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SUMMARY

The mechanism of in vitro formation of 2-hydroxyesteradiol 1- and 4-glutathione thioethers from estra-
diol, 2-hydroxy-3-deoxyestradiol, and 2-hydroxyestradiol by rat liver microsomes in the presence of
NADPH and glutathione has been studied. The amount ratios of the 1- to 4-glutathione thioether
of 2-hydroxyestradiol formed from these three substrates were 2.10, 0.96, and 1.70, respectively. In
addition, by periodate oxidation 2-hydroxyestradiol was transformed through the o-quinone to the
two isomeric thioethers whose ratio was 3.43 and distinctly different from that observed with the
microsomal preparation. In the double isotope experiments employing [4-!4C]-estradiol and [6,7-*H]-2-
hydroxy-3-deoxyestradiol as substrates the 3H/!*C values of 2-hydroxyestradiol and its 1- and 4-glutath-
ione thioethers were found not to be identical. These results imply that 2-hydroxyestradiol may be
converted to the thioethers by way of the semiquinone rather than the o-quinone and a new inter-
mediate, presumably an arene oxide, may participate in the binding with glutathione.

INTRODUCTION

In recent years considerable attention has been drawn
to the formation of the glutathione and cysteine con-
jugates of estrogen. It was found that the water-sol-
uble metabolites are formed when estronet and estra-
diol are incubated with the rat liver prepa-
ration [1-5]. These polar metabolites were unequivo-
cally characterized to be 1- and 4-monothioethers and
1,4-dithioether of catechol estrogen by direct com-
parison with the synthetic specimens[6,7]. It has
generally been accepted that binding of estrogen to
the sulfur-containing amino acid or peptide requires
the sequential reactions involving hydroxylation at
C-2 and oxidation into the o-quinone or semi-
quinone [4, 8,9]. In our previous work, however, it
was suggested that a new hypothetical intermediate
which differes from the 2-hydroxylated metabolite,
may serve as a proximate precursor leading to the
thioether [10] and in addition, 2-hydroxy-3-deoxyes-
tradiol, that is a positional isomer of estradiol, is simi-
larly converted to 2-hydroxyestradiol and its gluta-
thione conjugate by rat liver microsomes in the pres-
ence of NADPH and glutathione [11]. In this paper
we wish to report a new mechanism operative for
the formation of glutathione thioethers of 2-hydroxy-

*Part CXXII of “Studies on Steroids” by T. Nambara;
Part CXXI: H. Hosoda, K. Yamashita, S. Ikegawa, and
T. Nambara, Chem. Pharm. Bull. (Tokyo), in press.

T The following trivial names are used in this paper:
estrone = 3-hydroxy-1,3,5(10)-estratrien-17-one; estradiol
= 1,3,5(10)-estratriene-3,17p-diol; 2-hydroxy-3-deoxyestra-
diol = 1,3,5(10)-estratriene-2,178-diol; 2-hydroxyestradiol
= 1,3,5(10})-estratriene-2,3,178-triol.

estradiol from estradiol and 2-hydroxy-3-deoxyestra-
diol by rat liver microsomes and discuss the meta-
bolic significance of this new route in the living
animals.

MATERIALS AND METHODS

Animals. Male Wistar rats weighing 250-300 g were
used.

Materials. NADPH, NADP"*, glucose-6-phosphate,
glucose-6-phosphate dehydrogenase, and glutathione
from Sigma Chemical Co. (St. Louis), Amberlite
XAD-2 resin from Rohm and Haas (Philadelphia),
silica gel H from E. Merck AG (Darmstadt), cellulose
powder from Asahi Kasei Kogyo Co. (Tokyo), and
[6,7-*H]-estradiol (48 Ci/mmol) and [4-'*C]-estradiol
(50 mCi/mmol) from the Radiochemical Centre
(Amersham) were purchased, respectively. [6,7-3H]-2-
Hydroxyestradiol (2.5 mCi/mmol) was enzymatically
prepared from [6,7-3H]-estradiol by the method of
Marks and Hecker[ 12]. [6,7-*H]-2-Hydroxy-3-deoxy-
estradiol (10.8 Ci/mmol) was chemically synthesized
from [6,7->H]-estradiol by the method developed in
these laboratories (total yield 28%)[13, 14] and the
radiochemical purity was checked by tl.c. prior to
use. 2-Hydroxyestradiol was prepared in the manner
as described by Gelbke, et al.[15]. Glutathione 1-
and 4-thioethers of 2-hydroxyestradiol were synthe-
sized according to the procedure of Kuss[7].

Thin-layer chromatography. tlc. Was carried out
on a glass plate coated with a layer (0.25 mm. thick)
of cellulose and of silica gel H impregnated with
ascorbic acid [16] employing the following solvent
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systems: TL-1, hexane—ethyl acetate (1:1, v/v); TL-2,
benzene-ether (1:1, v/v); TL-3, 02N acetic
acid-0.1 N NH,OH (14.7:20, v/v). The adsorbent was
scraped off into each 0.5 cm. width and radioactivity
of the eluate from each section was counted.

Chemical synthesis of glutathione thioethers of
[6,7-3H]-2-hydroxyestradiol. To a solution of
[6,7-*H]-2-hydroxyestradiol (2mg, 14 x 10°d.p.m.)
in acetic acid (0.5 ml) was added sodium metaperio-
date (Smg) in water (1 ml) and the solution was
stirred vigorously for 1 min at room temperature. The
resulting solution was extracted with chloroform
(1 mi x 3) and the extract was washed with water
(1ml x 3). To this organic layer was added giuta-
thione (2.10 or 20mg) in 509, acetic acid (1 ml} and
the mixture was shaken vigorously for 10 min at room

temperature. The resulting solution was extracted
with water 2ml x 3) and the aq. layer was combined
and evaporated to dryness in vacuo. The residue was
redissolved in water, percolated through a column
packed with Amberlite XAD-2 resin (50ml), and
washed with water (S0ml). Elution with methanol
(50 ml), followed by evaporation of the effluent under
the reduced pressure gave glutathione thioethers of
(6,7-3H]-2-hydroxyestradiol.

Radioactivity counting. Counting was carried out on
a Packard Tri-Carb Model 3380 liquid scintillation
spectrometer employing Bray’s scintillator [17]. Cor-
rection for quenching was made by the automatic
external standard method.

Preparation of microsomes. The rat was sacrificed
by stunning and decapitation and liver was immedi-
ately removed and chilled on ice. All subsequent pro-
cedures were carried out at 0-4°. The tissue was
weighed, finely minced with scissors, homogenized
with 4-fold vol. of an ice-cold 1.15% KCl solution by
a Potter-Elvehjem homogenizer with a Teflon pestle,
and centrifuged at 10,000 ¢ for 30 min. The superna-
tant was carefully transferred and centrifuged at
105,000 g for 60 min by a Hitachi Model 40P ultra-
centrifuge. The microsomal pellet separated was
washed with 1.15%; KCl twice and then gently resus-
pended in 1.15% KCl in such a way that 1 ml was
equivalent to 4 mg of protein. Microsomal protein
was determined by the method of Lowry, et al.[18]
using bovine serum albumin as a reference.

Enzyme assay. The incubation studies were under-
taken with the following two systems: (A} the micro-
somal preparation (0.5mB, NADPH (3 umol), and
glutathione (0.4 umol) dissolved in 0.05M Tris-HCl
buffer (pH 7.4) (0.7ml), and [6,7-3H]-2-hydroxy-3-
deoxyestradiol (0.2 umol), [6,7-3H]-estradiol
(0.2 pmol), or [6,7-H]-2-hydroxyestradiol (0.2 umol)
dissolved in 50%, aq. methanol (0.1 ml}; (B) the micro-
somal preparation (0.5 ml), NADP™* (4 umol), glucose-
6-phosphate (50 ymol), glutathione (10 ymol), and glu-
cose-6-phosphate dehydrogenase (10 units) dissolved
in 005M Tris-HCl buffer (pH 74) (1.0ml),
[6,7-*H]-2-hydroxy-3-deoxyestradiol (0.2 umol) and
[4-'4C]-estradiol (0.2 umol) in 50% ag. methanol
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(0.2 ml). Incubation was carried out for 30 min at 37°
under the aerobic conditions. After a definite period
1 N HCI (2 ml) was added to terminate the reaction
and the solution was cooled immediately in an ice-
bath. To the incubation mixture were added 2-hyd-
roxyestradiol (500 ug) and its 1- and 4-glutathione
thioethers (500 ug) as carriers together with ascorbic
acid (2 mg) to prevent oxidative degradation of cat-
echol estrogens. The reaction mixture was brought
to 10% trichloroacetic acid solution and then centri-
fuged at 3,000 rev./min for 20 min to separate the pro-
tein-bound metabolites. The sediment was washed
with 10% trichloroacetic acid (2 ml), ethanol (2 ml),
and ethyl acetate (2 ml), successively. The supernatant
was in turn extracted with ethyl acetate (3ml x 3)
to divide into the lipophilic and water-soluble frac-
tions. Separation of these three fractions was per-
formed according to the method previously estab-
lished with a slight modification [1, 19]. The water-
soluble fraction was purified by column chroma-
tography on Amberlite XAD-2 resin. The reliability
of this procedure has been demonstrated in the pre-
ceding paper [11]. The 3H-labeled 2-hydroxyestradiol
and its glutathione conjugate added to the incubation
mixture with boiled microsomes were recovered at
the rate of 81.0 and 90.5%; (means of three determina-
tions), respectively.

Identification and quantitation of 2-hydroxyestradiol
and its glutathione thioethers. 2-Hydroxyestra-
diol obtained from the lipophilic fraction was identi-
fied by t.lc, gl.c—mass spectrometry, and reverse iso-
tope dilution technique [11]. The structures of gluta-
thione thioethers of 2-hydroxyestradiol were con-
firmed by leading to 2-hydroxyestradiol by desulfuri-
zation with Raney nickel, followed by characteriza-
tion of the steroid aglycone liberated by tlc. and
reverse dilution analysis [11]. For semiquantitative
analysis of the lipophilic fraction the extract was dis-
solved in a small vol. of methanol, applied to a silica
gel thin-layer plate as a strip (2 x 0.3 cm.), and devel-
oped. The radioactivity of the zone (TL-1 0.35, TL-2
0.55) corresponding to 2-hydroxyestradiol on the
chromatogram developed with two solvent systems
was measured and the 3H/**C value was obtained.
The partially purified water-soluble fraction was sub-
mitted to t.l.c. on the cellulose plate with the solvent
system TL-3 in the manner as described above. The
radioactivity was detectable solely on the zones corre-
sponding to glutathione 1- and 4-thioethers of 2-hyd-
roxyestradiol. Counting of the radioactivity provided
the molar ratio of these two conjugates and their
3H/4C values.

RESULTS

Formation of glutathione thioethers of 2-hydroxyestra-
diol from estradiol and 2-hydroxy-3-deoxyestradiol by
rat liver microsomes

Aerobic incubation of labeled estradiol and 2-hyd-
roxy-3-deoxyestradiol with rat liver microsomes in
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Fig. 1. Thin-layer chromatogram of lipophilic (a} and
water-soluble (b) metabolites formed from estradiol and
2-hydroxy-3-deoxyestradiol by rat liver microsomes.
{6,7-*H]-Estradiol (0.2 umol, 0.5 xCi) or [6,7-*HJ-2-hyd-
roxy-3-deoxyestradiol (0.2 yumol, 0.5uCi) was incubated
with rat liver microsomes under the condition of system
A in the text. Solvent system: a, hexane-ethyl acetate (3:2,
v/v); b, 0.2 N acetic acid-0.1 N NH,OH (14.7:20, v/v). 1:
estradiol, 2: 2-hydroxy-3-deoxyestradiol, 3: 2-hydroxyes-
tradiol, 4: 2-hydroxyestradiol 1-glutathione thioether, 5:
2-hydroxyestradiol 4-glutathione thioether. ——: from
2-hydroxy-3-deoxyestradiol, ----- : from estradiol.

the presence of glutathione and NADPH resulted in
incorporation of the radioactivity into the transfor-
mation products, 2-hydroxyestradiol and glutathione
thioethers. The radiochromatograms of the products
and unchanged substrates are illustrated in Fig. 1.
As can be seen in Fig. 2, the yields of catechol
estrogen and its conjugates increased with the incuba-
tion time linearly up to 30 min and 60 min, respect-
ively. The amounts of these metabolites formed from
2-hydroxy-3-deoxyestradiol were much less than
those from estradiol under the identical conditions.
In addition, incubation of 2-hydroxyestradiol under
the conditions as the above provided the glutathione
conjugates whose yields increased with the incubation
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Fig. 2. Effect of incubation time on the formations of
2-hydroxyestradiol (a) and its glutathione thioethers (b).
{6,7-*H]-Estradiol (0.2 pmol, 0.5 uCi), [6,7-*H]-2-hydroxy-
3-deoxyestradiol (0.2 gmol, 0.5 uCi), or [6,7-*H1-2-hydroxy-
estradiol (0.2 pmol, 0.5 uCi} was incubated with rat liver
microsomes under the condition of system A in the text,
®———@: Trom estradiol, 0——0: from 2-hydroxy-3-deoxy-
estradiol, A——aA: from 2-hydroxyestradiol.

period up to 25 min and were much higher than those
from other two substrates.

Determination of the ratio of isomeric glutathione
thioethers of 2-hydroxyestradiol formed from estradiol,
2-hydroxy-3-deoxyestradiol, and 2-hydroxyestradiol

In our previous work the in vitro and in vivo experi-
ments with the rat suggested that 2-hydroxyestrogen
thioethers are not solely produced vig the catechol
and a new hypothetical species derived from estradiol
also may serve as a proximate precursor in the forma-
tion of these conjugates {10]. In order to clarify the
formation mechanism the amount ratio of two iso-
meric glutathione thioethers enzymatically produced
from estradiol, 2-hydroxy-3-deoxyestradiol, or 2-hyd-
roxyestradiol, was determined. The ratios of the 1-
to 4-thioether derived from estradiol and 2-hydroxy-
3-deoxyestradiol were found to be 2.10 and 096, re-

"spectively (Table 1). The addition of non-labeled

2-hydroxyestradiol to the incubation mixture caused

Table 1. The ratio of 1- to 4- glutathione thiaether of 2-hydroxyestradiol formed from estra-
diol, 2-hydroxy-3-deoxyestradiol, or 2-hydroxyestradiol with rat liver microsomes

Ratio of 1- to 4-glutathione thioether

Substrate Mean Range
Estradiol 2.10 2.08-2.15 (8)
2-Hydroxy-3-deoxyestradiol 0.96 0.88-1.05 (8)
2-Hydroxyestradiol 1.70 1.65-1.75 (6)

Microsomes (equivalent to 2mg protein), *H-labeled steroid (0.2 umol), and NADPH
(4 umol) were incubated at 37° for 30 min. Incubated radioactivity: [6,7-*H]}-estradiol 0.5 uCi;
[6,7-3H]-2-hydroxy-3-deoxyestradiol 0.5 uCi; [6,7-*H]-2-hydroxyestradiol 0.1 »Ci. Figures in
parentheses represent the number of experiments.
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Table 2. Effect of non-radioactive 2-hydroxyestradiol on incorporation of the radioactivity into the water-soluble metabo-
lites and on the ratio of 1- to 4-glutathione thioether of 2-hydroxyestradiol formed from estradiol and 2-hydroxy-3-deoxy-
estradiol by rat liver microsomes

2-Hydroxyestradiol

Ratio of 1- to 4-
Radioactivity glutathione thioether

converted to water-

Substrate added (umol) soluble metabolites (7;) Mean Range
Estradiol 0 100 2.10*
0.025 52 245 2.40-2.50 (6)
0.10 40 351 3.42-3.65 (6}
2-Hydroxy-3-deoxy- 0 100 0.96*
estradiol 0.025 62 0.70 0.65-0.75 (6)
0.10 45 041 0.40-0.42 (4)

* Taken from Table 1.

To the incubation mixture (system A in the text) 2-hydroxyestradiol (0.025 or 0.1 umol) was added and incubated
at 37° for 30 min. [6,7-*H]-Estradiol (0.2 gmol, 0.5 uCi) or [6,7-*H]-2-hydroxy-3-deoxyestradiol (0.2 umol, 0.5 uCi) was
used as a substrate. Figures in parentheses represent the number of experiments.

a marked decrease in the yield of radioactive water-
soluble metabolites together with an alteration of the
ratio of two isomeric glutathione conjugates. When
estradiol was used as a substrate, the ratio was ele-
vated from 2.10 to 3.51 along with the increasing
amount of 2-hydroxyestradiol added. In sharp con-
trast the value decreased from 0.96 to 0.41 in the case
of 2-hydroxy-3-deoxyestradiol (Table 2). 2-Hydroxy-
estradiol being incubated with rat liver microsomes
under the above conditions, the ratio in the yield of
1- to 4-glutathione thioether was 1.70, distinctly dif-
ferent from the values obtained with estradiol and
2-hydroxy-3-deoxyestradiol.

From these data it seems likely that a pathway by
which the 1-thioether is formed from a new proximate
precursor derivable from estradiol may be more
dominant than that from 2-hydroxyestradiol, and also
the 4-thioether may be produced from 2-hydroxy-3-
deoxyestradiol via the analogous intermediate more
preferentially than from the catechol. A marked
change in the ratio of the two isomeric thioethers
caused by the addition of 2-hydroxyestradiol might
be ascribable to the diminished contribution of the
biosynthetic route via catechol estrogen. If the gluta-
thione conjugates were formed solely through 2-hyd-
roxyestradiol by rat liver microsomes, the ratios of
the isomeric glutathione conjugates produced from
estradiol, 2-hydroxy-3-deoxyestradiol, and 2-hydroxy-
estradiol should be equivalent. Moreover, the iso-

meric thioethers chemically synthesized from the cat-
echol through the o-quinone by periodate oxidation
showed a value of approx. 34, which differed
obviously from that obtained by the enzymatic reac-
tion (Table 3). These results strongly imply that the
enzymatic formation of the glutathione conjugates of
catechol estrogen does not nesessarily take a course
by way of the o-quinone.

In order to obtain further evidences for the new
formation mechanism a double isotope experiment
using  [6,7-*H]-2-hydroxy-3-deoxyestradiol  and
[4-1*C]-estradiol as substrates was undertaken. The
3H- and !'*C-labeled substrates (*H/**C = 23.3) were
incubated simultaneously with rat liver microsomes
in the presence of NADPH and glutathione. Then
2-hydroxyestradiol and its 1- and 4-glutathione
thioethers formed were separated from the lipophilic
and water-soluble fractions, respectively. The *H/!“C
ratios were found to be 10.7 for 2-hydroxyestradiol,
8.4 for the 1-thioethers, and 20.9 for the 4-thioether
(Table 4). It is evident from the data that the value
of 2-hydroxyestradiol is not identical with those of
its glutathione conjugates. Furthermore, there can be
seen a significant difference in the 3H/**C value
between the two isomeric conjugates. These evidences
lent a support to the assumption that the new
mechanism mentioned above may participate in the
formation of the glutathione conjugates of catechol
estrogen.

Table 3. The ratio of 1- to 4-glutathione thioether of 2-hydroxyestradiol
formed from 2-hydroxyestradiol by chemical reaction

Molar ratio of glutathione

Ratio of 1- to 4-glutathione

to 2-hydroxyestradiol thioether*
1.0 342
50 325
10.0 3.64

* Mean value of duplicate determinations.

[6,7->H]-2-Hydroxyestradiol (2mg, 14 x 10°d.p.m) was oxidized
with sodium metaperiodate to the o-quinone which in turn was con-
densed with various amounts of glutathione.
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Table 4. The *H/!'*C values of 2-hydroxyestradiol and its 1- and 4-glutathione

thioethers formed from [4-!#C]-estradiol and [6,7-*H]-2-hydroxy-3-deoxyestra-

diol by rat liver microsomes. Microsomes (equivalent to 2 mg protein), [4-!*C]-

estradiol (0.2 umol, 0.1 uCi), [6,7-3H]-2-hydroxy-3-deoxyestradiol (0.2 umol,

2.33 uCi), and NADPH-generating system were incubated at 37° for 30 min
under the condition of system B in the text.

SH/'C value

Exptl. 1-Glutathione 4-Glutathione
No. 2-Hydroxyestradiol thioether thioether

1 10.3 79 18.1

2 10.5 8.1 240

3 11.2 8.9 19.8

4 11.1 8.7 21.6
Mean 10.7 84 209
DISCUSSION

It 1s generally accepted that the estrogen metabo-
lites bound with protein or glutathione are formed
oxidatively from the catechol [2-10]. Since the typical
o-quinone reagent and basic amino acid fail to trap
the radioactive products derived from labeled estrone
and 2-hydroxyestrone and inhibit labeling of the thiol
compound and protein in the microsomal system, it
has been supposed that a reactive species formed by
oxidation is not an o-quinone [8, 20], but an o-semi-
quinone radical [4,9,20]. In the present studies the
ratio of 1- to 4-glutathione thioether produced from
2-hydroxyestradiol by rat liver microsomes has
proved to be different from that obtainable by the
chemical synthesis via the o-quinone. These results
lend a support to the assumption that a semiquinone-
type intermediate may participate in the formation
of the glutathione conjugate of catechol estrogen.

It is sufficiently substantiated that NADPH-depen-
dent mixed function oxidase is responsible for the oxi-
dative metabolism of hormonal steroids as well as
various foreign compounds[21-25]. Carcinogenic
polycyclic hydrocarbons are metabolized by oxy-
genase into the K-region epoxide and diol-epoxide
to exert the biological activities including mutageni-

Estradiol

HO

city [26-35]. Moreover, the arene oxide is further
converted to the glutathione conjugate, trans-dihydro-
diol, and phenolic compound in the biological sys-
tem [2, 36—40]. Booth, et al.[41] reported that the
amounts of these three metabolites formed from
polynuclear aromatic hydrocarbons are significantly
depressed by the presence of estradiol probably due
to the competitive inhibition against the formation
of the arene oxide. There can be seen close similarities
in the mode of biotransformation between the pheno-
lic steroid and polycyclic hydrocarbon as judged from
the inhibitory effect of the aromatic steroid. The
present results together with the previous findings im-
ply that the arene oxide may possibly be an important
intermediate in the formation of the glutathione
thioether of estrogens and in another word a new
mechanism involving the participation of the arene
oxide may also be operative. As illustrated in Fig.
3, epoxidation of the aromatic ring of a phenolic
steroid and subsequent conjugation with glutathione,
not through a semiquinone intermediate, may be an
alternative route leading to the glutathione conjugate
of catechol estrogen.

The problem of whether the aromatic steroid, in
particular the contraceptive drug, exerts the carcino-
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Fig. 3. Proposed mechanism for the formation of 2-hydroxyestradiol glutathione thioethers from estra-
diol and 2-hydroxy-3-deoxyestradiol by rat liver microsomes.
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genic effects or not still remains unclear. Although
the possible carcinogenicity of estrogens has been
denied [42-46], more detailed studies are required to
arrive at the definite conclusion [47-50]. Considering
the metabolic fate of the phenolic steroid and poly-
cyclic aromatic hydrocarbon involving the arene
oxide, elucidation of the carcinogenic mechanism
from this point of view is a fertile field for further
investigation.
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