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a b s t r a c t

Tamoxifen is a powerful drug used to treat breast cancer patients, and more than 500,000 women in the
U.S. are being treated with this drug. In our study, tamoxifen is found to be photomutagenic in Salmonella
typhimurium TA102 at concentrations as low as 0.08 �M and reaches maximum photomutagenicity at
0.4 �M under a light dose equivalent to 20 min sunlight. These concentrations are comparable to the
plasma tamoxifen concentration of 0.4–3 �M for patients undergoing tamoxifen therapy. The toxicity
seems to be the result of DNA damage and/or lipid peroxidation caused by light irradiation of tamoxifen.
eywords:
amoxifen
hototoxicity
aCaT keratinocytes
almonella TA102

The DNA damage caused by irradiation of ФX174 DNA in the presence of tamoxifen appears to be formation
of DNA–tamoxifen covalent adducts, not single strand/double strand cleavages, and there is no oxygen
involvement. This is confirmed by EPR experiments that carbon-centerd radicals are formed by light
irradiation of tamoxifen and there is no singlet oxygen formation. Although superoxide radical is formed,
it is not involved in DNA damage.
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. Introduction

Breast cancer is the most common cancer in women in the
nited States, with an estimated 215,000 cases diagnosed in
004 or one new case in 2 min [1]. Endocrine therapy is the
tandard care for most women with hormone receptor-positive
umors in adjuvant and metastatic setting. Tamoxifen, trans-2-
4-(1,2-diphenyl-1-butenyl)phenoxy]-N,N-dimethylethylamine, or
olvade by brand name, is a powerful drug used to treat breast can-
er patients, and more then 500,000 women in the US are being
reated with this drug. Tamoxifen is a member of the drug class
alled selective estrogen response modifiers, which compete with
strogen for binding to the estrogen receptor. Tamoxifen therefore
cts by blocking (antagonizing) the proliferative effects of estrogen

o stop or slow down tumor growth.

According to recent studies, long-term treatment with tamox-
fen significantly increases women’s endometrial cancer [2–4].
NA–tamoxifen adducts have been found in rat liver and in the

� This article is not an official U.S. Food and Drug Administration guidance or
olicy statement. No official support or endorsement by the U.S. Food and Drug
dministration is intended or should be inferred.
∗ Corresponding author. Tel.: +1 601 979 2174; fax: +1 601 979 3674.

E-mail address: hongtao.yu@jsums.edu (H. Yu).

e
i
a
e
s
r
u
t
t
b

010-6030/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jphotochem.2008.09.013
Published by Elsevier B.V.

ndometrial tissue of certain women undergoing tamoxifen ther-
py [5–7]. It is not known if the induction of endometrial cancer in
omen is through DNA adducts or the estrogenic nature of the drug

8]. Gene mutation assays of tamoxifen in bacteria as well as assays
or chromosome aberrations in mammalian cells are routinely per-
ormed [9]. The major class of mutation induced by tamoxifen in
he cII gene was G:C→T:A transversion [10]. Mutation frequency
t the lacI gene locus in the livers of dosed female lambda/lacI
ransgenic rats increased 4-fold when the rats were fed with food
ontaining tamoxifen (20 mg/kg per day) for 6 weeks compared
ith control [11]. In contrast, tamoxifen or its derivatives are not
utagenic in Salmonella TA97a, TA98, TA100, and TA102 strains, and

how protective effects at certain concentrations in either plate or
re-incubation tests [12].

Many light-absorbing chemicals are toxic to living systems when
xposed to both light and chemical at the same time [13,14]. Tamox-
fen has a C C double bond linking three benzene rings (Fig. 1). It
dsorbs light in the solar irradiation’s UVB region (280–320 nm)
xtending to short UVA region (320–400 nm). Upon absorption of
unlight, the higher energy state tamoxifen may undergo various

eactions leading to toxicity. Possible photochemical reaction prod-
cts of tamoxifen have been isolated and identified as isomerization
o the cis-isomer, ring cyclization to form two isomeric substi-
uted phenanthrenes, and oxidation products of the C C double
onds [15–18]. The photoproducts are usually less toxic than the

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:hongtao.yu@jsums.edu
dx.doi.org/10.1016/j.jphotochem.2008.09.013
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ig. 1. Tamoxifen, trans-2-[4-(1,2-diphenyl-1-butenyl)phenoxy]-N,N-dimethyleth-
lamine.

arent tamoxifen for aquatic organisms of breast cancer cell line
CF-7 [15,18]. However, several recent publications report that var-

ous skin sensitivities including phototoxicity have been observed
or patients undergoing tamoxifen therapy [14,15,19–21]. Since the
hotoproducts are less toxic than the parent tamoxifen, it is likely
hat reactive intermediates are generated during the phototrans-
ormation process of tamoxifen that causes toxicity. Therefore, we
ish to report the study on phototoxicity including photomuta-

enicity of tamoxifen in Salmonella typhimurium TA102 and human
kin HaCaT keratinocyte, a transformed human epidermal cell line,
nd provide mechanistic insights on light-induced generation of
eactive intermediates.

. Methods and materials

.1. Material

Tamoxifen, NaN3, 2-mercaptoethanol, superoxide dismutase
SOD), histidine, D2O (>99% D), KI, �-(4-pyridyl-1-oxide)-N-tert-
utylnitrone (POBN) for trapping carbon-centered radicals [22],
nd 2,2,6,6-tetramethyl-piperidine (TEMP) for trapping singlet
xygen [23] were purchased from Sigma–Aldrich Chemical Com-
any and used without further purification (St. Louis, MO). The
itrone spin trap for superoxide radicals, 5-tert-butoxycarbonyl-
-methyl-1-pyrroline N-oxide (BMPO), was a gift from Prof. B.
alyanaraman (Medical College of Wisconsin) [24]. Salmonella

yphimurium TA102 was kindly provided by Dr. Bruce Ames (Univer-
ity of California, Berkeley). Rat liver S9, induced by Aroclor1254,
as purchased from ICN Biochemical Company (Aurora, OH). HaCaT

eratinocytes, a transformed human epidermal cell line, were
btained from Dr. Norbert Fusenig of the German Cancer Research
entre (Heidelberg, Germany).

.2. Light sources

A 300-W Xe lamp from ORIEL Instruments (Stratford, CT)
roducing a simulated solar light, was used for photomuta-
enicity, photocytotoxicity in HaCaT cells, and DNA cleavage
xperiments. The average light intensity was 7.3 mW/cm2 for visi-
le, 3.6 mW/cm2 for UVA, and 11.6 �W/cm2 for UVB. This intensity
atches well with local sunlight intensity at 11:00 am on a
lear day during February or July in Jackson, Mississippi, USA
11–15 mW/cm2 visible and 3.1–5.0 mW/cm2 UVA). A custom made
VA light box with a 4-lamp unit using UVA lamps (National
iologics) was used for peroxidation essays. The irradiance of

ight was determined using an Optronics OL754 Spectroradiome-
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er (Optronics Laboratories, Orlando, FL), and the light dose was
outinely measured using a Solar Light PMA-2110 UVA detector
Solar Light Inc., Philadelphia, PA). The maximum emission of the
VA is between 340 and 355 nm. The light intensities at wave-

engths below 320 nm (UVB light) and above 400 nm (visible light)
re about two orders of magnitude lower than the maximum at
40–355 nm.

.3. Bacteria photomutagenicity and viability assays

Photomutagenicity test was conducted based on the bacte-
ia mutagenicity test developed by Maron and Ames [25] with
odification [26,27]. Bacteria viability was a modified procedure

escribed in previous publications [28,29].

.4. Phototoxicity test in human skin HaCaT keratinocyte cells

The cell culture method was reported in previous publications
30,31]. After the HaCaT cells grew to a concentration of no less
han 1 × 105 cells/mL, the cells were harvested and centrifuged at
000 rpm for 5 min. The supernatant was discarded and the pellet
as washed twice with 1 × PBS. Finally the pellet was resuspended

n 1 × PBS to reach a cell concentration of approximately 5 × 105

ells/mL. The cell suspension was placed in a 96-well plate with
00 �L in each well. Then 100 �L of a given TAM concentration in
× PBS was added through a serial dilution of the freshly prepared
.11 mM tamoxifen stock solution in DMSO. The final concentration
f DMSO was 2.3%. Two sets of 96-well plates were used with one
overed with aluminum foil as the dark control, while the other
as irradiated for 20 min (UVA 4.6 J/cm2 and visible light 8.4 J/cm2).
mong the nine wells at each tamoxifen concentration, the cells in

hree wells were taken out for Comet assay and the remaining six
or cell viability assay.

.5. Cell viability

The six wells for cell viability assay received 100 �L of fluo-
oscein diacetate (FDA, 10 ng/mL) in each well and incubated at
7 ◦C for 35 min. The plates were then read immediately using
Fluoroscan Ascent FL (Thermo Labsystems) with filters set at

n excitation wavelength of 485 nm and emission wavelength of
38 nm. All experiments were in triplicates.

.6. Light–induced DNA damage by tamoxifen

Light-induced DNA damage by tamoxifen was examined with
upercoiled plasmid DNA (Promega) in 10% methanol buffered with
BS at 7.1 [32]. Briefly, supercoiled �X174 phage DNA (27 �M
n base pairs, Sigma–Aldrich, St. Louis) was mixed with TAM
0–200 �M) to make a total of 60 �L of solution. These solutions
ere placed in the wells of a 3 × 8 Titertek plate (ICN Biochemicals).

he plate was irradiated for 20 min. After irradiation, each sample
as mixed with 12.5 �L of a dye solution (bromophenol blue and

ylene cyanole in 50% glycerol) and 13 �L of the mixture was loaded
nto a preprepared 1% agarose gel. After gel-electrophoresis, the
NA was stained with ethidium bromide and visualized with a gel
ocumentation system.

.7. Lipid peroxidation
Experiments were conducted with a solution of 100 mM methyl
inoleate and 0.2 mM of tamoxifen in methanol. Samples were
laced in a UV-transparent cuvette and irradiated with 0, 14, 35,
nd 70 J/cm2 of UVA light. After irradiation, the methyl linoleate
ydroperoxide products were separated by HPLC using a Prodigy
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Fig. 2. Salmonella typhimurium TA102 survival in the presence of tamoxifen with or
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Table 1
Number of revertant colonies per plate for Salmonella TA 102 underwent various
treatmentsa.

Tamoxifen (�M) Control With S9 3.3 J/cm2

(5 min)
13.1 J/cm2

(20 min)

0 303 ± 14 486 ± 16 545 ± 21 463 ± 56
0.04 403 ± 48 665 ± 8 527 ± 92 623 ± 29
0.08 399 ± 73 619 ± 14 519 ± 11 637 ± 29
0.16 426 ± 50 710 ± 21 610 ± 26 1095 ± 128
0.32 413 ± 28 720 ± 35 591 ± 17 1490 ± 148
0.4 417 ± 44 715 ± 14 648 ± 37 1856 ± 109
0
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human skin keratinocytes

The viability of HaCaT cells was examined by measuring the flu-
orescence intensity of FDA taken into the cells. Human HaCaT cells
were treated with tamoxifen at concentrations of 0, 0.04, 0.08, 0.16,
ithout light irradiation. Light dose were 1.2 J/cm2 UVA and 2.1 J/cm2 visible (5 min)
nd 4.6 J/cm2 UVA and 8.5 J/cm2 of visible light (20 min). Bacteria colonies were
rown in Petri dishes with nutrient agar. All data points were the average reading
rom three Petri dishes.

m ODS column (4.6 mm × 250 mm, Phenomenex, Torrance, CA)
luted isocratically with 10% water in methanol (v/v) at 1 mL/min.
he extent of lipid peroxides formed by the photo-irradiation
f methyl linoleate in the absence and presence of tamoxifen
as determined by calculating the amount of methyl linoleate-
ydroperoxides detected in resolved HPLC peak areas detected at
35 nm as previously described [33–35].

.8. Detection of reactive intermediates using ESR

Superoxide radical generation by tamoxifen under UV irradia-
ion (330 nm or 280 nm) was spin trapped with BMPO. Samples
ontaining 25 mM BMPO in 50% ethanol in two 50 �L quartz capil-
aries were used. The UVA light was provided by a Schoeffel 1000 W
enon lamp coupled with a Schoeffel grating monochromator. The
xcitation light had a maximum centered at 389 nm. All experi-
ents were performed in duplicate. The data were obtained with

rror of less than 10%. Conventional ESR spectra were obtained with
Varian E-109 X-band spectrometer. ESR signals were recorded
ith 15 mW incident microwave and 100 kHz field modulation of
G. The scan width was 100 G for TEMP experiments. All measure-
ents were performed at room temperature.

.9. Biostatistical analysis

Differences between light exposure and control groups were
erformed by one-way analysis of variance (ANOVA; The SAS Sys-
em for windows, Version 8, SAS Institute, Gary, NC, USA). Means
ere separated by Tukey’s test. Differences at p < 0.05 are consid-

red significant.

. Results

.1. Phototoxicity and photomutagenicity of tamoxifen in
almonella TA102

Salmonella TA102, in the presence of tamoxifen with concentra-
ions of 0, 0.5, 1.0, 1.5, 2.0 �M or 0, 0.2, 0.5, 1.0, 2.0, 5.0, and 25 �M,
as irradiated for 5 or 20 min with the 300-W Xe lamp. Bacteria
iability is shown in Fig. 2. In the concentration range of 0–2 �M,
here was a slight increase in bacteria viability. However, at 25 �M,
9% of bacteria death was observed for both light doses and 80% of
acteria death for that without light irradiation. These results indi-
ate that tamoxifen is toxic to TA102 at concentrations >5 �M with

F
1
l
r

.6 422 ± 40 697 ± 40 682 ± 16 1590 ± 76

.2 413 ± 14 770 ± 28 682 ± 16 605 ± 50

a Experiment was in duplicate.

r without light irradiation, but the toxicity is greater in the pres-
nce of light. At concentrations lower than 5 �M, tamoxifen is not
hototoxic. Actually, there is a slight bacteria growth in this con-
entration range. This is also observed that low dose tamoxifen can
timulate the breast cell growth and high dose tamoxifen is toxic
o the cells [36].

Thus, the photomutagenicity of tamoxifen in the concentration
ange of 0–1.2 �M, where it is not phototoxic, was examined. These
ata are presented in Table 1 and Fig. 3. Without light irradiation,
amoxifen is not mutagenic (lowest line in Fig. 3). With 5 min irra-
iation or with the S9 mix (2 mg/plate), the number of revertant
olonies caused by these treatments was about twice as much as the
egative control caused by spontaneous mutation (two lines in the
iddle of Fig. 3). This indicates that TAM is mutagenic with the S9
ix and photomutagenic with 5 min light irradiation. With 20 min

ight irradiation, the number of revertant colonies due to exposure
o 0.32 �M tamoxifen is 5.6 time of the negative control and 4 time
f the light irradiation control (first point of the top line in Fig. 3).
his mutagenic effect is seen at concentrations as low as 0.08 �M,
here there is still 2.3-time the number of revertant colonies than

he control with light irradiation. The 5-fold increase in the number
f revertant colonies indicates that tamoxifen is strongly photomu-
agenic in TA 102 with 20-min irradiation at concentrations greater
han 0.08 �M. At concentrations greater than 0.32 �M, the number
f revertant colonies decreased with the increase of tamoxifen con-
entration, indicating that some of the revertant bacteria could not
urvive the toxicity of >0.32 �M tamoxifen and 20 min light.

.2. Photocytotoxicity and photogenotoxicity of tamoxifen in
ig. 3. Photomutagenicity of tamoxifen with Salmonella typhimurium TA102 with
.2 J/cm2 UVA and 2.1 J/cm2 visible (5 min) and 4.6 J/cm2 UVA and 8.5 J/cm2 of visible
ight (20 min) irradiation or in the presence of S9 mix. The points are the average
eading of three parallel experiments.
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300 units/mL of SOD efficiently removed all the signals, indicating
superoxide is indeed formed. Using 280 nm light seems to gener-
ate less superoxide compared with the 330 nm light. Fig. 7 shows
ig. 4. Damage of �X-174 supercoiled plasmid DNA (27 �M in base pairs) cause
xperiment; Right: irradiation time dependence experiment. Light dose was 4.6 J/cm

.32, 0.4, 0.6, and 1.2 �M under both light doses, 1.2 J/cm2 UVA and

.1 J/cm2 visible (5 min) and 4.6 J/cm2 UVA and 8.5 J/cm2 of visi-
le light (20 min). There is no observable photocytotoxicity under
hese test conditions (data not shown).

.3. Light-induced damage of plasmid DNA by tamoxifen

Irradiation of �X174 DNA solution in the presence of tamoxifen
auses damage to the DNA. As can be seen in Fig. 4 (left panel),
X174 DNA has two bands, and the intensity ratio of the lower

and (supercoiled) versus the upper band (open circular) is about
:1. As can be seen, there is no DNA damage with up to 50 �M
amoxifen. At higher concentrations, the intensity of both bands
ecreases and the DNA begins to spread out over the lane, but
ostly moving slower than the original DNA. At the two high-

st concentrations, some of the DNA accumulates at the gel origin
lanes 9 and 10 left panel). Longer irradiation up to 40–60 min (lanes
–8 right panel), DNA accumulated at the origin also spreads out.
his indicates that there appears no single strand DNA cleavage
hich supposes to convert the supercoiled form to the open circu-

ar form as shown before [37]. It seems like that the damaged DNA
as greater molecular weight or less negative charge. Both of which
an be achieved by formation of DNA–tamoxifen covalent adducts.
NA–tamoxifen adducts have greater molecular weight and at the

ame time, less negative charge since the dimethylamino group
n tamoxifen is positively charged in the test solution. Another
ossible damage would be DNA–DNA crosslinks. The fact that at
he highest concentration and longest irradiation time, the DNA
ccumulated near the gel origin also disappears, indicating DNA
ragmentation occurred.

.4. Effect of scavengers on DNA damage induced by tamoxifen

nd light irradiation

To find out which reactive species is involved in causing the
ight-induced DNA damage by tamoxifen, these experiments were

ig. 5. Effect of scavengers on light-induced DNA damage by tamoxifen (200 �M).
ll experiments were tested with 27 �M �X174 DNA and irradiated for 20 min by
00 W Xe lamp except the negative control. Lane N: negative controls in the dark;

ane P: positive control with tamoxifen and irradiation; lanes 3, 4, 5, 6, 7, and 8 are in
he presence of nitrogen (N2), 50 mM histidine (His), 200 units SOD, 50 mM NaN3,
0 mM KI, 100% D2O, and 1.0 M mercaptoethanol (SH).

t
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E

N
H
S
N
K
D
2

T
L

M
M

ight-irradiation of tamoxifen (TAM) in solution. Left: concentration dependence
VA and 8.5 J/cm2 of visible light.

arried out in the presence of several scavengers (Fig. 5). The effects
y scavengers on DNA damage are listed in Table 2. Each lane is
ompared with the positive control (P). As can be seen in Fig. 5, the
resence of histidine, NaN3, KI or 2-mercaptoethanol caused sig-
ificant decrease in DNA damage. In the absence of oxygen (purged
ith nitrogen), in the presence of SOD, or in D2O, there is almost
o effect. These results indicate that oxygen is not likely involved

n DNA photodamage by tamoxifen.

.5. Induction of lipid peroxidation

With UVA light irradiation of tamoxifen solution in the presence
f methyl linoleate, lipid perxidation is studied with light doses of
4, 35, and 70 J/cm2 (Table 3). At a low light dose of 14 J/cm2, the
resence of tamoxifen caused 2.7 times more peroxides. However,
t the highest dose of 70 J/cm2, the amount of lipid peroxide is about
he same with or without of tamoxifen.

.6. Light-induced formation of reactive intermediates detected
y ESR

We tested the possible formation of three reactive intermediates
ith ESR: superoxide, singlet oxygen, and carbon-based radicals.
ased on the results obtained, superoxide and carbon-based rad-

cals are both formed, while singlet oxygen is not detected. (1)
uperoxide: irradiation with 330 nm light on the tamoxifen solu-
ion generates superoxide that can be trapped by BMPO (Fig. 6).
he amount of superoxide generated increases with the increasing
oncentration of tamoxifen in the range of 0–5 mM. The presence of
he irradiation time dependence for the formation of superoxide.

able 2
ffect of scavengers on DNA photodamage by tamoxifen.

xperiment Reactive species affected Effect on DNA
damage

itrogen purged O2 No effect
istidine, 50 mM OH•/1O2 Decrease
OD, 200 units/mL O2

•− No effect
aN3, 50 mM 1O2 Decrease
I, 50 mM Excited singlet state Decrease
2O, 100% Enhance 1O2 lifetime No effect
-Mercaptoethanol, 1.0 M Carbon centered radical Decrease

able 3
ipid peroxidation induced by UVA light irradiation of tamoxifen (200 �M).

0 J/cm2 14 J/cm2 35 J/cm2 70 J/cm2

ethyl linoleate (ML) 178, 192 282, 291 496, 514 1061, 1109
L + tamoxifen 193, 207 721, 784 827, 881 1093, 1118
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ifen will cancel out the negative charge on the phosphate backbone
of DNA, and thus causing the DNA–tamoxifen to move slower. It
is known that tamoxifen can bind DNA non-covalently [44,45];
and the DNA–tamoxifen non-covalent complex can facilitate the
ig. 6. Superoxide radical generation by tamoxifen (TAM) by UV (330 nm or 280 nm)
rradiation with spin trap BMPO. Samples contained 25 mM BMPO in 50% ethanol.

s irradiation time (light dose) increases from 1 min to 14 min, the
mount of superoxide generated increases linearly. (2) Singlet oxy-
en: TEMP is a specific probe for trapping singlet oxygen. The results
ndicated that photoirradiation of tamoxifen by UVA (330 nm) or
VB (280 nm) did not generate singlet oxygen (data not shown). (3)
arbon-centered radicals: POBN was used to trap carbon-centered
adicals. As seen in Fig. 8, UV irradiation of tamoxifen solution pro-
uces carbon-centered radicals. The amount of carbon-centered
adicals formed is about the same whether irradiated for 10, 20,
r 30 min.

. Discussions

The light-induced toxicity results presented here clearly show
hat tamoxifen is photomutagenic in Salmonella typhimurium TA102
t doses as low as 0.08 �M (Fig. 3 and Table 1), but is not
cutely phototoxic to the human skin cells at concentrations below
�M. Light irradiation of tamoxifen generates superoxide and
arbon-centered radicals, but not singlet oxygen (Figs. 6–8). The
bservation of superoxide, but not singlet oxygen, through photoir-
adiation of tamoxifen agrees with the result reported by Onoue
nd Tsuda in their test of 26 pharmaceuticals [14]. The reac-
ive intermediates cause damage to plasmid DNA and produce
ipid peroxidation. The DNA damages are likely some forms of
NA–tamoxifen covalent adduct since the damaged DNA have
reater molecular weight and move slower in the gel than the

riginal DNA (Fig. 4). Degassing with nitrogen, carrying out the
xperiment in D2O (lengthening 1O2 lifetime), or in the presence
f SOD, all do not affect the damage, indicating oxygen is not
nvolved (Fig. 5). Although the EPR study indicates that superox-
de radical is formed when tamoxifen is irradiated, superoxide is

F
(
e

tobiology A: Chemistry 201 (2009) 50–56

ot involved in producing DNA damages, but may be involved in
ipid peroxidation (Table 3). The scavenging effect by KI (excited
inglet state) indicates that the DNA damage is a result of the
xcited state reaction of tamoxifen. Normally, histidine and NaN3
re used as singlet oxygen scavengers [37,38]; however, their scav-
nging of the DNA damage shown here is probably not due to
eaction with singlet oxygen, but may be due to the scavenging
ffect on a carbon-centered radical of tamoxifen. Histidine and
aN3 can also react with free radicals in addition to singlet oxygen

39–41]. EPR study clearly indicates the formation of carbon-
entered radicals upon light irradiation of tamoxifen (Figs. 6–8).

further proof of the involvement of carbon-centered radicals
n DNA damage is the scavenging effect by 2-mercaptoethanol
Fig. 5 lane SH), a widely used carbon-centered radical scavenger
42,43].

Due to the involvement of carbon-centered radicals for DNA
amage, it is likely some forms of DNA–tamoxifen covalent adduct

s formed, shown by the smeared and slower moving bands of the
NA–tamoxifen adducts (Fig. 4). The more tamoxifen molecules
ovalent linked to DNA, the greater the molecular weight and the
lower the DNA–tamoxifen moves in the gel. Another possibility
or the slower moving bands may be due to lower negative charge
or DNA–tamoxifen adduct. Tamoxifen is positively charged on the
imethylamino group at neutral pHs. The positively charged tamox-
ig. 7. Time dependence of superoxide generation by tamoxifen (TAM) under UV
330 nm) irradiation. Samples contained 10 mM tamoxifen and 20 mM BMPO in 50%
thanol at room temperature.
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ig. 8. Time-dependent formation of carbon-centered radicals induced by UV
330 nm) irradiation of tamoxifen (TAM, 5 mM) in solution. The radicals were
rapped with PBN.

ormation of DNA–tamoxifen covalent adducts upon light irradia-
ion. However, the non-covalently bound DNA–tamoxifen complex
eems to be very weak since they were not observed during elec-
rophoresis as shown in lanes 3–7 in Fig. 4 (left).

Formation of DNA–tamoxifen covalent adducts in cells or
atients treated with tamoxifen have been widely studied
2–8,36,46–49]. The pathway of the formation of DNA–tamoxifen
dduct is through the metabolism of tamoxifen to �-
ydroxytamoxifen intermediate. The major DNA–tamoxifen
dduct is therefore �-(N2-deoxyguanosyl)tamoxifen and it is
elieved to be responsible for the carcinogenicity of tamoxifen. In
eneral, it was demonstrated metabolic activation and photolysis
roduce different DNA adducts as it was the case for DNA adducts
ormed with 7,12-dimethylbenz[a]anthracene through metabolism
nd photolysis [50]. Therefore, determination of light-induced
NA–tamoxifen adducts will possibly require a different set of

tandards and it is beyond the scope of the present paper.
The tamoxifen concentration for photomutagenicity is within

he range of plasma tamoxifen concentration for patients treated
ith this drug. Plasma concentrations of tamoxifen and its metabo-

ites are 0.40–0.65 �M in breast cancer patients with standard
ral dose of 20 mg/day [51,52] or 2.96 ± 1.32 �M in prostate can-
er patients with orally administered 160 mg/m2/day [53]. The
alf-life of tamoxifen in human body is 7 days [54]. In another
est, patients given tamoxifen tablets (20 mg/day) had a maximum
lasma tamoxifen level of 95 �M and the metabolite desmethylta-

oxifen at about 30 �M [55]. Tamoxifen had a half life of about 5

ays while desmethyltamoxifen had a much longer half life of 22
ays. This means that after a patient is administered with tamox-

fen and goes in the sunlight outdoors, the patient may be at risk of
ight-induced mutagenic effects of tamoxifen.
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