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Antioxidant inhibits tamoxifen—-DNA adducts
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Abstract

Fresh human endometrial explants were incubated for 24 h at 37°C with either tamoxifen (10-100 uM) or the vehicle (0.1%
ethanol). Three metabolites namely, o-hydroxytamoxifen, 4-hydroxytamoxifen, and N-desmethyltamoxifen were identified in the
culture media. Tissue size was limited but DNA adducts formed by the a-hydroxytamoxifen pathway were detected using authentic
a-(deoxyguanosyl-N?) tamoxifen standards. Relative DNA-adduct levels of 2.45, 1.12, and 0.44 per 10° nucleotides were detected
following incubations with 100, 25, and 10 uM tamoxifen, respectively. The concurrent exposure of the explants to 100 uM ta-
moxifen with 1 mM ascorbic acid reduced the level of a-hydroxytamoxifen substantially (68.9%). The formation of tamoxifen—-DNA
adducts detectable in the explants from the same specimens exposed to 100 pM tamoxifen with 1 mM ascorbic acid were also in-
hibited. These results support the role of oxidative biotransformation of tamoxifen in the subsequent formation of DNA adducts in

this tissue.
© 2003 Elsevier Science (USA). All rights reserved.

Keywords: Tamoxifen metabolites; Tamoxifen—-DNA adducts; Antioxidant; Human endometrial tissue; Explant culture

Tamoxifen (Z)-1-{4-[2-(dimethylamino)ethoxy]phen-
yl}-1,2-diphenyl-1-butene, a non-steroidal anti-estrogen
used widely in the treatment of breast cancer, has also
been approved for chemoprophylaxis in women at high
risk of developing this disease [1,2]. While beneficial for
the treatment of breast cancer, long-term tamoxifen
treatment is associated with an increased risk of endo-
metrial cancer [3,4]. Tamoxifen also has been shown to
cause liver and endometrial tumors in rodents [5,6].
Studies on tamoxifen biotransformation using rodent
and human liver microsomes have identified several
hydroxylated derivatives [7]. Fig. 1 shows the main
Phase I metabolic pathways of tamoxifen [8]. The
principal sites of Phase I metabolism are the nitrogen
atom of the side chain (N-oxidation and demethylation)

* Corresponding author. Fax: 1-716-845-1349.
E-mail address: minoti.sharma@roswellpark.org (M. Sharma).

and the 4-position (hydroxylation). Other positions also
subjected to metabolism include the o-position of the
ethyl side chain (hydroxylation) [9]. It was proposed that
a-position is the primary site of metabolic activation as
oxidative metabolism at this position was predicted to
generate a resonance-stabilized carbocation capable of
electrophilic attack on nucleophilic centers in DNA,
leading to the formation of stable covalent DNA ad-
ducts [10]. Experimental studies have, to a large extent,
borne out this hypothesis. Evidence now suggests that
metabolic activation of tamoxifen to DNA binding
electrophiles occurs primarily through the formation of
a-hydroxytamoxifen followed by O-esterification medi-
ated by sulfotransferase [11-14]. In rat liver, tamoxifen—
DNA adducts were identified as an indication of
tamoxifen genotoxicity [15,16]. Detection of tamoxifen—
DNA adducts in endometrium of humans exposed
to tamoxifen has been reported [17-19] although the
reports are not consistent between studies [20-22].
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The mechanism of induction of endometrial cancer
by tamoxifen is not known. Studies on different
replacement hormone regimens in postmenopausal
women led to the conclusion that exposure to estrogen
alone substantially elevates the risk of endometrial
cancer [23]. It is generally accepted that metabolism of
estrogen and antiestrogen occur in the liver with sub-
sequent accumulation of metabolites in target tissue. But
a potential carcinogen, 4-hydroxyestradiol, has been
reported to be formed in human uterine cells from a
natural estrogen, 17B-estradiol, by cytochrome P 450
(CYP) isozyme 1B1 [24,25]. Expression of CYPs in hu-
man uterine endometrium suggests that endometrial
tissue has potential to generate genotoxic tamoxifen
metabolites [26]. However, little is known about the
ability of endometrial tissue to biotransform tamoxifen
to potentially reactive tamoxifen metabolites. A previ-
ous report described the formation of o-hydroxytam-
oxifen in this tissue [20]. We have identified several
tamoxifen metabolites in fresh human endometrial ex-
plants exposed in culture to tamoxifen [27a]. The same
metabolites were also detected upon incubation of ta-
moxifen with recombinant human CYPs. Moreover,
Western immunoblots of microsomes from human en-
dometrium detected the presence of some of the same
CYPs (2C9, 3A, 1A1, and 1B1) observed in fresh, viable
endometrial explants using immunohistochemical anal-
yses [27b]. These results support the use of explant cul-
tures of human endometrium as a suitable in vitro
model to investigate the biotransformation of tamoxifen
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in this target tissue. The present report describes the
subsequent effects of localized biotransformation of ta-
moxifen on the DNA of human endometrial tissue and
the potential inhibition of such effects by antioxidants
using the explant culture model.

Materials and methods

Caution. Tamoxifen and its derivatives are potentially genotoxic.
These compounds and human tissue used in this study were handled
with proper care as advised by the Institute’s Biohazard Control Office.

Materials. Tamoxifen, 4-hydroxytamoxifen, salmon testes DNA,
bovine pancreas DNAase I, phosphodiesterase I from crotalus ada-
manteus venom, and bacterial alkaline phosphatase were purchased
from Sigma-Aldrich Chemical (St. Louis, MO). HPLC grade solvents
and ammonium acetate were obtained from Fisher Scientific (Bedford,
MA).

Synthesis of metabolites. a-Hydroxytamoxifen and N-desmethyl-
tamoxifen were synthesized following reported procedures [28,29].
a-Acetoxytamoxifen was prepared from o-hydroxytamoxifen using the
method of Osborne et al. [15]. Spectroscopic characterization of the
isolated products by mass spectrometry and NMR was in agreement
with the literature reports.

Preparation of tamoxifen—deoxyguanosine adducts. a-Acetoxytam-
oxifen was reacted with salmon testes DNA using the method of Os-
borne et al. [15] as modified by Beland et al. [16]. The major adduct
was isolated from the digested DNA by semi-preparative C18 reversed
phase column (5pm, 10 mm X 250 mm, Rainin Instrument) using a
20 min linear gradient of 10-50% acetonitrile in 0.01 M triethylam-
monium acetate, pH 7, at a flow rate of 4.0ml/min. The fraction
containing the adduct was collected and the solvents were removed by
overnight lyophilization. Positive ion FAB-mass spectroscopy of the
isolated product exhibited the parent ion at m/z 637 identifying the
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Fig. 1. Phase I metabolic pathways of tamoxifen. Adapted from [8].
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molecular weight as 636 Da. The fragmentation pattern of the mole-
cular ion at m/z 521 (loss of sugar moiety), 370 (tamoxifen moiety), 344
(bond breakage between the a-carbon and the unsaturated carbon in
tamoxifen), and 178 (structural information regarding the binding site
of tamoxifen in deoxyguanosine) was in agreement with the assigned
(E)-0-(N?-deoxyguanosinyl)tamoxifen adduct [15].

Surgical specimens. Human endometrial tissue specimens, removed
at hysterectomy, were procured under IRB approved protocols from
the Tissue Procurement Facility at Roswell Park Cancer Institute, with
donor’s consent, but without the patients’ identities. Endometrial tis-
sue was obtained from individuals, approximately 35-45 years of age
and without previous history of tamoxifen exposure.

Tissue culture medium. D-MEM/F-12 medium (phenol red-free
with 15mM Hepes buffer, L-glutamine, and pyridoxine HCI; Life
Technologies, Grand Island, NY) was used in all stages of tissue
preparation and explant culture. D-MEM/F-12 medium was supple-
mented with 3% charcoal stripped fetal bovine serum (FBS; Life
Technologies, Grand Island, NY), 1% antibiotic/antimycotic solution
(penicillin/streptomycin/amphotericin; Life Technologies, Grand
Island, NY), and 17B-estradiol (10nM). Charcoal-stripped FBS was
prepared by stirring FBS with washed and dried charcoal (30 g char-
coal/l L FBS) at 4°C overnight, then removing the charcoal with 1.22,
0.45, and 0.22 um filters, and performing heat inactivation at 56 °C for
30 minutes. Cultures were treated either with tamoxifen or an equiv-
alent volume of ethanol (tamoxifen vehicle) such that the final con-
centration of ethanol in the medium was 0.1% and the final
concentration of tamoxifen in the medium was 25 or 100 pM.

Explant culture. The surgical specimens were prepared and cultured
under sterile conditions similar to the method described by Osteen et al.
[30,31]. The time period between the surgical removal and explant
culture was within 2h. Typically, each sample of fresh endometrial
tissue, microscopically uninvolved in disease, was placed in 3% FBS—
D-MEM/F-12 medium containing 17B-estradiol (10nM) and cut into
uniform explants with a sterile scalpel blade. The pieces were imme-
diately transferred at a concentration of 8-10 pieces per well to a 24-
well plate (Costar, Cambridge, MA) containing 1 ml medium/well with
25 or 100 uM tamoxifen or vehicle (0.1% ethanol). The explants were
incubated for 24h at 37°C in a humidified 5% CO,—air environment.
At the end of the incubation, the explants (10-50 mg/well) and culture
media were harvested for HPLC analysis of adducts and metabolites,
or the explants were fixed and embedded in agar for morphology and
immunohistochemistry [27a,27b].

Metabolite extraction. Metabolites were extracted from culture
media using 2% ethanol in hexane (5ml/ml medium x 2) [20]. The
organic extract was evaporated to dryness under reduced pressure,
reconstituted with methanol (250 ul), and an aliquot (25 ul) was used
for HPLC analysis.

DNA extraction and digestion. DNA was isolated from the explants
using a Mannheim-Boehringer DNA isolation kit following the
manufacturer’s protocol. The isolated DNA was digested enzymati-
cally to nucleosides as described earlier [32].

HPLC analysis of metabolites and DNA adducts. The metabolites
were analyzed under isocratic conditions (85% methanol in 100 mM
ammonium acetate, pH 5.7, flow rate 0.5ml/min) by reversed-phase
HPLC using postcolumn, online photochemical activation, and fluo-
rescence detection [33,34]. The same technique was used to analyze the
adducts except for the elution conditions. A 20 min linear gradient of
20-60% acetonitrile in 100 mM ammonium acetate, pH 5, eluted the
adducts which was then followed by 60% acetonitrile isocratically for
20 min. The flow rate was 2 ml/min.

The HPLC system consisted of a binary pump system and an in-
jection valve with variable loops (20-200 pl) from Rainin Instruments,
a Radial-Pak 8MBCI18 LC cartridge (10 pm, 8 mm i.d., 10 cm) with a
compatible guard column from Waters, a postcolumn photochemical
reactor from Aura Industries containing a 0.25mm i.d., 5-m PTEF
knitted reactor coil, and a 254-nm UV lamp which converted tamox-
ifen and the metabolites to fluorophores. The effluent from the

photochemical converter was connected to a Shimadzu 530 RF fluo-
rescence detector, operating at excitation and emission wavelengths of
260 and 375nm, respectively. The detector signal was integrated by a
Shimadzu Integrator CR501.

HPLC grade solvents and analytical grade reagents were used to
prepare the solvent system. All solvents were filtered through a Nylon-
66 filter (0.2 pum). A high pressure inline filter (SSI, 0.5 pm) was used as
a further safe guard between each pump and the injector.

Results

Fig. 2 shows HPLC resolution of a mixture of au-
thentic standards of o-hydroxytamoxifen (1), 4-hy-
droxytamoxifen (2), N-desmethyltamoxifen (3), and
tamoxifen (4) using postcolumn, online photochemical
activation and fluorescence detection. The elution order
was based on polarity of the compounds as expected for
reversed-phase chromatography. The intra- and inter-
day variation in retention time and fluorescence signal
(integrated peak area) were within 3%. The signal for
each component was linear over a range of 1-100 ng/ml
(correl. coeff. 0.99, n = 3). The flow velocity of the elu-
ent through the capillary, and as a result, the residence
time of the analytes in the irradiated zones appears to
have some influence on the fluorescence signals (results
not shown). The elution conditions were optimized to
give the best resolution of the tamoxifen derivatives, not
only from one another, but also from a large back-
ground of tamoxifen usually found in the tamoxifen-
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Fig. 2. Reversed-phase HPLC resolution of a mixture of tamoxifen and
its three metabolites using postcolumn, online photochemical activa-
tion, and fluorescence detection; o-hydroxytamoxifen (1), 4-hydroxy-
tamoxifen (2), N-desmethyltamoxifen (3), and tamoxifen (4). The
elution conditions are described in Materials and methods.
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exposed biological samples. Under these conditions (see
methods), the lower limit of detection (S/N = 3) was 5,
10.0, and 2.5pg for a-hydroxytamoxifen, 4-hydroxy-
tamoxifen, and N-desmethyltamoxifen, respectively.

Fig. 3 illustrates the HPLC profiles of extracts from
media of human endometrial explants exposed in culture
to tamoxifen (0, 25, and 100 uM) for 24 h. Three me-
tabolites were detected in profile (A) from 25uM ta-
moxifen exposure. These metabolites were identified as
o-hydroxytamoxifen (1), 4-hydroxytamoxifen (2), and
N-desmethyltamoxifen (3) by cochromatography with
authentic standards (profile B). The same metabolites
were detected more readily using 100 uM tamoxifen
(profile C). These peaks were not present in the extract
from explants exposed to vehicle only (0.1% ethanol)
(profile D).

The effect of the incubation time on the stability of
the metabolites detected in Fig. 3 was further deter-
mined by incubating a mixture of the authentic metab-
olites of known concentration (5ng/ml) in the culture
medium at 37 °C. Aliquots were withdrawn at 0, 24, and
48 h and the metabolites were extracted and analyzed as
described in Materials and methods. At each time point,
the recoveries of the metabolites ranged from 92% to
96% demonstrating that the metabolites were not only
stable under the incubation conditions used in this
model, but the recoveries were also quantitative.

Fig. 4 illustrates the HPLC profiles of tamoxifen
adduct in DNA isolated from human endometrial ex-
plants exposed in culture containing tamoxifen (10 uM)
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Fig. 3. HPLC analyses of metabolites in the media of human endo-
metrial explants exposed in culture to tamoxifen; (A) 25uM, (B) co-
chromatography of (A) with authentic standards, (C) 100 pM, and (D)
vehicle only. Chromatographic conditions are same as in Fig. 2.
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Fig. 4. HPLC analyses of tamoxifen-DNA adducts in human endo-
metrial explants exposed in culture to (A) vehicle only, (B) 10 uM
tamoxifen, and (C) cochromatography of (B) with authentic dG-ta-
moxifen adducts. The elution conditions are described in Materials and
methods.

for 24 h. The peak at retention time ~19 min in profile B
was identified as the major isomer of (deoxyguanosine-
NZ-yl) tamoxifen adduct by cochromatography with the
authentic standard (profile C). The peak detected at
retention time ~20 min in profile C was not detectable in

Relative Fluorescence Intensity (Ex 260 nm, Em 375 nm)
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Fig. 5. HPLC analyses of tamoxifen-DNA adducts in human endo-
metrial explants exposed in culture to (A) vehicle only, (B) 100 uM
tamoxifen, and (C) 100 uM tamoxifen and 1 mM ascorbate. Chro-
matographic conditions are same as in Fig. 4.
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Table 1

Tamoxifen biotransformation and adduct formation in human endometrial tissue exposed in culture to tamoxifen in the absence and presence of

ascorbate

Dose of tamoxifen

Major tamoxifen metabolites (ng/ml) means + SD

Tam-adduct level

(adduct/10° nucleotides) means + SD

o-OH Tam 4-OH Tam N-des Tam
10 uM 0.334+0.29 0.094+0.09 2.4041.47 0.4440.40 n=3
25 uM 1.614+1.00 0.52+1.17 7.614+5.08 1.12+0.74 n=>5
100 uM 8.22+8.21 6.224+6.28 26.83+14.36 2.454+1.85 n==6
100 uM Tam + 1 mM ascorbate 2.15+£2.29 12.07 +4.18 36.07 +14.78 ND n=3

profile B. HPLC analysis of the authentic standard al-
ways detected this minor peak along with the major
peak, even after repurification of the major adduct by
preparative HPLC. The molecular ion (m/z = 637) in
positive ion FAB-mass spectrometric analysis suggests
the minor peak to be either an epimer or geometric
isomer of the major adduct. HPLC analysis of DNA
isolated from explants exposed to vehicle only (0.1%
ethanol) is shown in profile A.

Fig. 5 illustrates the HPLC profiles of tamoxifen
adduct in DNA of explants exposed to higher concen-
tration of tamoxifen (100 uM). Both the isomers of ta-
moxifen adducts, shown in profile Fig. 4C, were
detected. This was further confirmed by cochromato-
graphy with authentic standards (results not shown).
The concurrent exposure of 100 uM tamoxifen with
1 mM ascorbate inhibited the formation of tamoxifen
adducts detected in the explants of the same specimen
exposed to 100 uM tamoxifen alone (profile C). HPLC
analysis of DNA from vehicle-exposed explants is
shown in profile A.

Table 1 summarizes data from the analyses of ta-
moxifen metabolites and DNA adducts using the ex-
plant culture model of human endometrial tissue.
Although N-desmethyltamoxifen was the major metab-
olite formed, tamoxifen—-DNA adducts were identified
to form through the metabolic pathway involving
a-hydroxy derivative of tamoxifen using authentic
standard. The table also shows the effect of antioxidant
in tamoxifen metabolite formation and subsequently, in
DNA modification.

Discussion

Although analysis of biotransformation of tamoxifen
in extrahepatic tissue and the subsequent effects on
genotoxicity are crucial for the understanding of tissue-
specific action of tamoxifen, studies on localized bio-
transformation of tamoxifen in human are currently
limited. The present study used an explant culture
model, developed by Osteen et al. [30,31], that uses fresh
human endometrial biopsy tissue. The advantages of
this model are normal mixture of epithelial and stromal
cells contained in the explants similar to that observed in

vivo and the ability to assess morphology. Routine
morphological evaluation is essential not only to deter-
mine tissue viability but also for assessing tissue ho-
mogeneity. The specimens utilized in this study
contained >90% endometrium (results not shown). A
major disadvantage of the model, however, is the small
sample size (10-50 mg tissue/well) that often limits ex-
tensive time- and dose-dependent studies using drugs
such as tamoxifen. For metabolism studies a 24 h incu-
bation period with tamoxifen was chosen to optimize
the CYP-mediated metabolism of tamoxifen, since CYP
activities decrease with incubation time in primary
culture models. Routine morphological analyses indi-
cate that endometrial explants remain viable in speci-
mens cultured up to 24 h in medium containing 100 pM
tamoxifen [27b].

The limited sample size also demands the use of
highly sensitive and yet, affordable tools for routine
laboratory analyses of tamoxifen metabolites using the
explant culture model of human endometrial tissue. The
photochemical conversion of tamoxifen and its metab-
olites to phenanthrene derivatives decreased the HPLC
limit of detection substantially [35,36]. Postcolumn,
online UV activation using commercially available
components for photoreactor (Aura Industries) in
HPLC has afforded highly sensitive analysis of tamoxi-
fen and its metabolites in human plasma and human
liver microsomes with excellent reproducibility and
precision [33,34]. The same technique was used in the
present study for the analysis of metabolites in the cul-
ture media. As shown in Fig. 3, three metabolites were
detectable, with N-desmethyltamoxifen representing the
major metabolite. N-Desmethyltamoxifen was also
found to be the major metabolite in endometrial samples
collected during diagnostic hysteroscopy of breast can-
cer patients exposed to chronic tamoxifen therapy [37].

32P_postlabeling technique has been the most com-
monly used method for DNA-adduct analysis since its
development by Randerath et al. [38,39]. Our laboratory
developed a novel assay for DNA damage by combining
the enzymatic digestion of DNA with fluorescence
postlabeling [40—43]. In the postlabeling techniques au-
thentic modified nucleosides serve to identify the same
lesions in DNA exposed to the same modifying agents.
Online method that involves HPLC separation and ES-



162 M. Sharma et al. | Biochemical and Biophysical Research Communications 307 (2003) 157-164

MS/MS detection is capable of measuring DNA lesion
with chemical specificity [22]. However, such a detection
device is expensive and most laboratories cannot afford
to use this method for routine analysis of metabolites
and/or DNA adducts. We have extended the use of
HPLC using postcolumn, online photochemical activa-
tion and fluorescence detection to assay tamoxifen—
DNA adducts [44]. This technique does not rely on
postlabeling with a fluorophore or radioisotope. We
observed that by using a commercial fluorescence de-
tector (Shimadzu RF-10 AXL), two adducts of tamox-
ifen were readily detectable per microgram of DNA. For
assaying adducts in tamoxifen-exposed explants, vehi-
cle-exposed controls were processed under identical
conditions. The signals (integrated peak areas) gener-
ated from the corresponding controls (see profiles Figs.
4A and 5A) were subtracted from the tamoxifen-adduct
signals, prior to the calculation of the relative adduct
levels, shown in Table 1.

Tissue size was limited but tamoxifen adducts were
detected in endometrial cultures incubated with 10, 25,
and 100 pM tamoxifen (Table 1). While these results il-
lustrate a dose-related increase in tamoxifen—-DNA ad-
ducts, the variability was large between specimens.
Similar variability was also noted both in the metab-
olites [37] and in the DNA-adduct levels detected in the
endometrial samples from women exposed to tamoxifen
[19]. Thus, the relevance of the explant culture model
using human endometrial tissue to account for in vivo
effects is well reflected. According to a recent report [22],
the inconsistent results regarding the detection of ta-
moxifen-DNA adducts in human endometrium make
the use of reliable adduct detection methodologies of
critical importance. However, we and others observed
that using the same methodology throughout the anal-
yses also fails to detect tamoxifen adducts in all the
samples analyzed. The data shown in Table 1 represent
results from 70% of the total samples assayed. Similarly,
analyses of endometrial samples in women exposed to
tamoxifen also detected adducts in 50% of the total
samples assayed [19]. These results suggest that interin-
dividual differences in enzyme activities responsible not
only for tamoxifen biotransformation but also in further
activation of the metabolites capable of forming DNA
adducts deserve further investigation to yield crucial
insights regarding the tissue-specific paradoxical action
of tamoxifen in human.

Dietary antioxidants have generated particular in-
terest in defenses against cancer [45,46], but data linking
antioxidant reaction to prevention of genotoxicity are
limited. A role for peroxidase in the biotransformation
of tamoxifen by rodent liver slices and homogenates has
been reported [47]. Since human endometrial tissue is
rich in peroxidase activity [48], the role of ascorbate was
explored as a prototype antioxidant in tamoxifen bio-
transformation and its subsequent effects in adduct

formation using the explant culture model of human
endometrial tissue. Table 1 shows that in three inde-
pendent experiments, the concurrent exposure to ta-
moxifen (100 uM) and antioxidant ascorbate (1 mM)
inhibited the formation of detectable tamoxifen—-DNA
adducts in the explants from the same specimens ex-
posed to 100 uM tamoxifen alone. Ascorbate also re-
duced the level of formation of o-hydroxytamoxifen
substantially (68.9 +38.7%, n = 3). Ascorbate is inex-
pensive and remarkably nontoxic [49,50]. At 1mM
concentration ascorbate did not have impact on tissue
viability. Together, these results suggest the role of
oxidative biotransformation of tamoxifen in the
subsequent formation of tamoxifen—-DNA adducts in
endometrial tissue.

Acknowledgments

This study has been supported in part by a Grant CA 86875 from
NCI. We gratefully acknowledge the Tissue Procurement Facility of
Roswell Park Cancer Institute for providing the specimens.

References

[1] Early Breast Cancer Trialists’ Collaborative Group, Tamoxifen
for early breast cancer: an overview of the randomized trials,
Lancet 351 (1998) 1451-1467.

B. Fisher, J.P. Costantino, D.L. Wickerham, C.K., Redmond, M.

Kavanah, W.M. Cronin, V. Vogel, A. Robidoux, N. Dimitrov, J.

Atkins, M. Daly, S. Wieand, E., Tan-Chiu, L. Ford, N.

Wolmark, and others, National Surgical Adjuvant Breast and

Bowel Project Investigators, Tamoxifen for prevention of breast

cancer. Report of the National Surgical Adjuvant Breast and

Bowel Project P-1 Study, J. Natl. Cancer Inst. 90 (1998) 1371—

1388.

[3] L. Bergman, M.L.R. Beelen, M.P.W. Galle, H. Hollema, J.

Benraadt, F.E. van Leeuwen and the Comprehensive Cancer

Centers’ ALERT Group, Risk and prognosis of endometrial

cancer after tamoxifen for breast cancer, Lancet 356 (2000) 881—

887.

L. Deligdisch, T. Kalir, C.J. Cohen, M. de Larour, G. Le

Bouedec, F. Penault-Llorca, Enodmetiral histopathology in 700

patients treated with tamoxifen for breast cancer, Gynecol. Oncol.

78 (2000) 181-186.

E. Mantyla, S. Karlsson, L. Nieminen, Induction of endometrial

cancer by tamoxifen in the rat, in: J.J. Li, S.A. Li, J.A.

Gustafsson, N. Nandi, L.I. Sekely (Eds.), Hormonal Carcinogen-

esis II, Springer, New York, 1996, pp. 442-445.

[6] P. Hirsimaki, Y. Hirsimaki, L. Nieminen, S. Karlsson, E.
Mantyla, On the safety studies of the antiestrogens toremifine
and tamoxifen, Scand. J. Lab. Anim. Sci. 23 (1996) 147-1543.

[7] C.K. Lim, Z.-X. Yuan, J.H. Lamb, [.N.H. White, F.D. Matteis,
L.L. Smith, A comparative study of tamoxifen metabolism in
female rat, mouse and human liver microsomes, Carcinogenesis 15
(1994) 589-593.

[8] IARC, Monographs on the evolution of carcinogenic risks to
humans, vol. 66, Some Pharmaceutical Drugs, IARC, Lyon,
France, 1996, pp. 253-365.

[9] D.H. Phillips, Understanding the genotoxicity of tamoxifen,
Carcinogenesis 22 (2001) 839-861.

2

—

[4

[l

[5

)



M. Sharma et al. | Biochemical and Biophysical Research Communications 307 (2003) 157-164 163

[10] G.A. Potter, R. McCague, M. Jarman, A mechanistic hypothesis
for DNA adduct formation by tamoxifen following hepatic
oxidative metabolism, Carcinogenesis 15 (1994) 439-442.

[11] S. Shibutani, L. Dasardhi, I. Terashima, E. Banoglu, M.W.
Duffel, a-Hydroxytamoxifen is a substrate of hydroxysteroid
(alcohol) sulfortransferase, resulting in tamoxifen DNA adducts,
Cancer Res. 58 (1998) 647-653.

[12] H. Glatt, W. Davis, W. Meinl, H. Hermesdorfer, S. Venitt, D.H.

Phillips, Rat, but not human, sulfotransferase activates a tamox-

ifen metabolite to produce DNA adducts and gene mutations in

bacteria and mammalian cells in culture, Carcinogenesis 19 (1998)

1709-1713.

S. Shibutani, P.M. Shaw, N. Suzuki, L. Dasaradhi, M.W. Duffel,

I. Terashima, Sulfation of a-hydroxytamoxifen catalyzed by

human hydroxysteroid sulfotransferase results in tamoxifen—

DNA adducts, Carcinogenesis 19 (1998) 2007-2011.

H. Glatt, 1. Bartsch, S. Cristoph, M.W.H. Coughtrie, C.N.

Falany, M. Hagen, R. Landsiedel, U. Pabel, D.H. Phillips, A.

Seidel, Y. Yamazoe, Suofotransferase-mediated activation of

mutagens studied using heterologous expression systems, Chem.

Biol. Interact. 109 (1998) 195-219.

[15] M.R. Osborne, A. Hewer, I.R. Hardcastle, P.L. Carmichael, D.H.
Phillips, Identification of the major tamoxifen-deoxyguanosine
adducts formed in the liver DNA of rats treated with tamoxifen,
Cancer Res. 56 (1996) 66-71.

[16] G. Gambos da Costa, L.P. McDaniel-Hamilton, R.H. Heflich,
M.M. Marques, F.A. Beland, DNA adduct formation
and mutant induction in Sprague-Dawley rats treated with
tamoxifen and its derivatives, Carcinogenesis 22 (2001) 1307—
1315.

[17] K. Hemminki, H. Rajaniemi, B. Lindahl, B. Moberger, Tamox-

ifen-induced DNA adducts in endometrial samples from breast

cancer patients, Cancer Res. 56 (1996) 4374-4377.

S. Shibutani, N. Suzuki, I. Terashima, S.M. Sugarman, A.P.

Grollman, M.L. Pearl, Tamoxifen-DNA adducts detected in the

enodmetrium of women treated with tamoxifen, Chem. Res.

Toxicol. 12 (1999) 546-653.

S. Shibutani, A. Ravindernath, N. Suzuki, I. Terashima, S.M.

Sugarman, A.P. Grollman, M.L. Pearl, Identification of tamox-

ifen—-DNA adducts in the endometrium of women treated with

tamoxifen, Carcinogenesis 21 (2000) 1461-1467.

[20] P.L. Carmichael, A.H.N. Ugwumadu, P. Neven, A.J. Hewer,
G.K. Poon, D.H. Phillips, Lack of genotoxicity of tamoxifen in
human enodmetrium, Cancer Res. 56 (1996) 1475-1479.

[21] P.L. Carmichael, S. Sardar, N. Crooks, P. Neven, 1. Van Hoof, A.
Ugwumadu, T. Bourne, E. Tomas, P. Hellberg, A.J. Hewer, D.H.
Phillips, Lack of evidence from HPLC P?*?-postlabeling for
tamoxifen-DNA adducts in the human endometrium, Carcino-
genesis 20 (1999) 339-342.

[22] G. Gamboa da Costa, M.M. Marques, F.A. Beland, J.P.
Freeman, M.I. Churchwell, D.R. Doerge, Quantification of
tamoxifen DNA adducts using on-line sample preparation and
HPLC-electrospray ionization tandem mass spectrometry, Chem.
Res. Toxicol. 16 (2003) 357-366.

[23] D. Grady, T. Gebretsadik, K. Kerlikowske, V. Emster, D. Petitti,
Hormone replacement therapy and endometrial cancer risk: a
meta-analysis, Obstet. Gynecol. 85 (1995) 304-313.

[24] J.G. Liehr, M.J. Ricci, C.R. Jefcoate, E.V. Hannigan, J.A.
Hokanson, B.T. Zhu, 4-Hydroxylation of estradiol by human
uterine myometrium and myoma microsomes: implications for the
mechanism of uterine tumorigenesis, Proc. Natl. Acad. Sci. USA
92 (1995) 9220-9224.

[25] C.L. Hayes, D.C. Spink, B.C. Spink, B.C. Cao, N. Walker, R.
Sutter, 17p-Estradiol hydroxylation catalyzed by human cyto-
chrome P450 1B1, Proc. Natl. Acad. Sci. USA 93 (1996) 9776-9781.

[26] J. Hukkanen, M. Mantyla, L. Kangas, P. Wirta, J. Hakkola, P.
Paakki, S. Evisalmi, O. Pelkonen, H. Raunio, Expression of

(13

[14

[18

[19

cytochrome P450 genes encoding enzymes active in the metabo-
lism of tamoxifen in human uterine endometrium, Pharmacol.
Toxicol. 82 (1998) 93-97.

[27] (a) M. Sharma, J. Lewis, M. Sharma, B.P. McGarrigle, D.E.

Shubert, D.P. Bofinger, J.R. Olson, Biotransformation of tamox-
ifen in a human endometrial explant culture model, Int. J. Cancer
S13 (2002) 18;
(b) M. Sharma, D.E. Shubert, M. Sharma, J. Lewis, B.P.
McGarrigle, D.P. Bofinger, J.R. Olson, Biotransformation of
tamoxifen in a human endometrial explant culture model, Chem.-
Biol. Interact., in press.

[28] A.B. Foster, M. Jarman, O.-T. Leung, R. McCague, G. Leclercq,
N. Devleeschouwer, Hydroxy derivatives of tamoxifen, J. Med.
Chem. 28 (1985) 1491-1497.

[29] K. Brown, R.T. Heydon, R. Jukes, .N.H. White, E.A. Martin,
Further characterization of the DNA adducts formed in rat liver
after the administration of tamoxifen, N-desmethyltamoxifen
or N,N-didesmethyltamoxifen, Carcinogenesis 20 (1999) 2061-
2066.

[30] K.G. Osteen, W.H. Rodgers, M. Gaire, J.T. Hargrove, F.
Gorstein, L.M. Matrisian, Stromal-epithelial interaction mediated
steroidal regulation of metalloproteinase expression in human
endometrium, Proc. Natl. Acad. Sci. USA 91 (1994) 10129-10133.

[31] D.P. Bofinger, L. Feng, L.-H. Chi, J. Love, F.D. Stephen, T.R.
Sutter, K.G. Osteen, T.G. Coslich, R.E. Batt, S.T. Koury, J.R.
Olson, Effect of TCDD exposure on CYPIAl and CYPIBI in
explant cultures of human endometrium, Toxicol. Sci. 62 (2001)
299-314.

[32] M. Sharma, H.K. Slocum, Prevention of quinone-mediated DNA
arylation by antioxidants, Biochem. Biophys. Res. Commun 262
(1999) 769-774.

[33] K.M. Fried, .W. Wainer, Direct determination of tamoxifen and
its four major metabolites in plasma using coupled column high-
performance liquid chromatography, J. Chromatogr. B 655 (1994)
261-268.

[34] O. Merle, J. Guitton, M.D. Burke, M. Ollagnier, Rapid and
simple method to determine tamoxifen and its major metabolites
in human liver microsomes by high performance liquid chroma-
tography with fluorescence detection, Anal. Lett. 31 (1998) 2067—
2076.

[35] R.R. Brown, R. Bain, V.C. Jordan, Determination of tamoxifen
and metabolites in human serum by high-performance liquid
chromatography with post-column fluorescence activation, J.
Chromatogr. 272 (1983) 351-358.

[36] E.A. Lien, E. Soleim, P.M. Ueland, Distribution of tamoxifen and
its metabolites in rat and human tissues during steady-state
treatment, Cancer Res. 51 (1991) 4837-4844.

[37] G. Giorda, L. Franceschi, D. Crivellari, M.D. Magri, A. Veronesi,
C. Scarabelli, M. Furlanut, Determination of tamoxifen and its
metabolites in the endometrial tissue of long-term treated women,
Eur. J. Cancer 36 (2000) S81-S91.

[38] K. Randerath, M.V. Reddy, R.C. Gupta, *P-Labeling test for
DNA damage, Proc. Natl. Acad. Sci. USA 78 (1981) 6126-6129.

[39] M.V. Reddy, K. Randerath, Nuclease P1-mediated enhancement
of sensitivity of **P-postlabeling test for structurally diverse DNA
adducts, Carcinogenesis 7 (1986) 1543-1551.

[40] M. Sharma, H.G. Freund, Development of laser-induced fluores-
cence detection to assay DNA damage, in: B.L. Fearey (Ed.),
Optical Methods for Ultrasensitive Detection and Analysis: Tech-
niques and Applications, Proc. SPIE, 1435, 1991, pp. 280-291.

[41] R. Jain, M. Sharma, Fluorescence postlableling assay of DNA
damage induced by N-methyl-N-nitrosourea, Cancer Res. 53
(1993) 2771-2774.

[42] M. Sharma, R. Jain, R.B. Campbell, E. Ionescu, H.K. Slocum,
Nonisotopic detection of 5-fluorouracil incorporation into nucleic
acids of exposed human ileocecal adenocarcinoma (HCT-8) cells,
in: R.S. Rao, M.G. Deo, L.D. Sanghvi (Eds.), Proc. XVI Int.



164 M. Sharma et al. | Biochemical and Biophysical Research Communications 307 (2003) 157-164

Cancer Congr., New Delhi, India, 30 October—5 November, 3,
1994, pp. 1885-1889.

[43] M. Sharma, R. Jain, E. Ionescu, J.W. Darnowski, Quantitative
analysis of 3’-azido 3’-deoxythymidine incorporation in DNA of
human colon tumor cells, Bioconjug. Chem. 6 (1995) 536-540.

[44] M. Sharma, Analysis of tamoxifen-DNA adducts by high-perfor-
mance liquid chromatography using postcolumn online photo-
chemical activation, Biochem. Biophys. Res. Commun. 273 (2000)
40-44.

[45] B.N. Ames, Micronutrients prevent cancer and delay aging,
Toxcicol. Lett. 102-103 (1998) 5-18.

[46] K.A. Head, Ascorbic acid in the prevention and treatment of
cancer, Altern. Med. Rev. 3 (1998) 174-186.

[47] C.G.M. Jordan, K. Brown, C. Beedham, J.E. Brown, Effects of
inhibitors on the biotransformation of tamoxifen by female rat
and mouse liver slices and homogenates, Drug Metab. Drug
Interact. 15 (1999) 239-258.

[48] C.F. Holinka, E. Gurpide, Peroxidase activity in glands and
stroma of human endometrium, Am. J. Obstet. Gynecol. 1 (1980)
599-603.

[49] P.A. Glascott, E. Gilfor Jr., J.L. Farber, Relationship of
metabolism of vitamins C and E in cultured hepatocytes treated
with tert-butylhydroperoxide, Mol. Pharmacol. 48 (1995) 80-
88.

[50] E. Niki, Vitamin C as an antioxidant, World. Rev. Nutr. Diet 64
(1991) 1-30.



	Antioxidant inhibits tamoxifen-DNA adducts in endometrial explant culture
	Materials and methods
	Results
	Discussion
	Acknowledgements
	References


