in the absence (6——@)
and presence (O——O) of 1 mM NADPH as described in MATERIALS AND METHODS.

the nuclear-cell debris and mitochondrial
fractions.

Raney nickel desulfurization. In an at-
tempt to determine the binding site(s) and
assess the nature of the bound
metabolite(s) of HCP, hepatic microsomes
obtained from experiments in vivo and in
vitro were precipitated and washed with
TCA, extracted six times with ether, and
digested with Pronase as described in MaA-
TERIALS AND METHODS. The resultant di-
gests were lyophilized, extracted three
times with ether, and subjected to Raney
nickel desulfurization.

Raney nickel treatment released 13-20%
of the covalently bound HCP metabolites
that were extractable with ethyl ether.
Thin-layer chromatography of aliquots of
the ether extract revealed a minimum of
five or six radioactive spots. The R values
of the cleaved metabolites were 0.17, 0.23,
0.38, 0.41, and 0.94 in benzene-hexane-
methanol-water (7:3:5:5 by volume). An

additional polar component remained at
the point of application. A considerable
amount (63%) of released radiocarbon was
extracted into 0.1 N NaOH from the ether
extract, and the presence of phenols and/
or acids was indicated. Acidic treatment
and ether extraction prior to desulfuriza-
tion removed approximately 4-6% of the
radioactivity associated with the protein
digests. Since Raney nickel selectively
cleaves carbon-sulfur bonds, the HCP me-
tabolites released from the Pronase digests
were probably attached to the sulfur-con-
taining amino acids (e.g., cysteine and/or
homocysteine) via a carbon-sulfur bond
(18). However, a significant portion (40%)
of the bound radiocarbon remained in the
aqueous fraction after Raney nickel treat-
ment and solvent extraction, indicating
possible attachment of HCP metabolites
to other binding sites, such as the NH,
groups of lysine. More than 80% of the
radioactivity associated with the Pronase
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digests was recovered in the various frac-
tions analyzed.

Epoxide hydrase inhibition and activa-
tion. To evaluate further the nature of the

TABLE 6
Covalent binding of radioactivity in tissues of rats
after oral and intraperitoneal administration of
[*“C]hexachlorophene

Radioactivity bound to TCA-insoluble, ether-ex-
tracted fractions was determined. Values are means
of duplicate determinations.

Organ or tissue Bound radioactivity

Intraperito-  Oral dose®

neal dose®
nmole HCP equivalent/mg
protein

Brain 0.001 0.000
Fat 0.006 0.001
Heart 0.002 0.003
Kidney 0.035 0.030
Liver 0.076 0.040
Lung 0.005 0.004
Muscle 0.003 0.001
Plasma 0.045 0.056
Spleen 0.007 0.001
Testes 0.002 0.003

¢ Phenobarbital-treated animals received 5 mg/
kg of [**CJHCP (specific activity, 3.06 mCi/mmole)
and were killed 3 hr later. Urine and feces contained
1.70% and 0.02% of the dose, respectively.

® Phenobarbital-treated animals received 5 mg/
kg of ["*CJHCP (specific activity, 2.82 mCi/mmole)
and were killed 6 hr later. Urine and feces contained
3.17% and 0.10% of the dose, respectively.

MILLER ET AL.

bound HCP metabolites, microsomal oxi-
dations were conducted in vitro in the
presence of inhibitors and an activator of
epoxide hydrase that converts arene oxides
to less reactive dihydrodiols (15). The ef-
fects of ETCP, cyclohexene oxide, and gly-
cidol on the binding of radioactivity from
[“C]JHCP to rat hepatic microsomes are
shown in Table 8. Covalent binding was
increased substantially (40-58%) in the
presence of 1.0 mMm, 2.5 mM, and 5.0 mm
ETCP. Enhanced binding was also ob-
served with cyclohexene oxide at the same
concentrations. The inhibition of the en-
zymatic hydration of an HCP epoxide by
ETCP and cyclohexene oxide apparently
increased the steady-state level of the
epoxide, resulting in significant increases
in covalent binding (18). In addition to the
apparent inhibition of epoxide hydrase,
the decreases in binding noted at 10 mm
ETCP and cyclohexene oxide indicated a
reduction in liver monooxygenase activity,
which may have limited the formation of
the arene oxide(s). Slight inhibition of the
binding of radioactivity from ['*CJHCP to
microsomal protein was observed when
microsomal oxidations were conducted in
the presence of high concentrations of
glycidol, an activator of epoxide hydrase
(Table 8). Acetonitrile and ethyl ether (10
ul), added to all control and reaction mix-
tures, appeared to have little effect on the
degree of binding.

TaBLE 7
Subcellular distribution of covalently bound radioactivity from [**C]hexachlorophene in rat liver after oral
and intraperitoneal administration
Rats treated with phenobarbital received 5 mg/kg of [*CIHCP (specific activity, 2.82-3.06 mCi/mmole).
Intraperitoneally and orally treated animals were killed at 3 and 6 hr, respectively. Radioactivity was
determined in TCA-insoluble, ether-extracted fractions. Values are means of duplicate determinations.

Cell fraction

Intraperitoneal dose

Oral dose

Total HCP HCP per

Radioac- Total HCP HCPper  Radioac-

per fracc mgof pro- tivity cova- per fracc mg of pro- tivity cova-
tion tein lently tion tein lently
bound bound
nmoles HCP equivalent % total frac- nmoles HCP equivalent % total frac-
tion tion
Nuclear + cell de-
bris 21.0 0.041 15.6 17.5 0.025 17.7
Mitochondria 13.8 0.030 18.6 8.78 0.028 19.5
Microsomes 21.5 0.10 38.1 15.0 0.053 37.2
Soluble (105,000 x
& supernatant) 51.8 0.074 27.7 28.5 0.036 25.7
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TABLE 8
Effects of 1,2-epoxy-3,3,3-trichloropropane,
cyclohexene oxide, and glycidol on binding of
radioactivity from ['*C]hexachlorophene to rat
hepatic microsomes in vitro

Washed rat liver microsomes (2-4 mg of protein)
were incubated at 37° for 30 min with [**CJHCP
(0.031-0.062 mMm) as described in MATERIALS AND
METHODS. Values are the means + standard devia-
tions of duplicate analyses from at least three ani-
mals and were corrected for non-cofactor-dependent
binding of ['*CJHCP. ETCP and glycidol were added
to incubation mixtures in acetonitrile (10 ul). Cy-

clohexene oxide was added in ethyl ether (10 ul).

Inhibitor or Concen- [*C]JHCP bound
activator tration
mM  nmoles/mg pro- % com-
tein/30 min  plete re-
action
ETCP 0.0 1.33 = 0.15 100
1.0 1.87 £ 0.29 141
2.5 2.10 = 0.19 158
5.0 1.96 = 0.03 149
10.0 1.51 = 0.27 114
Cychlohex- 0.0 1.12 + 0.17 100
ene oxide 1.0 1.26 = 0.20 112
2.5 1.58 + 0.48 139
5.0 1.52 + 0.41 134
10.0 1.05 = 0.49 91
Glycidol 0.0 0.895 = 0.18 100
1.0 0.878 = 0.11 99
2.5 0.957 = 0.24 106
5.0 0.857 = 0.34 94
10.0 0.719 = 0.20 80
DISCUSSION

HCP was oxidized via a cytochrome P-
450 mixed-function oxidase system to re-
active metabolites which then covalently
bound to microsomal proteins. Binding re-
quired NADPH and oxygen and was in-
hibited by nitrogen, piperonyl butoxide,
7,8-benzoflavone, and SKF 525-A (Tables
1 and 4). Cysteine and GSH also inhibited
covalent binding when included in the
microsomal reaction mixtures, but ap-
peared to be less effective at lower concen-
trations (0.5- 1 mM) than other chemicals
and drugs® (19). The conjugation of reac-
tive HCP metabolites with GSH did not
appear to be a significant or major path-
way in the oxidative metabolism of the
bisphenol in vitro. Similar results were
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reported by Selander et al. (20) for the
conjugation of the arene oxides of chloro-
benzene with glutathione in vitro. The
electrophilic reactants may not be readily
accessible to the tripeptide, and, even un-
der optimal reaction conditions, other
pathways may be preferred. Under our
experimental conditions, only a slight in-
crease in GSH inhibition was observed
when cytosol (105,000 x g supernatant)
from uninduced animals was added to the
microsomal incubation mixtures. Boyland
and Williams (21) demonstrated that sev-
eral epoxy compounds, including the poly-
chlorinated insecticide dieldrin, were not
substrates for the GSH transferases in
liver supernatant preparations from rats.
Apparently some epoxides react with GSH
in the absence of transferase, others do
not react even in the presence of enzyme,
and some form conjugates only if the en-
zyme is present (22).

Treatment of animals with phenobarbi-
tal increased binding approximately 2-fold
(Table 3), but 3-MC was only slightly
stimulatory in some cases. Although phe-
nobarbital and 3-MC enchance the metab-
olism of a variety of drugs and chemicals,
they induce different hepatic cytochromes
P-450 (23). The data suggested that a cy-
tochrome P-450 rather than a cytochrome
P,-450 or P-448 pathway was predomi-
nantly involved in the activation of HCP.

The enchancement of binding in the
presence of ETCP and cyclohexene oxide
and the limited inhibition observed with
glycidol supported the conclusion that ar-
ene oxides are initially formed in the met-
abolic activation of HCP by the cytro-
chrome P-450 monooxygenase system. The
HCP epoxides may react directly with mi-
crosomal proteins, or they may be inter-
mediates that are further metabolized or
rearranged to other electrophilic species
that subsequently bind to cell constitu-
ents.

These results confirm and extend the
preliminary observations of Corsini et al.
(5). They also provide an explanation for
the persistence of radioactivity in the liver
and other tissues of rats treated with
[““CIJHCP.? Appreciable covalent binding
of HCP metabolites to ether-extracted,
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TCA-insoluble precipitates from the liver,
kidney, and plasma was observed in rats
treated either intraperitoneally or orally
with [“CJHCP (Table 6). The higher con-
centrations of covalently bound radioactiv-
ity in some tissues and organs may be
associated with increased concentrations
of reactive metabolites and/or a greater
number of nucleophilic binding sites. With
few exceptions, the distribution of cova-
lently bound metabolites from HCP corre-
lated well with the relative activities of
microsomal cytochrome P-450 enzymes in
the various tissues examined (23).

Two pathways may be involved in the
covalent binding of HCP to microsomal
protein through an arene oxide type of
intermediate: (a) direct microsomal oxida-
tion of the bisphenol to an arene oxide
and (b) initial reductive dechlorination
followed by arene oxide formation (Fig.
6). Chlorinated aromatic compounds, such
as the isomeric tri- and tetrachloroben-
zenes, are oxidized in vivo via an arene
oxide type of intermediate (24). Since sev-
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eral metabolites of these polychlorinated
benzenes are produced by an NIH shift
(25) of a chlorine atom, the epoxide must
be initially formed at a position already
containing a halogen (24). Therefore it is
possible that HCP could be metabolized
directly to arene oxides by a similar path-
way.

Arene oxide formation from HCP might
also occur following an initial dechlorina-
tion reaction. A structurally related com-
pound, hexachlorobenzene, can be con-
verted in vivo to a number of metabolites
reflecting the loss of 1, 2, or 3 chlorine
atoms (26-29). A microsomal enzyme lo-
cated in rat liver, lung, kidney, and intes-
tine apparently catalyzed the reductive
dechlorination of hexachlorobenzene (26).
Although this microsomal system did not
appear to require the addition of cofactors,
one or more chlorophenols were formed
from hexachlorobenzene when liver micro-
somal preparations were fortified with
NADPH (26, 27). A similar NADPH- and
oxygen-requiring microsomal system was

-Cl ci ¢ ct ¢ -Cl
Cl OH HO Cl OH HO I
ci ¢ l c < ¢l l cl
Cl OH HO H Ci OH  HO G
0
CHy H CH, H
o
ct ¢ ¢ ¢ ¢l c cl H

Cl OH HO Cl
CHy H
(o]
cl Cl Ct ¢l
F1G. 6. Possible routes of microsomal dechlorination and oxidation of hexachlorophene to reactive
electrophiles
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described for the dechlorination of halo-
genated anesthetics (30). Reductive de-
chlorination of DDT analogues by liver
preparationg under anaerobic conditions
was also demonstrated by Hassall and
Manning (31), but the reaction may be
catalyzed nonenzymatically by the re-
duced form of heme proteins (32).

At present we have no evidence that
would indicate the relative importance of
each pathway for the formation of arene
oxides from HCP. However, the demon-
stration of several bound HCP metabolites
by Raney nickel desulfurization and sub-
sequent thin-layer chromatography sug-
gested that both pathways may be func-
tional in vitro.

The data presented are in agreement
with the formation of reactive metabolites
of HCP, presumably arene oxides, by cy-
tochrome P-450-dependent monooxygen-
ases in the endoplasmic reticulum. Subse-
quent covalent binding of the HCP epox-
ides or structurally related species to tis-
sue proteins or other cellular macromole-
cules may result in an alteration in bio-
chemical function that could play an im-
portant role in the expression of toxicity.
HCP is a potent inhibitor of mixed-func-
tion oxidases and significantly reduces the
content of microsomal cytochromes P-450
and b; at concentrations between 5 and
100 nmoles of HCP per milligram of micro-
somal protein (4). Since multiple forms of
cytochrome P-450 hemoproteins in rat
liver microsomes have been reported (33),
the persistent binding of HCP to a micro-
somal protein with a molecular weight in
the range 54,500-60,000 (Fig. 5) suggested
that one of the binding sites may be cyto-
chrome P-450. However, it should be em-
phasized that the effect of HCP on cyto-
chrome P-450 may also represent a conver-
sion to the inactive P-420 form as reported
by Gandolfi et al. (4).
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