
ARCHIVES OF BIOCHEMISTRY AND BIOPHYSICS

Vol. 347, No. 1, November 1, pp. 45–52, 1997
Article No. BB970323

ESR Identification of Free Radicals Formed from
the Oxidation of Catechol Estrogens by Cu2/

Andrew M. Seacat,*,1 Periannan Kuppusamy,† Jay L. Zweier,† and James D. Yager*,2

*Division of Toxicological Sciences, Department of Environmental Health Sciences, Johns Hopkins University School of
Hygiene and Public Health, 615 N. Wolfe Street, Baltimore, Maryland 21205-2179; and †The Molecular and Cellular
Biophysics Laboratories, Department of Medicine, Division of Cardiology and the Electron Paramagnetic Resonance
Center, Johns Hopkins Medical Institutions, 5501 Hopkins Bayview Circle, Baltimore, Maryland 21224

Received May 9, 1997, and in revised form July 30, 1997

An increased risk for developing several common
Catechol estrogens are genotoxic, indirectly through cancers in women, including breast, endometrium,

redox cycling mechanisms leading to oxidative DNA ovary, and liver, has been linked to cumulative expo-
damage and directly by formation of quinone–DNA ad- sure to endogenous and synthetic estrogens (1–4). In
ducts. Previously, we demonstrated that Cu2/ can oxi- general, the main mechanism put forth to account for
dize estradiol (E2) catechols, establishing a copper re- estrogen carcinogenicity has been estrogen receptor-
dox cycle leading to the formation of DNA strand mediated, persistent cell proliferation associated with
breaks. The goal of this study was to use electron spin spontaneous replication errors (2). While estrogen-in-
resonance techniques to identify the free radical inter- duced cell proliferation undoubtedly has an important
mediates formed. The 2- and 4-OH catechols of E2 and role in the carcinogenic process, mounting evidence
ethinyl estradiol (EE) were oxidized to semiquinone supports a complementary pathway involving indirect
intermediates, stabilized by Mg2/, when incubated with and direct genotoxicity originating from estrogen me-
Cu2/. The 4-OH-EE semiquinone decayed more slowly tabolites, in particular the 4-OH catechol of estradiolthan the 2-OH-EE semiquinone. Using the spin trap a- (3). The indirect effects, reflected by increased oxidative(4-pyridyl-1-oxide)-N-tert-butylnitrone, 4-OH-E2 plus

DNA damage, arise from redox cycling of the catecholCu2/ generated hydroxyl radicals at a greater rate than
metabolites which generates reactive oxygen species2-OH-E2 plus Cu2/. Formation of hydroxyl and methyl
(ROS),3 while the direct effects are due to the formationradical adducts was detected, using 5,5-dimethyl-1-pyr-
of quinone–DNA adducts (3).roline-N-oxide as the spin trap, when 2-OH-E2 was in-

Reactive oxygen species have been shown to be in-cubated with Cu2/ and 1% dimethyl sulfoxide. This was
volved in all stages of carcinogenesis from the activa-inhibited by the Cu1/ chelator bathocuproinedisul-
tion of carcinogens during initiation through promotionfonic acid and catalase. These data demonstrate that
and progression (5, 6). The hydroxyl radical is highlythe oxidation of estrogen catechols by Cu2/ leads to a
reactive at many sites on DNA and has been shown toCu-dependent mechanism of hydroxyl radical produc-

tion via a hydrogen peroxide intermediate and suggest react with guanosine at the C-8 position to form 8-oxo-
a mechanism for estrogen-associated site-specific DNA deoxyguanosine (8-oxo-dG) (7). The 8-oxo-dG adduct is
damage and mutagenesis. q 1997 Academic Press capable of mispairing with adenine or thymine and
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46 SEACAT ET AL.

ton, NH), while the ethinyl estradiol catechols were synthesized aswith DNA-bound copper ions to yield Cu(I)–peroxy in-
described by Gelbke et al. (24). The catechol estrogens (200 mM) weretermediates leading to DNA strand breaks and reduc-
incubated with 10 mM CuSO4 and 0.5 M MgCl2 in 600 mL phosphate-tion by semiquinones to yield hydroxyl radicals and the buffered saline (PBS).

quinones (10). Superoxide may react with itself or with Semiquinone and ROS detection. The semiquinones were de-
hydroxyl radicals to form singlet oxygen (11), which is tected directly as their Mg2/-stabilized forms as described pre-

viously (25).highly reactive and is also capable of causing DNA
The spin traps 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and a-strand breaks and forming 8-oxo-dG (12–14).

(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN) were used to detectRedox cycling of the catechol estrogens to their o-
ROS. DMPO (1 M) in chelexed (stock) water was added to the incuba-

quinone forms by a cytochrome P450 oxidase and tion mixtures in 11 PBS to a final concentration of 50 mM. POBN
NADPH-dependent cytochrome P450 reductase system (1 M) was made up in chelexed water in the dark immediately before

use at a final concentration of 30 mM. All spectra and data shownis accompanied by the generation of reactive oxygen
are representative of experiments repeated at least two times.species (15–18) that can cause oxidative DNA damage

(3, 15). Alternatively, catechol estrogens can be acti-
vated to reactive intermediates by metal-catalyzed au- RESULTS
tooxidation (19). It has been shown that Cu2/-mediated Detection of the semiquinones. Incubation of 2- and
oxidation of several catechol containing xenobiotics 4-OH catechol estrogens of both E2 and EE with 10
causes the formation of ROS capable of forming DNA

mM Cu2/ results in formation of their semiquinones.
strand breaks (20, 21). For example, reaction of 2-hy- Representative spectra are shown in the figures. Fig-
droxy-estradiol (2-OH-E2) plus Cu2/ causes DNA ures 1A and 1B show the ESR signals from the copper-
strand breaks through a Cu2//Cu1/ redox cycle, which
generates superoxide and hydrogen peroxide as inter-
mediates (21).

Electron spin resonance (ESR) spectroscopy has
been used to identify free radical metabolites of xenobi-
otics in vivo and to study their chemistry in vitro (22).
The purpose of using ESR in this study was to defini-
tively identify the free radicals produced by the cate-
chol estrogen/copper redox system. The oxidation of
catechol estrogens to their quinone form by copper has
previously been suggested to occur via a semiquinone
intermediate (21). The semiquinone intermediate,
upon reacting with oxygen, forms superoxide and the
quinone product, thus initiating a Cu2//Cu1/ redox cy-
cle leading to DNA damage. The data presented here
provide direct evidence for the formation of a semiqui-
none intermediate and ROS by this nonenzymatic
mechanism.

MATERIALS AND METHODS

ESR spectra. ESR spectra were recorded on a Burker ER-300
ESR spectrometer (Billerica, MA) operating at X-band with a TM flat
cell at room temperature. The spectrometer settings were modulation
frequency, 100 kHz; modulation amplitude, 0.5 G; scan time, 30 s;
microwave power 20 mW; and microwave frequency, approximately
9.778 GHz. Spectral simulations were matched with experimental
data to extract the spectral parameters. The catechol estrogens were
always added last, immediately before loading the solution into the
flat cell, which was then placed into the ESR cavity. Thirty to 90 s
from the start of the reaction was required for loading and tuning
the instrument.

FIG. 1. ESR sepctra of Mg2/-stabilized 2- and 4-o-semiquinone rad-Catechol estrogen–copper reaction system. The reaction condi-
tions for catechol estrogen-derived ROS and their measurement by icals from catechol estrogens in the presence of Cu2/. Catechol estro-

gens (200 mM) were incubated with 10 mM CuSO4 and 0.5 M MgCl2ESR were similar to previously published methods (23). The catechol
estrogens used in this study were 2-OH- and 4-OH-E2 and 2-OH- in 600 mL PBS for 20 min: (A) 2-OH-E2, (B) 2-OH-EE, (C) 4-OH-E2,

(D) 4-OH-EE. Arrows point to peaks of widest splitting caused byand 4-OH-ethinyl estradiol (EE). The latter is a component of oral
contraceptives and is a strong liver tumor promoter and weak com- the hydrogen at C-9 found only in the 2-hydroxy-derived semiqui-

nones. The dependence on copper is shown in E where Cu2/ was notplete hepatocarcinogen (3). The estradiol catechols were purchased
from either Sigma Chemical Co. (St. Louis, MO) or Steraloids (Wil- added but 10 mM BCS was, to chelate any contaminating copper.
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47OXIDATION OF CATECHOL ESTROGENS BY Cu2/ FORMS FREE RADICALS

TABLE I DMPO are shown in Fig. 2. The complete system (A)
yields a 1:1:1:1:1:1 sextet (aN Å 15.3 G, aH Å 22.0 G),ESR Parameters of Cu2/-Catalyzed Ø-Semiquinones

from Catechol Estrogens characteristic of the DMPO–methyl (DMPO-CH3) radi-
cal spin adduct, with an interspersed 1:2:2:1 quartet

Hyperfine splittings (G) (aN Å aH Å 14.85 G), typical of the DMPO–hydroxyl
(DMPO-OH) radical adduct. Methyl radicals are pro-

Radicala aH(C06) aH=(C06) aH(C09) aH (aromatic) g duced by the reaction of hydroxyl radicals with DMSO
and are in turn trapped by DMPO (26). A minor contri-2-OEQ:Mg2/ 8.46 5.71 9.30 0.3 2.0042
bution from an unknown radical adduct (DMPO-X) is4-OEQ:Mg2/ — — 7.27b 4.65 2.0042
also observed (Fig. 2A).

a For structures see Fig. 1. Figure 2B shows the spontaneous formation of the
b The largest hyperfine splitting for 4-OEQ:Mg2/ is tentatively DMPO-OH radical adduct when 2-OH-E2 is removed

assigned to the proton at C-9, as per the work of Kalyanaraman et from the complete system. Identical spectra to thoseal. (25).
shown in Fig. 2B were seen when DMSO was removed
from the complete system and when DMPO and 10 mM

Cu2/ were incubated together, without DMSO (data
catalyzed, Mg2/-stabilized formation of the 2-OH-E2 not shown). A nonradical nucleophilic, metal-catalyzed
semiquinone (2-OEQ:Mg2/) and 2-OH-EE semiquinone addition of water to DMPO may account for these re-
(2-OEEQ:Mg2/), respectively. One can see the similar-
ity between the two spectra, with the salient character-
istic being the outermost splitting (indicated by
arrows). The 4-hydroxyestrogen semiquinones 4-
OEQ:Mg2/ and 4-OEEQ:Mg2/ (Figs. 1C and 1D) are
formed from oxidation of the 4-OH catechols by Cu2/.
The 4-OH-estrogen semiquinones lose the C-6 hyper-
fine splitting contribution, leaving a four-line spectra.
The amplitudes of the ESR spectra of the EE-derived
semiquinones were greater than those of the E2 equiva-
lents. In particular, this was true for the 4-OEEQ:Mg2/

which is shown at 1
4 scale (Fig. 1D). Figure 1E indicates

the absence of semiquinone formation when no copper
was added and 10 mM bathocuproinedisulfonic acid
(BCS) was present to chelate any contaminating Cu1/.

The ESR spectra shown in Fig. 1 and their hyperfine
coupling constants (Table I) are similar to those ob-
tained by Mg2/ stabilization of catechol estrogen qui-
nones formed by enzymatic methods or autooxidation
of the catechol by a strong base (25). For the Mg2/-
stabilized semiquinone of 2-OH-E2, the b-cyclic pro-
tons at C-6 and C-9 cause three hyperfine couplings
with a small splitting contribution from the aromatic
hydrogen. For the 4-OH semiquinone, the hydrogen at
C-9 is the major contributor to the hyperfine coupling,
followed by a contribution from the aromatic hydrogen
at the C-2 position. The C-6 hydrogens cause only a
minor splitting, seen at the tops of the four major peaks
(25). The 7.27 G splitting assignment to C-9 was pre-

FIG. 2. ESR spectra of methyl (*), hydroxyl (s), and unknown (x)viously determined based on the evidence that OH sub-
free radicals produced by incubation of catechol estrogens with cop-stitution at C-6 did not affect the observed spectra (25).
per and spin-trapped with 5,5-dimethyl-1-pyrroline-N-oxideThe hyperfine splitting values for the EE 2- and 4- (DMPO). (A) Complete system with 100 mM 2-OH-E2, 10 mM CuSO4,

semiquinones were identical to the values for the E2 1% DMSO, and 50 mM DMPO; (B) complete system minus 2-OH-E2;
2- and 4-semiquinones (25). (C) complete system minus CuSO4; (D) complete system plus 40 mM

BCS; (E) complete system plus 1000 U/ml superoxide dismutase; (F)Detection of free radicals using DMPO as a spin trap.
complete system plus 500 U/ml catalase; (G) 50 mM DMPO in chel-ESR spectra of hydroxyl and methyl radicals produced exed water. After adding the catechol estrogen, the ESR spectra were

by incubation of 100 mM 2-OH-E2 with 10 mM copper repetitively acquired for 30 min. These spectra represent averaged
ESR signals from 10 scans of 30 s each.and dimethyl sulfoxide (DMSO) and spin-trapped with
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ment for premixing, loading, and tuning the instru-
ment before the first measurement could begin. The
first point represents the cumulative data for the first
5 min of recording. Note that in the presence of DMSO
(Fig. 3A), the methyl adduct (DMPO-CH3) exhibited a
time-dependent increase through the 30-min period of
incubation (Fig. 3A), revealing the continued produc-
tion of hydroxyl radicals from the Cu2/-catalyzed oxida-
tion of 2-OH-E2. This is consistent with our previous
observation that the production of H2O2 from 2-OH-
E2/Cu2/ was time dependent (21). Other experiments,
where this reaction was followed for more than 1.5 h,
showed a continued increase up to after 45 min, fol-
lowed by a gradual decline (data not shown), which
most likely represented degradation of the spin trap
and depletion of substrate. The ‘‘spontaneous’’ forma-
tion of the DMPO-OH signal in the system, without
catechol estrogens, remained at a steady level over the
time measured (Fig. 3B). The time-dependent increase
of DMPO-CH3 adducts in the complete system was also
totally abolished by catalase (Fig. 3C), again sug-
gesting a peroxide intermediate. Catalase had little ef-
fect on the DMPO-OH and the constitutive background
of the unidentified radical adduct DMPO-X (Fig. 3C).

The spectral parameters for the three DMPO adducts
generated by the catechol estrogen/Cu2/ system shown
in Fig. 2A were derived by computer simulation. The
experimental spectrum is shown again in Fig. 4A. Sim-FIG. 3. Time course of development of the DMPO adducts formed
ulated spectra for the individual components of the ex-by 2-OH-E2 plus Cu2/ from the spectra seen in Fig. 2A. (A) Formation
perimental spectrum and its composites are shown inof a DMPO-hydroxyl adduct (DMPO_OH), a DMPO-methyl (or alkyl)

adduct (DMPO_R), and an unidentified DMPO adduct (DMPO_X); Figs. 4B–4E. The spectral parameters of each compo-
(B) formation of hydroxyl-, methyl-, and X-DMPO adducts from Fig. nent are DMPO-CH3: aN Å 16.31 G, aH Å 23.53 G;
2B (complete system minus 2-OH-E2); (C) formation of the DMPO DMPO-OH: aN Å aH Å 14.85 G; and DMPO-X: aN Åadducts from Fig. 2F (complete system plus 500 U/ml catalase).

16.85 G. These values for the hydroxyl- and methyl-
DMPO adducts are in close agreement with published
values, given the variable effect that the local ionic

sults (27, 28). The removal of copper (Fig. 2C) or its environment can have on splitting constants (29).
chelation by BCS (Fig. 2D) blocked the formation of

Detection of free radicals using POBN as a spin trap.both DMPO-CH3 and DMPO-OH. These data indicate
Both the pyrroline (DMPO) and the aryl (POBN) ni-the necessity of a Cu1//Cu2/ redox cycle for the forma-
trones can undergo hydrolysis to give rise to nitroxides;tion of these spin adducts. Addition of 500 U/ml Cu,Zn-
however, DMPO is more susceptible to decompositionsuperoxide dismutase (CuZn-SOD) enhanced the for-
by light and oxygen (26). Experimentally, POBNmation of DMPO-OH, but inhibited the production of
proved to be superior for these applications since it isDMPO-CH3 (Fig. 2E). The formation of the DMPO-CH3
not subject to metal-catalyzed addition of water, aswas nearly completely blocked by 500 U/ml catalase
is DMPO (27). The addition of 2-OH-E2 to a solution(Fig. 2F), indicating the involvement of H2O2 in the
containing CuSO4, DMSO, and POBN results in angeneration of this spin adduct. However, the formation
ESR spectrum consisting of a triplet of doublets (Fig.of the DMPO-OH was only slightly inhibited by cata-
5A) arising from the POBN-CH3 adduct. Hydroxyl rad-lase (Fig. 2F), further supporting the notion that the
icals add to DMSO and the resulting alkoxyl radicalsDMPO-OH was formed by the nonradical nucleophilic
decompose to methyl radicals, which are efficientlyaddition of H2O. DMPO, in chelexed water, had no ESR
scavenged by POBN (30). Removal of DMSO from thesignal (Fig. 2G).
incubation eliminates the signal, showing that theThe rates of formation for each of the three DMPO
spontaneous signals seen with copper and DMPO areadducts formed in the reactions shown in Figs. 2A, 2B,
not present with copper and POBN (Fig. 5B). Additionand 2F are shown in Figs. 3A, 3B, and 3C, respectively.

True zero times were not recorded due to the require- of 1 mM GSH abolished the formation of the POBN-
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49OXIDATION OF CATECHOL ESTROGENS BY Cu2/ FORMS FREE RADICALS

CH3 adduct (Fig. 5C), a result observed by others with
hydroquinone (31). As expected, 4-OH-E2 also gener-
ated hydroxyl radicals, as indicated by the formation
of POBN-CH3 adducts in the presence of DMSO (Figs.
5D and 5E).

Rate of OH radical formation and semiquinone sta-
bility. Next, we compared the rates of hydroxyl radi-
cal formation and the decay of Mg2/-stabilized semiqui-
nones formed from the 2- and 4-hydroxyestrogens incu-
bated with copper. The results, shown in Fig. 6, were
observed in two separate experiments. 4-OH-E2 pro-
duced hydroxyl radicals at a faster overall rate than 2-
OH-E2 (0.26 mmol/min vs 0.14 mmol/min, respectively),
and up to 25 min, to a greater extent (Fig. 6A). In
addition, the semiquinone of 4-OH-EE was seen to de-
cay at a slower rate than the semiquinone of 2-OH-EE
(01.4 mmol/min vs 03.4 mmol/min, respectively) (Fig.

FIG. 5. ESR spectra of the POBN-CH3 adduct generated from the
reaction of 2-OH-E2 with Cu2/ in the presence or absence of DMSO
and the effect of reduced glutathione. (A) 100 mM 2-OH-E2, 10 mM

CuSO4, 1% DMSO, 30 mM POBN, and 0.25% DMF; (B) as in A minus
DMSO; (C) as in A plus 1 mM GSH; (D) 100 mM 4-OH-E2, 10 mM

CuSO4, 1% DMSO, 30 mM POBN, and 0.25% DMF; (E) as in D
minus DMSO.

6B). This combination of an apparently more stable
semiquinone and a greater generation of hydroxyl radi-
cals suggests that, based on these properties alone, the
4-hydroxy estrogens may, in the presence of copper, be
more potent mediators of oxidative damage than the
2-hydroxyestrogens.

DISCUSSION

Previously, we demonstrated an alternative, nonen-
zymatic mechanism for estrogen oxidation (21). In this
system, the E2 and EE 2,3- and 3,4-catechols are oxi-
dized by Cu2/ through a process which generates a
Cu2//Cu1/ redox cycle and leads to the generation of
ROS that can cause DNA strand breaks. In the current
study, we used ESR spectroscopy to identify the radicalFIG. 4. Simulated ESR spectra for the experimental spectra of the
species formed in this process and found that both theDMPO adducts of 2-OH-E2 plus copper-generated radicals. (A) The

experimental spectra generated from 100 mM 2-OH-E2, 10 mM CuSO4, 2-OH- and the 4-OH-catechols of E2 and EE form their
1% DMSO, and 50 mM DMPO (as in Fig. 2A); (B) simulated spectra respective semiquinone free radical intermediates and
of the hydroxyl-DMPO adduct (DMPO_OH); (C) simulated spectra ROS when incubated with copper. The magnesium-sta-of the alkyl-DMPO adduct (DMPO_R); (D) simulated spectra of the

bilized semiquinone intermediate of 4-OH-EE was ob-unknown DMPO adduct (DMPO_X); (E) composite-simulated ESR
spectra of B–D above. served to decay at a slower rate than the 2-OH-EE
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50 SEACAT ET AL.

on DMPO-OH formation (Fig. 2F). It has been shown
that the metal-catalyzed nucleophilic addition of H2O
to DMPO is not catalase inhibitable (28). The formation
of DMPO-CH3 (Fig. 2A) indicates the production of hy-
droxyl radicals from the 2-OH-E2/Cu2/. Because both
H2O2 and Cu1/ can be formed during the oxidation of
2-OH-E2 by Cu2/ (21), a Fenton-type reaction between
the Cu1/ and H2O2 appears to be involved in the produc-
tion of hydroxyl radicals which were detected in the
form of DMPO-CH3 adducts in Fig. 2A. The occurrence
of such Fenton-type chemistry was further supported
by the complete inhibition of the DMPO-CH3 formation
by either BCS or catalase (Figs. 2D and 2F). The en-
hancement of the DMPO-OH formation by removal of
2-OH-E2 (Fig. 2B) would suggest that in the complete
system, the reaction between Cu2/ and 2-OH-E2 may
dominate and thereby limit the Cu2/-catalyzed nucleo-
philic addition of H2O. Addition of SOD enhanced
DMPO-OH and decreased DMPO-CH3 adduct forma-
tion (Fig. 2E). This result can be explained because in
addition to catalyzing the dismutation of superoxide to
H2O2, Cu,Zn-SOD has a peroxidase function which can
result in enzyme-mediated •OH formation with the
generation of either metal coordinated or free •OH (34,
35). DMPO can enter the positively charged active
channel of SOD and come into close proximity with the
active site where metal coordinated •OH, caged •OH,FIG. 6. Time course of hydroxyl radical formation and semiquinone

stability. (A) POBN-CH3-formation from 2-OH-E2 and 4-OH-E2. or free •OH are formed (35). Thus, the peroxidative
These kinetic data were derived from the spectra of Figs. 5A and function of SOD can limit the reaction of free Cu1/ and
5D, respectively. (B) Time course of decay of the semiquinones of 2- H2O2. Since DMPO can enter the active channel of SODOH-EE (2-OEEQ-Mg2/) and 4-OH-EE (4-OEEQ-Mg2/). These kinetic

in a position to intercept •OH radicals as they aredata were derived from EPR spectra shown in Figs. 1B and 1E,
respectively. formed, a large DMPO-OH signal is observed with little

DMPO-CH3. These factors may explain the decrease of
DMPO-CH3 which was observed in the presence of SOD
(Fig. 2E).equivalent. Using the POBN spin trap, we found that

hydroxyl radicals were generated at a faster rate from The formation of hydroxyl radicals from the Cu2/-
mediated oxidation of estrogen catechols was also de-4-OH-E2 than 2-OH-E2. These findings suggest that

the 4-OH-catechol may be of particular significance in tected by POBN spin trapping, in conjunction with
DMSO (Fig. 5). We found that glutathione (1 mM) abol-estrogen carcinogenesis. In this regard, Han and Liehr

noted that 4-OH, but not 2-OH-E2-catechols cause re- ished the formation of the POBN-CH3 adduct. This
would not be caused by a reaction between GSH andnal tumor formation in Syrian hamsters (32). Further-

more, in a microsome-mediated redox-cycle, 4-OH-E2 the quinones, since the ROS formed in our system are
due to the redox cycling of copper and not the estrogenalso caused oxidative damage to DNA (33). However, in

our in vitro system, both the 2-OH- and 4-OH-catechols catechols/quinones. Rather, it is likely that the inhibi-
tory effect of GSH was due to its being a potent chelatorwere equally effective in causing oxidative DNA dam-

age (Seacat et al., unpublished observations), sug- of Cu1/, thus interfering with the reduction of superox-
ide to H2O2 and of H2O2 to hydroxyl radicals by Cu1/gesting that other factors may also be involved in the

increased carcinogenicity of the 4-OH-catechol. (36) and other reactive oxygen species. Indeed, Hanna
and Mason observed that the formation of hydroxylUsing the DMPO spin trap in conjunction with

DMSO, we observed formation of both DMPO-CH3 and radical adduct of DMPO from copper/H2O2 but not from
iron/H2O2 was abolished by GSH (37).DMPO-OH adducts from the 2-OH-E2/Cu2/ system

(Fig. 2A). Because Cu2/ is able to catalyze the nonradi- Generation of hydrogen peroxide by antitumor qui-
nones redox cycling with copper has been shown tocal nucleophilic addition of H2O to form DMPO-OH ad-

duct (26, 28), the DMPO-OH observed in Fig. 2A is increase oxidative DNA base damage in vitro and in
vivo (38). The oxidation of catechol estrogens to semi-likely to result from such a nucleophilic addition. This

is further supported by the ineffectiveness of catalase quinones or of hydroquinone to benzoquinone by a
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51OXIDATION OF CATECHOL ESTROGENS BY Cu2/ FORMS FREE RADICALS

estrogen-responsive genes; this possibility requires in-
vestigation.

The oxidative metabolism of estradiol can follow two
major pathways (3). A 17-a-dehydrogenase and 16-a-
hydroxylase act sequentially to form 16-a-OH estrone
which has been reported to bind covalently to proteins,
including the estrogen receptor, and to be genotoxic
(see 3, for references). Alternatively, several cyto-
chrome P450 isoforms including CYP 1A1 and 3A cata-
lyze hydroxylation at the 2 position, while CYP 1B1
catalyzes hydroxylation at the 4 position of estradiol to
form the 2,3- and 3,4-catechols, respectively (3). These
catechols are capable of participating in cytochrome

FIG. 7. Scheme for the Cu2//Cu1/-mediated oxidation of catechol P450 oxidase/reductase-mediated redox cycling reac-
estrogens. tions and, as we have shown, support a Cu2//Cu1/ re-

dox cycle to generate reactive oxygen species and also
quinone metabolites which can cause oxidative DNA
damage and formation of DNA adducts, respectively.Cu2//Cu1/ redox cycle has been shown to cause DNA

strand breaks (21, 39). In the hydroquinone to benzo- Thus, estrogen metabolites are indirectly and directly
genotoxic. Increased oxidative DNA damage has beenquinone system, hydroxyl radicals or equivalent spe-

cies were formed, as shown by ESR (31). The genera- detected in human breast tumor tissue (47) and in liver
DNA of rats treated with ethinyl estradiol (48). Fur-tion of reactive oxygen species by the redox cycling of

quinones and the requirement of transition metals in thermore, recent evidence indicates that the 4-hydroxy-
catechol estrogens can react with cellular thiols to formthat reaction have been reviewed recently (40–42).

What many authors refer to as autooxidation between highly reactive quinone methides to a greater extent
than do the 2-hydroxy catechols (49). These findingsbiomolecules and oxygen to yield superoxide, hydrogen

peroxide, and hydroxyl radicals is in all probability cat- together with those of Liehr and co-workers mentioned
above provide support for a role of redox cycling sup-alyzed by metals bound to the biomolecules (42).

The interactions of these radicals with each other ported by estrogen catechols, particularly the 4-OH E2,
in the carcinogenic process.and with DNA are complex. Superoxide can interact

with the catechol estrogen to yield semiquinone and In summary, using ESR spectroscopy we have dem-
onstrated the formation of estrogen semiquinones andhydrogen peroxide (43). Hydrogen peroxide can also

oxidize the catechol estrogens to their semiquinones hydroxyl radicals in an in vitro system where estrogen
catechols are oxidized by Cu2/ and where the subse-and can give rise to singlet oxygen (43). Hydrogen per-

oxide and Cu1/ have been proposed to form a strong quent formation of the estrogen quinones is associated
with the formation of H2O2. The subsequent oxidationoxidizing Cu3/ species capable of attacking DNA. Ki-

netic studies of the reaction of H2O2 and Cu1/, which of Cu1/ to Cu2/ generates more reactive ROS and estab-
lishes a copper redox cycle limited only by the concen-by the Fenton-type reaction should yield hydroxyl radi-

cals, support the formation of Cu(III) instead (44, 45). tration of catechol estrogen (Fig. 7). Whether such a
process contributes to the indirect genotoxicity of cate-Since both Cu3/ and •OH can oxidize DMSO (46), a

POBN/DMSO spin-trapping technique cannot readily chol estrogens needs investigation.
distinguish between the two radicals (30).

Thus, we see in Fig. 7 that the formation of superox- ACKNOWLEDGMENTS
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