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The influence of metabolism on the genotoxicity of
catechol estrogens in three cultured cell lines
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The 2- and 4-hydroxy metabolites of 17-estradiol (E2) and estrone (E1) are important for E2-medi-
ated carcinogenesis due to the formation of genotoxic ortho-quinone metabolites. To assess the
importance of metabolic conjugation for their genotoxicity, the DNA strand-breaking activity of the
four catechol estrogens was determined in three cell lines with different activities of catechol-O-meth-
yltransferase (COMT) and UDP-glucuronosyltransferase (UGT). Most DNA strand breaks were
observed in V79 cells, which lack these metabolic activities. 2- and 4-hydroxy-E2 were 2.5 times
more genotoxic than 2- and 4-hydroxy-E1. MCF-7 cells exhibit COMT activity, and the incidence of
DNA strand breaks decreased with increasing methylation; only the 4-hydroxy metabolites of E1 and
E2, which were poor substrates of COMT, exhibited low genotoxicity. HepG2 cells converted the cat-
echol and methoxy metabolites of E2 to the respective E1 metabolites by 17-hydroxysteroid dehy-
drogenase (HSD). Moreover, methylation and glucuronidation took place. Only 4-hydroxy-E1 elicited
a weak genotoxic response in these cells. The extensive metabolism in HepG2 cells is proposed to
account for the failure of catechol estrogens to induce DNA strand breaks. Thus, metabolism by
COMT and UGT and, to a minor extent, by HSD is a major determinant for the genotoxicity of cate-

chol estrogens in target cells.
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1 Introduction

Over the years, the endogenous steroidal estrogen 17(3-
estradiol (E2) has been shown to induce various types of
tumors in experimental animals [1, 2]. In humans, elevated
level of E2 is a risk factor for cancer in hormone-dependent
organs, particularly breast, endometrium, ovary, prostate,
and testis [3—5]. Despite the clear association of E2 with
cancer in humans and animals, the cellular and molecular
mechanisms of estrogen-mediated carcinogenesis have not
been fully elucidated to date. In addition to epigenetic
events, e.g., stimulation of cell proliferation mediated
through estrogen receptors, there is growing evidence that
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estrogen-induced genetic damage may also play an impor-
tant role [6—8]. In this context, the oxidative metabolism of
E2 is of particular interest [6—13]. E2 is partly converted to
estrone (E1) by the enzyme 17B-hydroxysteroid dehydro-
genase (HSD), and both E2 and E1 are hydroxylated at vari-
ous positions of the steroid moiety by cytochrome P450
(CYP)-dependent monooxygenases. Major phase I metabo-
lites of E2 and E1 are the catechols 2-HO-E2/-E1 and
4-HO-E2/-E1 (Fig. 1). These catechol estrogens, which are
carcinogenic in animals [14, 15] can be further oxidized to
the respective 2,3- or 3,4-quinones, which have been shown
to form DNA adducts [9, 12, 13]. In addition, the semiqui-
none/quinone intermediates generated from catechol estro-
gens can undergo redox-cycling to generate reactive oxygen
species, which may also damage DNA [2, 6, 7]. In order to
avoid genetic damage, quinones can be inactivated by reac-
tion with glutathione, and catechol estrogens are conjugated
through methylation by the enzyme catechol-O-methyl-
transferase (COMT) or through glucuronidation or sulfona-
tion by the respective transferases [16—23]. Thus, the sus-
ceptibility of cells for genetic damage by steroid estrogens
should depend on the rate of formation of catechol estro-
gens as well as their further metabolism (Fig. 1).
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Figure 1. Formation of the catechol estrogens 2-HO-E2/-E1
and 4-HO-E2/-E1 and their subsequent metabolism through
methylation, glucuronidation, and sulfonation.

In the present study, the importance of phase II metabo-
lism for the genetic toxicity of the four catechol estrogens
has been investigated by measuring the induction of DNA
strand breaks in three cell lines with different metabolic
capabilities, i.e., Chinese hamster lung fibroblasts (V79)
and human cancer cells from breast (MCF-7) and liver
(HepG2).

2 Materials and methods

2.1 Chemicals, cell lines, and culture conditions

The four catechol estrogens 2- and 4-HO-E2 and -E1 were
purchased from Steraloids (Wilton, New Hampshire, USA).
tert-Butylhydroperoxide (~-BuOOH) was from Merck
(Darmstadt, Germany) and other biochemicals and reagents
were from Sigma/Aldrich/Fluka (Taufkirchen, Germany).
V79, MCF-7, and HepG2 cells were obtained from the Ger-
man Collection of Microorganisms and Cell Cultures
(Braunschweig, Germany). MCF-7 cells were cultured in
DMEM with 5% fetal calf serum (FCS, Invitrogen, Karls-
ruhe, Germany), V79 in DMEM with 10% FCS and HepG2
cells in DMEM containing Ham's nutrient mixture F-12
(DMEM/F12) with 10% FCS at 37°C in a water-saturated
atmosphere containing 5% carbon dioxide. All cell culture
media contained 100 U/mL penicillin and 100 mg/mL
streptomycin.

2.2 Chemical stability of catechol estrogens

Because catechol estrogens are prone to autoxidation, their
stability was tested in DMEM/F12 medium at 20°C in the
absence of FCS. The final concentrations were 2.5 uM for
the catechol estrogens and 0.1% for DMSO. Aliquots of
2.5 mL were removed after time intervals of 60 min, 3,5,
3", 5"-tetramethylbisphenol A was added as a standard to a
final concentration of 0.4 uM, and the aliquots were
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extracted with 2.5 mL of ethyl acetate. The extracts were
then evaporated to dryness under reduced pressure, the resi-
dues dissolved in 30 pL methanol and analyzed by HPLC
(see Section 2.4).

2.3 Methylation and glucuronidation in cell lysate

For the preparation of cell lysate, MCF-7 and HepG2 cells
were collected by trypsination and centrifugation, and
washed with cold PBS. Aliquots containing 5 x 10 MCF-7
cells or 10 x 10° HepG2 cells in 50 uL PBS were lysed by
cooling to —80°C. These cell lysates were used as source of
the enzymes COMT and uridine-5'-diphospho-glucurono-
syltransferase (UGT). For conducting methylation reactions
with the lysate of MCF-7 cells, MgCl, (final concentration
4 mM), the catechol estrogen dissolved in DMSO (final
substrate concentration 5 uM and final DMSO concentra-
tion 1%) and 875 uL 0.1 M potassium phosphate buffer
pH 7.4 (“phosphate buffer”) were added. After incubating
the mixture at 37°C for 5 min, the reaction was started by
adding S-adenosyl-L-methionine (SAM, final concentra-
tion 500 M) in phosphate buffer to give a final volume of
1000 puL, and further incubated for 20 min at 37°C. The
incubation mixture was extracted with 2 x 500 uL ethyl
acetate, the combined extract evaporated to dryness, the
residue dissolved in 30 uL. methanol, and analyzed by
HPLC (see Section 2.4). For conducting simultaneous
methylation and glucuronidation reactions, 5 pug alamethi-
cin in 40 pL. phosphate buffer was added to the lysate of
HepG?2 cells and the mixture was placed on ice for 15 min.
MgCl, (final concentration 10 mM), the B-glucuronidase
inhibitor saccharolactone (final concentration 10 mM), the
catechol estrogen dissolved in DMSO (final substrate con-
centration 50 uM and final DMSO concentration 1%), and
23 uL of phosphate buffer were added. After incubating the
mixture at 37°C for 5 min, the reaction was started by add-
ing SAM (final concentration 500 uM) and uridine-5'-
diphosphoglucuronic acid (UDPGA, final concentration
4 mM) in phosphate buffer to give a final volume of 200 puL
and further incubated for 60 min. The reaction was termi-
nated by adding 200 uL 0.7 M glycin/HCI buffer pH 1.2.
The incubation mixture was extracted with 2 x 500 pL ethyl
acetate, the combined extract evaporated to dryness, the
residue dissolved in 30 uL methanol, and analyzed by
HPLC (see Section 2.4).

2.4 HPLC analysis

A Beckman system equipped with a binary pump, a UV
detector, and Gold Nouveau Version 1.6 software for data
collection and analysis was used. Separation was carried
outona?250 x 4.6 mm id, 5 um, RP Luna C18 column (Phe-
nomenex, Torrance, CA, USA). Solvent A was deionized
water adjusted to pH 3.0 with formic acid, and solvent B
was ACN. A linear solvent gradient was started directly
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after injection, changing from 33% B to 50% B in 16 min,
then to 100% B in 4 min, staying at 100% B for 4 min, and
returning to initial conditions within 1 min. The flow rate
was 1 mL/min and the UV detector was set to 280 nm.

2.5 Alkaline unwinding

DNA strand breaks induced by catechol estrogens and con-
trol substances were measured by alkaline unwinding
according to Hartwig et al. [24]. 1 x10° V79 cells were
plated in 40 mm culture dishes and allowed to attach for
24 h in DMEM containing 10% FCS. This medium was
then replaced by FCS-free DMEM to which catechol estro-
gen was added as DMSO solution (final concentrations of
estrogen 5—50 uM and final DMSO concentration 0.5%),
and the V79 cells were further incubated at 37°C for
90 min. In the case of MCF-7 and HepG2 cells, 1.4 x 10°
cells were allowed to attach for 48 h in FCS-containing
DMEM and DMEM/F12, respectively, prior to incubation
with the catechol estrogens in FCS-free medium for 3 h.
After removing the medium and washing the cells with cold
PBS, alkaline unwinding was conducted by exposing the
cells to an alkaline solution (pH 12.3) containing 0.03 M
NaOH, 0.01 M Na,HPO,, and 0.9 M NaCl for 30 min in the
dark at 20°C. The samples were then neutralized to pH 6.8
with 0.1 M HCI and sonicated for 15 s at 0°C prior to add-
ing SDS to a final concentration of 0.05%. Separation of
ssDNA and dsDNA was carried out on hydroxyapatite col-
umns at 60°C. The DNA in both fractions was stained with
Hoechst dye 33258 (final concentration 7.7 x 10~7 M) and
the resulting fluorescence measured at 465 nm (excitation
at 360 nm).

3 Results

3.1 Metabolism of catechol estrogens in cell
lysates

The three cell lines used in the present study were selected
because of their different metabolic capabilities for the cat-
echol estrogens. Pilot studies carried out in our laboratory
showed that all three cell systems lack monooxygenase
activity, but differ in their ability to methylate or glucuroni-
date. Whereas V79 cells proved to be devoid of these conju-
gation reactions, MCF-7 cells were quite efficient for the
methylation and HepG2 for the methylation and glucuroni-
dation of catechol estrogens. These activities of MCF-7 and
HepG2 cells were studied in more detail, using lysate from
the respective cells rather than the intact cells themselves in
order to obtain higher metabolic conversion rates.

When lysate from MCF-7 cells was fortified with SAM
and incubated with the catechol estrogens, formation of
methylated catechols was detected by HPLC analysis. This
clearly showed that MCF-7 cells had active COMT. 2-HO-
E2/-E1 gave rise to two methylation products each, i.e.,
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Figure 2. Activity of MCF-7 cell lysate for the methylation of
catechol estrogens (5 uM). Data represent the mean + SD of
three independent experiments.

2-MeO-E2/-E1 and 2-HO-3-O-Me-E2/-E1 (Fig. 1). In con-
trast, only one methylated catechol, i.e., 4-MeO-E2/-El,
was detected with 4-HO-E2 and 4-HO-E1. Comparison of
the enzyme activities showed that 2-HO-E2/-E1 were much
better substrates of COMT than 4-HO-E2/-E1 (Fig. 2).
Addition of UDPGA to the lysate did not lead to the forma-
tion of glucuronidated catechol estrogens, indicating that
MCF-7 cells are devoid of UGT activity.

In contrast to MCF-7 cells, lysates of HepG2 fortified
with SAM and UDPGA gave rise to the formation of both
methylated catechol estrogens and glucuronidated metabo-
lites (Fig. 3) upon incubation with the catechol estrogens.
Moreover, HepG2 cells are able to convert E2, its catechol,
and methoxy metabolites to the respective E1 metabolites
by the enzyme HSD. Therefore, incubation with 2-HO-E2
and 4-HO-E2 led to the additional detection of 2-HO-E1
and 4-HO-E1 as well as their methylation and glucuronida-
tion products (Fig. 3). Notable differences in the conjuga-
tion of the positional isomers of catechol estrogens were
observed: whereas 4-HO-E2 and 4-HO-E1 were predomi-
nantly glucuronidated, 2-HO-E2 and 2-HO-E1 were prefer-
entially conjugated through methylation (Fig. 3).

The metabolites of the catechol estrogens were also
determined in the cell culture medium of MCF-7 and
HepG2 cells after 60 and 120 min incubation, respectively
(data not shown). Whereas methylation products could be
extracted from the medium with ethyl acetate, we did not
succeed in extracting the small amount of glucuronides.
However, the pattern of methylated catechol estrogens
observed in the medium closely resembled that obtained
with cell lysate (Fig. 3), showing that cell lysate is a suitable
metabolic surrogate for intact cells.

3.2 Induction of DNA strand breaks

3.2.1 Control experiments
Because catechol estrogens are prone to autoxidation, their
stability under the experimental conditions of the genotox-
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Figure 3. Activity of HepG2 cell lysate for the glucuronidation and methylation of the four catechol estrogens (50 uM). Data repre-
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Figure 4. Stability of the catechol estrogens (2.5puM) in
DMEM/F12 without FCS at 20°C. Data represent the
mean = SD of three independent experiments.

icity study was first clarified. When the compounds were
incubated with the medium without FCS in the absence of
cells for various periods of time, a time-dependent decline
was observed (Fig. 4). About 60% of the initial amounts
had disappeared after 120 min and 75% after 180 min.
Therefore, the incubation time with the cells (see Section
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3.2.2) was limited to 180 min for MCF-7 and HepG2 cells,
and to 90 min for V79 cells, because the doubling time of
V79 is about half of that of the other two cell lines.

In order to ensure the susceptibility of the three cell lines
for the chosen genotoxic endpoint, V79, MCF-7, and
HepG?2 cells were incubated with a known inducer of DNA
strand breaks, i.e., --BuOOH [25]. +-BuOOH gave rise to
DNA strand breaks in each of the cell lines, although to a
different extent: MCF-7 (19.8 = 4.0 x 10° strand breaks per
cell) and HepG2 (21.8 = 1.2 x 10°) appeared to be about
five times more susceptible than V79 cells (4.1 = 0.8 x 10°).

3.2.2 Catechol estrogens

V79, MCF-7, and HepG2 cells were incubated with each of
the four catechol estrogens at concentrations ranging from
5 to 50 pM, and the induction of DNA strand breaks was
measured using the method of alkaline unwinding. The
results are depicted in Fig. 5. All four catechol estrogens
caused a concentration-dependent induction of DNA strand
breaks in V79 cells. The catechols of E2 were clearly more
potent than the catechols of El, but no difference was
observed between the 2-hydroxylated and the 4-hydroxy-
lated isomers. In MCF-7 cells, the genotoxic activity of the
four catechol estrogens was much lower than in V79 cells,
and significant effects were only observed for 4-HO-E1 and
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Table 1. Correlation of the metabolic capabilities of cells with DNA strand breaks induced by catechol estrogens

Metabolic activity for

DNA strand breaks induced by 50 uM

Cellline Methylation Glucuronidation  +BuOOH 2-HO-E2 2-HO-E1 4-HO-E2 4-HO-E1
V79 - - ++ ++++ ++ ++++ ++
MCF-7 + - +H+++++ (+) (+) + ++
HepG2 + + +H+++++ - - - +

4-HO-E2 at the highest concentrations (Fig. 5). In HepG2
cells, only 4-HO-E1 at 50 uM induced a low level of DNA
strand breaks.

4 Discussion

The catechol estrogens are major metabolites of E2 and
believed to act as genotoxic agents in the mechanism of E2-
mediated carcinogenesis [2, 7, 9]. In the present study, we
have shown that the catechol estrogens of E2 and E1 cause
DNA strand breaks in three different mammalian cell lines,
but the extent of this genotoxic effect appears to depend on
the structure of the catechol estrogen and on the metabolic
capabilities of the cells (Table 1). The most pronounced
genotoxic effects were observed in V79 cells (Fig. 5),
although this cell line was least susceptible to the DNA
strand-breaking activity of the directly acting clastogen -
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BuOOH. The catechol estrogens of E2 were clearly more
genotoxic than the catechol estrogens of E1 by a factor of
almost 3 in V79 cells. As V79 are devoid of conjugating
enzymes, it is assumed that the observed differences reflect
the intrinsic genotoxic potencies of the catechol estrogens.
MCF-7 and HepG2 cells, which were five times more
susceptible to -BuOOH, exhibited a much lower genotoxic
response to the catechol estrogens than V79 (Fig. 5). More-
over, the 2-hydroxylated compounds were virtually inactive
in these two cell lines, and 4-HO-E1 had the highest geno-
toxicity. This can best be explained when the metabolic
capabilities of the two cell lines are taken into account: in
cell lysate of MCF-7 cells, 2-HO-E2/-E1 gave rise to two
methylation products each, i. e., 2-MeO-E2/-E1 and 2-HO-
3-O-Me-E2/-El. In contrast, only one methylation product,
i.e., 4-MeO-E2/-E1, was detected with 4-HO-E2 and
4-HO-E1 (Fig. 2). Moreover, the catalytic activity for the
methylation of the 2-HO-estrogens was higher than for the
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methylation of the 4-HO-estrogens. The failure of COMT
to methylate the 3-hydroxyl group of 4-HO-estrogens has
been observed before [26]. Also, it has been repeatedly
reported that 2-HO-E2/-E1 are much better substrates of
COMT than 4-HO-E2/-E1 [10, 27, 28]. Thus, in our study,
good substrates of COMT, i. e., 2-HO-E2 and 2-HO-E1, had
a lower DNA strand-breaking activity than 4-HO-E2/-E1.
The importance of COMT for preventing the genotoxicity
of catechol estrogens has recently also been demonstrated
with Syrian hamster embryo cells by Hirose et al. [27].
Likewise, it has been shown in E2-treated MCF-7 cells that
inhibition of COMT leads to an increase in oxidative DNA
damage mediated by the catechol estrogens [28].

The metabolism of catechol estrogens in HepG2 cells
proved to be more complex than in MCF-7 cells (Fig. 3): in
addition to methylation, HepG2 cells are able to convert E2,
its catechol and methoxy metabolites to the respective E1
metabolites by the enzyme HSD, and to form glucuronides.
Whereas 4-HO-E2 and 4-HO-E1 were predominantly glu-
curonidated, 2-HO-E2 and 2-HO-E1 were inactivated
through methylation. The preferential glucuronidation of
the 4-hydroxy estrogens can be explained by their poor
methylation, as discussed above; moreover, HepG2 cells
express UGT2B7 which specifically glucuronidates 4-HO-
E2/-E1 [22, 29, 30]. The extensive metabolism in HepG2
cells is proposed to account for the failure of three of the
catechol estrogens to induce DNA strand breaks in these
cells; only 4-HO-E1 was weakly genotoxic at the highest
concentration, indicating incomplete inactivation under
these conditions (Fig. 5).

In addition to the enzymatic activities focussed on in this
study, other enzymes are known to be involved in the
metabolism of catechol estrogens, e. g., glutathione S-trans-
ferase, which catalyzes the formation of glutathione
adducts of quinones, and NAD(P)H:quinone oxidoreduc-
tase, which reduces quinones to the respective catechols [6,
7, 16]. The activities of these enzymes may also be different
in the three cell types, as may be their antioxidant status,
and estrogen receptor levels. Future studies should address
the importance of these factors for the genotoxicity of cate-
chol estrogens.

A caveat for all cell culture studies involving incubation
with catechol estrogens or other catechols is the instability
of these compounds due to autoxidation. In fact, the amount
of the catechol estrogens decreased under the conditions of
incubation with a half-life of about 100 min (Fig. 4). How-
ever, this should not compromize the results of this study
because of the short incubation times and the fact that the
instability was the same for all four catechol estrogens.

In conclusion, because comparative studies on the geno-
toxicity of all four catechol estrogens are rare, it was the
aim of this study to compare the intrinsic genotoxicity of
2-HO-E2/-E1 and 4-HO-E2/-E1 and to assess the effect of
metabolic methylation and glucuronidation on genotoxic-
ity. In the absence of metabolism, the catechol estrogens of
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E2 are clearly more genotoxic than the catechol estrogens
of E1. Therefore, conversion of 2-HO-E2 or 4-HO-E2 to
the respective catechols of E1 by the enzyme HSD must be
classified as a metabolic pathway lowering genotoxicity.
Because the genotoxicity of all four catechol estrogens was
markedly decreased in cells with active COMT or UGT,
methylation and glucuronidation must be assumed to repre-
sent the most effective inactivating metabolic pathways of
catechol estrogens. The results of this study lend further
support to the notion that not only metabolic activation but
also inactivation in target cells is a major determinant for
the genotoxicity and carcinogenicity of estrogens.

This study was supported by the Deutsche Forschungsge-
meinschaft (grant ME 574/21-2).
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