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of genes involved in estrogen metabolism (4), as well as to circulating hormone levels (5). Further, interactions between diet,
alcohol, and tobacco on metabolism of E2 , which can affect the
circulating hormone levels, have also been reported (6–8).The
circulating levels of E2 itself is an independent risk factor (9).
Thus, hormonal factors, especially of E2 , play a major role in
the etiology of breast cancer. E2 can cause both oxidative DNA
damage (10) and reduced DNA repair leading to initiating mutational events (11). Its effect on promotion and progression of
breast tumors has been extensively investigated [reviewed in
(12,13)].
Estrogen-induced ACI rat mammary tumor model is a physiologically relevant model in which hormonal factors play a
major role in mammary tumorigenesis. Akin to the human scenario, high levels of circulating E2 causes mammary tumors
in these rats (14,15). Both progesterone and estradiol are required for the development of tumors (16). E2 causes DNA and
epigenetic damage in the mammary (17,18), and blocking of
E2 metabolizing enzymes or estrogen receptors abrogate the
tumorigenesis (19). We have successfully utilized this animal
model to study the chemopreventive efficacy of dietary berries
and ellagic acid (EA) (20).
The hydroxylated E2 metabolite, 4-hydroxy estradiol (4E2 ),
is known to be carcinogenic (10,21). The hepatic P450 enzymes,
cytochrome P450 (CYP) 1A2 (CYP1A2) and CYP3A4 are primarily involved in the metabolism of E2 to its various phase
1 metabolites (22). Berries and berry components have been
shown to affect enzymes involved in carcinogen metabolism in
the liver (23–25). Liver is a suitable surrogate tissue to study
the interplay of systemic E2 and bioactive dietary compounds,
as it is a major metabolizing organ for both. Previously, we
showed that dietary berries can significantly reduce baseline
hepatic oxidative DNA damage in mice (24). To investigate
whether berries and bioactive berry components can reduce E2 induced oxidative DNA damage, we used a 2-step approach.
We analyzed the effect of 12-wk E2 treatment on the hepatic DNA damage in ACI rats fed either a control AIN-93M
diet or diets supplemented with a mixture of berries (equal
proportions of blueberry, blackberry, strawberry, red raspberry,
and black raspberry), blueberry alone, or EA. Next, in an in
vitro system, we studied the efficacy of aqueous berry extracts

The hormone 17ß-estradiol (E2 ) causes oxidative DNA damage
via redox cycling of its metabolites such as 4-hydroxy estradiol
(4E2 ). In this study, ACI rats (8 wk old) were fed either AIN93M diet or diets supplemented with 0.5% each of mixed berries
(strawberry, blueberry, blackberry, and red and black raspberry),
blueberry alone (BB; 2.5%), or ellagic acid (EA; 400 ppm) from
2 wk prior to and up to 12 wk of E2 treatment. The liver DNA was
analyzed for the presence of 8-oxo-7,8-dihydroguanine (8-oxodG)
and other polar adducts by 32 P-postlabeling. Compared to sham
treatment, E2 significantly increased the levels of both 8-oxodG and
P-1 subgroup (259% and 214%, respectively; P< 0.05). EA diet significantly reduced E2 -induced levels of 8-oxodG, P-1, P-2, and PL-1
by 79, 63, 44, and 67%, respectively ( P< 0.001). BB diet also significantly reduced the levels of P-1, P-2, and PL-1 subgroups by 77,
43, and 68%, respectively ( P< 0.001). Mixed berries were, however, ineffective. In addition, aqueous extracts of berries (2%) and
EA (100 µM) were tested for their efficacy in diminishing oxidative
DNA adducts induced by redox cycling of 4E2 catalyzed by copper
chloride in vitro. EA was the most efficacious (90%), followed by
extracts of red raspberry (70%), blueberry, and strawberry (50%
each; P< 0.001).

INTRODUCTION
Breast cancer is the foremost cancer diagnosed among
women worldwide (1). Over 95% of breast cancers diagnosed
cannot be linked to a single causative factor and are considered
sporadic in nature. It appears that several risk factors such as age
at menarche, age at menopause, parity, family history, genetic
polymorphisms, body weight, and other environmental factors
such as diet, exercise, alcohol, and tobacco play a highly interactive role in the etiology of breast cancer. However, a common
underlying factor that may influence all of these seemingly disparate risks is the hormonal status of the woman, especially that
of 17ß-estradiol (E2 ). The ages at menarche and menopause coherently determine the length of exposure (2). Family history
has been linked to estrogen receptor status (3), polymorphisms
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and EA to inhibit oxidative DNA damage induced by redox
cycling of 4E2 and copper chloride (CuCl2 ). DNA adducts
were analyzed by 32 P-postlabeling thin-layer chromatography
(TLC).
MATERIALS AND METHODS
Chemicals
EA was purchased from LKT laboratories (St. Paul, MN).
Dimethyl sulfoxide (DMSO), CuCl2 and salmon testes (st)DNA were purchased from Sigma Chemical Company (St.
Louis, MO). 4E2 and E2 were purchased from Steraloids, Inc.
(Newport, RI). Chemicals involved in 32 P-postlabeling were
purchased from sources described earlier (26). All chemicals
used were >95% pure and were used without further purification. st-DNA was freed from contaminating RNA and protein
prior to use as described previously (26,27).
Preparation of Aqueous Berry Extracts
Organic strawberry, blueberry, and red raspberry were purchased from the local cooperative grocery and processed as
described (20). A total of 1 g of each berry powder was extracted with 10 ml of HPLC-grade water by shaking vigorously
for 30 min followed by centrifugation at 10,000 g for 10 min.
The supernatant was removed, and the residue was similarly extracted 2 more times. Pooled supernatants were concentrated to
a volume of 1 ml using a lyophilizer (Savant SpeedVac, Thermo
Fisher Scientific Inc., Pittsburgh, PA). This was considered as
the 100% extract (equivalent to 1g dry berry powder/ml).
In Vitro Reaction
st-DNA (300 µg/ml) in 10 mM Tris-hydrogen chloride, pH
7.4, was preincubated for 15 min at 37◦ C with vehicle (DMSO)
alone, various berry extracts, or EA dissolved in DMSO at a
final concentration of 2% vol/vol and 100 µM, respectively.
Redox cycling was initiated by the addition of 4E2 (100 µM) in
ethanol and CuCl2 (100 µM) in water. After incubation at 37◦ C
for 1 h, DNA was purified by solvent extraction and ethanol
precipitation as described (26,28).
Diet Preparation
A standard AIN-93M powdered diet was ordered from Research Diets Inc. (New Brunswick, NJ).The berries were added
to this at a dose of 2.5% wt/wt and EA at 400 ppm, mixed thoroughly in a Hobart mixer and stored at 4◦ C until use. For the
mixed berry diet, 5 different types of dehydrated and powdered
berries—blueberry, blackberry, strawberry, red raspberry, and
black raspberry—were mixed in equal proportion so that the
final diet contained 0.5% of each of these berries. The levels
of EA and anthocyanins present in these diets were estimated
based on the known concentrations of the same in various berries
from previously published reports (29,30) and are shown in
Table 1.
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Animal Treatment
Female ACI rats (7-8 wk old) were purchased from HarlanSprague-Dawley, Inc. (Indianapolis, IN), housed under ambient
conditions, and had access to food and water ad libitum. Animals
were acclimated for 1 wk on AIN-93M diet prior to randomizing
them into different groups. After feeding experimental diets
for 2 wk, animals then received either a 3-cm silastic implant
containing 27 mg E2 as described (14) or sham implants. The
rats were euthanized after 12 wk of treatment, and the liver was
snap frozen in liquid nitrogen for further analysis.

Analysis of DNA Adducts by 32 P-Postlabeling
DNA from liver was isolated as described (26), and 14 µg
was digested to 3 -monophosphates using micrococcal nuclease/spleen phospodiesterase (Enzyme:DNA, 1:5, 5 h, 37◦ C).
After removing 2 µg of digest for normal nucleotide analysis, 10 µg digest was enriched for polar adducts by treatment
with nuclease P1 (Enzyme:DNA, 1:2.5, 1 h, 37◦ C). Remaining
2 µg of the digest was enriched for 8-oxo-7,8-dihydroguanine
(8-oxodG) by polyethyleneimine (PEI)-cellulose TLC and
0.5–1 µg was labeled as described (31). The 5 -32 P-labeling
of both enriched DNA adducts and normal nucleotides were
done in parallel by T4-polynucleotide kinase and molar excess of [γ −32 P] adenosine triphosphate as described earlier (26,27). Labeled adducts were separated by 2-D PEIcellulose TLC using 50 mM sodium phosphate, pH 6.0, and
1 M formic acid in the D1 direction. D2 was perpendicular to D1 using a solvent mixture of isopropanol:4M ammonium hydroxide:8M urea (3.3:1:1.6). Adducts with decreasing polarities in tissue DNA were eluted by increasing
the sodium phosphate concentrations (50 mM–1,000 mM)
in the presence of 1 M formic acid (D1) but maintaining the same
D2 solvent (27). The adduct subgroups were classified based on
their polarity (P) or lypophillicity (L), with the most polar subgroups named P-1 and the most lipophillic subgroups as L-1 and
the adducts in between as PL-1, 2, etc. The enriched 8-oxodGp
was labeled in parallel and chromatographed as described (31).
Adducts and normal nucleotides were visualized using Packard
InstantImager and were counted individually. Adduct levels
were calculated as relative adduct labeling = [counts per minute
(CPM) adducts/CPM normal nucleotides] × 1/dilution factor and are expressed as adducts per 109 nucleotides (in vivo
adducts).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism
version 4.00 for Windows, GraphPad Software (San Diego, CA).
The results were compared using 1-way analysis of variance
followed by either a Tukey’s t-test (in vivo adducts) or Dunnett’s
multiple comparison test (in vitro adducts) as specified. A P
value < 0.05 was considered significant.
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TABLE 1
Estimated ellagic acid and anthocyanin contents of various diets
ppm
Ellagic acida

Total Anthocyaninb

0
28.5

0
726

<2.5
400

975
0

Control diet (AIN-93M)
2.5% Mixed berry diet (containing 0.5% each of red
raspberry, black raspberry, blackberry, strawberry and
blueberry)
2.5% Blueberry diet
Ellagic acid diet
a
b

Calculated from ellagic acid contents described in Daniel et al. (29).
Anthocyanin contents described in Wu et al. (30).

RESULTS
Modulation of Estrogen-Induced Oxidative-DNA Damage
(8-oxodG) by Dietary EA and Berries
All groups showed qualitatively similar patterns for 8-oxodG
when analyzed by 2-D PEI-cellulose TLC (Fig. 1A). In sham-

FIG. 1. A: Representative 32 P-labeled maps of hepatic 8-oxo-7,8dihydroguanine (8-oxodG) in sham-treated (A1) and 17ß-estradiol (E2 )-treated
(A2) ACI rats fed control diet and B: effect of dietary berry and ellagic acid
(EA) on hepatic 8-oxodG levels. The rats were treated with either sham implant
or E2 implant for 12 wk and fed either a control diet (CD) or diets supplemented
with 2.5% mixed berries (MB), blueberry (BB), or 400 ppm EA. The 8-oxodG
(0.5 µg) was 32 P labeled and separated by 2-directional polyethyleneiminecellulose thin-layer chromatography. D1 (bottom to top) and D2 (left to right)
are using solvents as described in Materials and Methods.

treated ACI rats, the baseline levels of endogenous 8-oxodG
was 5,454 ± 1,238 per 109 nucleotides (Table 2). After 12 wk of
E2 treatment, in animals fed control diet, this oxidative lesion
was increased by 2.6-fold (Fig. A1 vs. A2; Fig. 1B). Dietary
supplementation with EA protected significantly against E2 induced 8-oxodG levels by more than fivefold (Fig 1B; Table
2). This treatment also reduced 8-oxodG levels below baseline,
but this change was not significant (Fig. 1B). Dietary berries did
not significantly affect the levels 8-oxodG (Fig. 1B, Table 2).

Modulation of Novel Polar DNA Adducts by Dietary EA
and Berries
The hepatic DNA of all groups of animals showed qualitatively similar patterns of uncharacterized polar adducts (Fig. 2).
The baseline levels of different subgroups of adducts in the liver
of sham-treated ACI rats fed control diet were P-1, 10,160 ±
729; P-2, 1,668 ± 121; PL-1, 3,459 ± 455; and PL-2, 555 ±
55 per 109 nucleotides (Table 2). L-1 adducts were too low to be
quantified. The P-1 adduct levels significantly increased after
12-wk treatment with E2 implants, suggesting that the increase
may be estrogen-induced (53%; P < 0.05; Fig. 3A). However,
P-2, PL-1, and PL-2 adduct subgroups were unaffected (Table
2; Figs. 3B–3D).
Blueberry diet was highly effective in reducing the levels of
P-1 (77%; P < 0.001), P-2 (43%; P < 0.001), and PL-1 (68%;
P < 0.001) adduct subgroups. EA diet was highly significant
in reducing the level of all subgroups of adducts except PL-2
(Table 2; Fig. 3). It significantly inhibited the formation of E2 induced P-1 adducts by 63% (P < 0.001; Fig. 3A) but showed
only a moderately protective effect toward P-2 (44%; P < 0.001;
Fig. 3B). Because the levels of PL-1 adducts were not induced by
E2 treatment, EA showed a significant reduction of this subgroup
even below baseline levels (67%; P < 0.001; Fig. 3C). It also
showed a moderate but insignificant effect in reducing the PL-2
adduct levels (Fig. 3D, Table 2). Mixed berry diet did not affect
the levels of any adduct subgroup (Fig. 3).
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TABLE 2
Modulation of E2 -induced hepatic DNA adducts by dietary berries (2.5%, wt/wt) and ellagic acid (400 ppm)a
Adducts/ 109 nucleotides (mean ± SE)
Group
Sham + Control diet (n = 2)
E2 + Control diet (n = 4)
E2 + Mixed berry diet (n = 4)
E2 + Blueberry diet (n = 4)
E2 + Ellagic acid diet (n = 4)

P-1

P-2

PL-1

PL-2

8-oxodG

10,160 ± 729
p < 0.05
21,774 ± 3116
16,820 ± 2080
NS
4,908 ± 1073
p < 0.001
8,055 ± 1032
p < 0.001

1,668 ± 121
NS
1,853 ± 180
1,751 ± 153
NS
1,052 ± 76
p < 0.001
1,029 ± 103
p < 0.001

3459 ± 455
NS
3625 ± 352
3126 ± 377
NS
1144 ± 167
p < 0.001
1177 ± 220
p < 0.001

555 ± 55
NS
449 ± 45
524 ± 48
NS
514 ± 33
NS
298 ± 31
NS

5,454 ± 1238
NS
14,158 ± 2522
12,050 ± 2840
NS
19,313 ± 550
NS
2,993 ± 1013
p < 0.001

a
Adducts were separated by 2-directional polyethyleneimine thin-layer chromatography using solvent composition as
R . Each subgroup of adduct was
described in Materials and Methods and visualized using a Packard InstantImager
individually measured and quantified using the formula relative adduct labeling = counts per minute (cpm) adducts/cpm
normal nucleotides × 1/dilution factor as described (26). The values represented are the mean of 3 separate analyses. All
groups were compared to E2 + control diet using 1-way analysis of variance followed by a Tukey’s post hoc test.

Modulation of 4E2 /CuCl2 -Induced Oxidative DNA
Adducts by Aqueous Berry Extracts and EA
Analysis of DNA damage, induced by redox cycling of 4E2
catalyzed by copper (Cu)2+ , revealed several uncharacterized
oxidative adducts (Fig. 4A). These adducts were chromatographically similar to adducts generated by treatment of DNA
with H2 O2 /CuCl2 (unpublished data). Neither 4E2 nor CuCl2 by
themselves showed a significant increase in the baseline adduct
levels (not shown). The levels of these polar adducts in the untreated st-DNA were low at baseline and increased significantly
after treatment with 4E2 and CuCl2 . The adduct levels were
comparable to previously published levels (24).
Aqueous extracts of commonly consumed berries such as
strawberry, blueberry, and red raspberry were tested for the
inhibition of 4E2 /CuCl2 -induced DNA damage at 2% final con-

FIG. 2. Representative 32 P-labeled maps of polar uncharacterized hepatic
DNA adducts (A–D). A: P-1 subgroup; B: P-2 subgroup; C: PL-1 subgroup; and
D: PL-2 subgroup. Adducts (5–10 µg DNA) were 32 P labeled and separated by 2directional polyethyleneimine-cellulose thin-layer chromatography. D1 (bottom
to top) and D2 (left to right) are using solvents as described in Materials and
Methods. Adduct subgroups were classified based on their polarity (P1> P2>
PL-1> PL-2) as described elsewhere (Ravoori et al.) (26).

FIG. 3. Effect of dietary berries (2.5%, wt/wt) and ellagic acid (EA; 400 ppm)
on the modulation of different subgroups of uncharacterized, endogenous DNA
adducts (A–D) in liver of ACI rats treated with 17ß-estradiol (E2 ) implants for
12 wk. Sham-control diet (CD), E2 -CD, E2 -mixed berry (MB), E2 -blueberry
(BB), and E2 -EA diet. MB composition is described in Materials and Methods.
All groups were compared to E2 -CD using 1-way analysis of variance followed
by Tukey’s test, and the statistically significant differences are presented.
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TABLE 3
Ellagic acid and total anthocyanin contents in berries
Ellagic acid Total Anthocyanin
mg/g dry weight

FIG. 4. Representative 32 P-labeled maps of oxidative in vitro DNA adducts
generated by copper chloride-catalyzed redox cycling of 4-hydroxy estradiol A:
in the presence of vehicle control, B: aqueous red raspberry extract, or C: ellagic
acid (EA) and D: the effect of various berry extracts (2%) and EA (100 µM) on
adduct levels. Oxidative adducts (uncharacterized) were measured using 32 Ppostlabeling/thin-layer chromatography and are represented as mean ± SE of 4
replicates. The groups were compared to the vehicle control using 1-way analysis
of variance followed by a Dunnett’s multiple comparison tests. Statistically
significant differences are presented. SB, strawberry; BB, blueberry; RRB, red
raspberry.

centration. Compared to the vehicle control, these extracts significantly inhibited oxidative-DNA damage from 50–70% (P <
0.001). Blueberry and strawberry extracts had comparable efficacies, and reduced DNA damage by 50% (Fig. 4D). Red
raspberry was the most efficacious and showed a 70% inhibition in total adduct levels (Fig. 4B, 4D; P < 0.001). EA (100
µM final concentration) used as a positive control, showed the
highest reduction (>90%; Fig. 4C, 4D) as previously reported
(24).
DISCUSSION
The induction of primary mammary adenocarcinomas in ACI
rats by exogenous estrogen treatment allows us to investigate
several important aspects of estrogen-induced carcinogenesis.
This includes the modulation of hepatic metabolism of estrogen
and subsequent effects on mammary tumorigenesis. Kauffman’s
laboratory (32,33) has demonstrated that alteration of hepatic
metabolism of E2 significantly alters the mammary tumor in-

FIG. 5. A simple schema of possible mechanisms by which bioactive berry
components may inhibit 17ß-estradiol (E2 )-induced hepatic DNA damage. 4E2,
4-hydroxy estradiol; 2E2 , 2-hydroxy estradiol; Q, quinone; SQ, semiquinone;
ROS, reactive oxygen species.

Red raspberry
Black raspberry
Blackberry
Strawberry
Blueberry
a

1.5
2.0
1.5
0.5
<0.1

9.2
69
24
4.0
39

Adapted from Daniel et al. (29) and Wu et al. (30).

cidence. Wilson and Reed (34) suggested that the species differences in susceptibility to estrogen-induced tumors may arise
from distinctive hepatic metabolism of E2 to 4E2 in the ACI rat
liver. The predominant hepatic P450 enzymes involved in the
oxidative metabolism of E2 are CYP1A2 and 3A4 (35). Both
these enzymes have been shown to consistently produce 4E2 as
their metabolic byproduct in addition to the primary product 2E2
(22). 4E2 has been identified as the major carcinogenic metabolite of E2 and is capable of inducing oxidative DNA damage in
vivo (10). It is possible to surmise that 4E2 may be involved
in the E2 -induced increase in oxidative hepatic DNA damage,
reported in this study, due to the following reasons. We have
previously shown that redox cycling of 4E2 catalyzed by CuCl2
can significantly induce 8-oxodG in vitro, and this induction is
inhibited by EA starting at just 30 µM (24). Likewise, in vivo results presented in this report show that 8-oxodG can be induced
up to 2.6-fold by E2 treatment, and this is significantly offset by
the EA diet (Fig. 1B). As the novel subgroups of adducts quantified in this study are as yet uncharacterized, the mechanism
of their formation is unclear. However, P-1 adducts are modulated in a fashion similar to 8-oxodG by both E2 and EA, suggesting that they may potentially arise via similar mechanisms.
Dietary EA consistently reduces the levels of hepatic DNA damage both at baseline (24) and in the presence of E2 challenge
(Figs. 1 and 3).
Aqueous extracts of different berries tested show inhibition
of DNA damage, and the relative inhibition is directly associated with their total EA and anthocyanin contents (Table 3).
Red raspberry, with the highest EA and moderate anthocyanin
content, shows higher efficacy than strawberry, which has similar anthocyanin content but lower EA content (Table 3). On
the other hand, blueberry, with the highest anthocyanin content, is as efficacious as strawberry. These results suggest that
both EA and anthocyanins act additively and/or synergistically
to counter E2 -induced DNA damage in vitro. Both EA and anthocyanins are known antioxidants. Thus, in addition to EA,
anthocyanins may play a significant role in the prevention of
E2 -induced mammary tumorigenesis (20). This is evident from
the in vivo results presented wherein dietary blueberry significantly reduces the levels of P-1, P-2, and PL-1 adducts but had
no effect on the 8-oxodG levels. In studies in which dietary
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supplementation with anthocyanin-rich fruit juices was provided, 8-oxodG levels were not significantly affected, suggesting that anthocyanins may act via mechanisms other than reduction of 8-oxodG (36,37). Surprisingly, the mixed berry diet,
which is high in both anthocyanin and EA content, did not show
a significant effect in our study. The different berries mixed in
this study have distinctly different anthocyanidin profiles. For
example, blackberry and black and red raspberry are known to
contain higher levels of cyanidin, strawberry has a higher content of pelargodinin, whereas all 5 anthocyanidins are evenly
distributed in blueberry (30). However, when provided at only
0.5% dose, none of the anthocyanidin polymers make a significant percentage of the mixed berry diet. It is not known whether
the dose of anthocyanins provided were too low to elicit any
significant effect or whether there is a competition in the absorption of the different types of anthocyanins when presented
as a mixture of berries. These results underscore the complexity
of interactions between bioactive components present in berries.
Although it is clear that E2 treatment induces both 8-oxodG
and enhances uncharacterized polar DNA adducts in vivo, the
exact mechanism for this is unclear. The effect of E2 treatment
on the expression of various CYP450 enzymes involved in its
metabolism has been studied. Diethylstilbesterol, an E2 analogue, can induce CYP1A2 levels in mice liver (38). E2 itself
has been shown to increase CYP1A2 expression in hamster liver
(39). Further, CYP3A4 expression is influenced by estrogen receptor (40), and it is known that E2 induces the expression of
several P450s involved in its metabolism (39). Thus, E2 treatment may induce an environment conducible for the production
of its carcinogenic metabolites in the liver.
The possible mechanisms by which bioactive berry components may reduce DNA damage are summarized in Fig. 5.
Partial evidence to support this scheme is available from previously published data. EA reduces the total hepatic P450 content
and induces glutathione S-transferase activity in rat liver microsomes and inhibits CYP450 activity in vitro (23,41). Gallic
acid and kaempferol, polyphenols found in berries, are known
to inhibit CYP3A4 activity (25,42,43). The in vitro results from
this study as well as our previous reports have shown that
berry phytochemicals can actively inhibit DNA damage (24).
We showed that berries and EA increase the expression of hepatic DNA repair enzymes (24). Moreover, data published by
Xue and coworkers (44) also suggests that the inhibition of
benzo-[a]pyrene-induced cell transformation by berry extracts,
and EA may involve alteration of phase 1 metabolism as well
as increase in DNA repair (44). Although, the protective effects of dietary berries and EA on hepatic DNA damage can
be explained using unrelated accounts of their effect in various
systems, it remains to be seen whether mechanisms postulated
are indeed responsible for the reduction of both E2 -induced hepatic DNA damage as well as mammary tumorigenesis in ACI
rats. Initial, unpublished data from our laboratory showed that
dietary berries and EA are capable of countering the E2 -induced
levels of CYP1A1 mRNA in the ACI rat mammary (Aiyer and
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Gupta, unpublished results). It remains to be seen whether the
bioactive berry components have similar effects on the hepatic
CYP450s as well.
In conclusion, this report shows that berries and EA, 1 of the
bioactive berry components, can effectively inhibit oxidative
DNA damage caused by E2 and its metabolite 4E2 , both in vivo
and in vitro. Further studies are required to elucidate the exact
mechanisms by which they produce these effects.
ACKNOWLEDGMENTS
The authors would like to thank Drs. Manicka Vadhanam and
Srivani Ravoori for their help with the ACI rat implants. Contributions of Isabelle Jean, a visiting summer student from Dijon,
France, in preparing the berry extracts is gratefully acknowledged. This work was supported by grants from U.S. Public
Health Service CA-90892 and CA-114118. H. S. Aiyer was
supported, in part, by a Graduate School Fellowship from the
University of Kentucky, Lexington, Kentucky. Part of the work
was conducted at the authors’ previous affiliation: Department of
Preventive Medicine and Environmental Health and The Graduate Center for Toxicology, University of Kentucky, Lexington,
Kentucky.
REFERENCES
1. Parkin DM, Bray F, Ferlay J, and Pisani P: Global cancer statistics, 2002.
CA Cancer J Clin 55, 74–108, 2005.
2. Hsieh CC, Trichopoulos D, Katsouyanni K, and Yuasa S: Age at menarche,
age at menopause, height and obesity as risk factors for breast cancer:
associations and interactions in an international case-control study. Int J
Cancer 46, 796–800, 1990.
3. Tutera AM, Sellers TA, Potter JD, Drinkard CR, Wiesner GL, et al.: Association between family history of cancer and breast cancer defined by
estrogen and progesterone receptor status. Genet Epidemiol 13, 207–221,
1996.
4. Ahsan H, Chen Y, Whittemore AS, Kibriya MG, Gurvich I, et al.: A familybased genetic association study of variants in estrogen-metabolism genes
COMT and CYP1B1 and breast cancer risk. Breast Cancer Res Treat 85,
121–131, 2004.
5. Hankinson SE, Colditz GA, Hunter DJ, Manson JE, Willett WC, et al.:
Reproductive factors and family history of breast cancer in relation to
plasma estrogen and prolactin levels in postmenopausal women in the
Nurses’ Health Study (United States). Cancer Causes Control 6, 217–224,
1995.
6. Ginsburg ES, Mello NK, Mendelson JH, Barbieri RL, Teoh SK, et al.:
Effects of alcohol ingestion on estrogens in postmenopausal women. JAMA
276, 1747–1751, 1996.
7. Goldin BR, Adlercreutz H, Gorbach SL, Woods MN, Dwyer JT, et al.: The
relationship between estrogen levels and diets of Caucasian American and
Oriental immigrant women. Am J Clin Nutr 44, 945–953, 1986.
8. Jensen J, Christiansen C, and Rodbro P. Cigarette smoking, serum estrogens,
and bone loss during hormone-replacement therapy early after menopause.
N Engl J Med 313, 973–975, 1985.
9. Lippman ME, Krueger KA, Eckert S, Sashegyi A, Walls EL, et al.: Indicators of lifetime estrogen exposure: effect on breast cancer incidence and
interaction with raloxifene therapy in the multiple outcomes of raloxifene
evaluation study participants. J Clin Oncol 19, 3111–3116, 2001.
10. Liehr JG: Is estradiol a genotoxic mutagenic carcinogen? Endocr Rev 21,
40–54, 2000.

42

H. S. AIYER ET AL.

11. Mizutani A, Okada T, Shibutani S, Sonoda E, Hochegger H, et al.: Extensive
chromosomal breaks are induced by tamoxifen and estrogen in DNA repairdeficient cells. Cancer Res 64, 3144–3147, 2004.
12. Platet N, Cathiard AM, Gleizes M, and Garcia M: Estrogens and their
receptors in breast cancer progression: a dual role in cancer proliferation
and invasion. Crit Rev Oncol Hematol 51, 55–67, 2004.
13. Reid SE, Murthy MS, Kaufman M, and Scanlon EF: Endocrine and
paracrine hormones in the promotion, progression and recurrence of breast
cancer. Br J Surg 83, 1037–1046, 1996.
14. Ravoori S, Vadhanam MV, Sahoo S, Srinivasan C, Gupta RC: Mammary
tumor induction in ACI rats exposed to low levels of 17beta-estradiol. Int J
Oncol 31, 113–120, 2007.
15. Shull JD, Spady TJ, Snyder MC, Johansson SL, Pennington KL: Ovaryintact, but not ovariectomized female ACI rats treated with 17beta-estradiol
rapidly develop mammary carcinoma. Carcinogenesis 18, 1595–1601.
16. Blank EW, Wong PY, Lakshmanaswamy R, Guzman R, Nandi S: Both
ovarian hormones estrogen and progesterone are necessary for hormonal
mammary carcinogenesis in ovariectomized ACI rats. Proc Natl Acad Sci
USA 105, 3527–3532, 2008.
17. Kovalchuk O, Tryndyak VP, Montgomery B, Boyko A, Kutanzi K, et al.:
Estrogen-induced rat breast carcinogenesis is characterized by alterations
in DNA methylation, histone modifications and aberrant microRNA expression. Cell Cycle 6, 2010–2018, 2007.
18. Mailander PC, Meza JL, Higginbotham S, and Chakravarti D: Induction of
A.T to G.C mutations by erroneous repair of depurinated DNA following
estrogen treatment of the mammary gland of ACI rats. J Steroid Biochem
Mol Biol 101, 204–215, 2006.
19. Montano MM, Chaplin LJ, Deng H, Mesia-Vela S, Gaikwad N, et al.: Protective roles of quinone reductase and tamoxifen against estrogen-induced
mammary tumorigenesis. Oncogene 26, 3587–3590, 2007.
20. Aiyer HS, Srinivasan C, and Gupta RC: Dietary berries and ellagic acid diminish estrogen-mediated mammary tumorigenesis in ACI rats. Nutr Cancer 60, 227–234, 2008.
21. Zhu BT and Conney AH: Functional role of estrogen metabolism in target
cells: review and perspectives. Carcinogenesis 19, 1–27, 1998.
22. Lee AJ, Cai MX, Thomas PE, Conney AH, and Zhu BT: Characterization
of the oxidative metabolites of 17beta-estradiol and estrone formed by 15
selectively expressed human cytochrome p450 isoforms. Endocrinology
144, 3382–3398, 2003.
23. Ahn D, Putt D, Kresty L, Stoner GD, Fromm D, et al.: The effects of dietary
ellagic acid on rat hepatic and esophageal mucosal cytochromes P450 and
phase II enzymes. Carcinogenesis 17, 821–828, 1996.
24. Aiyer HS, Vadhanam MV, Stoyanova R, Caprio GD, Clapper ML, et al.: Dietary berries and ellagic acid prevent oxidative DNA damage and modulate
expression of DNA repair genes. Int J Mol Sci 9, 327–341, 2008.
25. Tsukamoto S, Tomise K, Aburatani M, Onuki H, Hirorta H, et al.: Isolation
of cytochrome P450 inhibitors from strawberry fruit, Fragaria ananassa. J
Nat Prod 67, 1839–1841, 2004.
26. Gupta RC: 32 P-postlabeling for detection of DNA adducts. In: Technologies for Detection of DNA Damage and Mutations, P. Pfeifer G (ed.).
New York: Plenum, 1996, pp. 45–61.
27. Ravoori S, Vadhanam MV, Davey DD, Srinivasan C, Nagarajan B, et al.:
Modulation of novel DNA adducts during human uterine cervix cancer
progression. Int J Oncol 29, 1437–1443, 2006.

28. Gupta RC, Ravikuma MNV, Vadhanam MV, and Arif JM: Detection of
oxidatively damaged polar DNA adducts by 32 P-postlabeling. Proceedings
of the 92nd Annual American Association for Cancer Research Conference
2001, p. 468.
29. Daniel EM, Krupnick AS, Heur Y, Blinzler JA, Nims RW, et al. Extraction,
stability and quantitation of ellagic acid in various fruits and nuts. J Food
Composition Analysis 2, 338–349, 1989.
30. Wu X, Beecher GR, Holden JM, Haytowitz DB, Gebhardt SE, et al.: Concentrations of anthocyanins in common foods in the United States and
estimation of normal consumption. J Agric Food Chem 54, 4069–4075,
2006.
31. Gupta RC and Arif JM: An improved (32)P-postlabeling assay for the sensitive detection of 8-oxodeoxyguanosine in tissue DNA. Chem Res Toxicol
14, 951–957, 2001.
32. Mesia-Vela S, Sanchez RI, Reuhl KR, Conney AH, and Kauffman FC:
Dietary clofibrate inhibits induction of hepatic antioxidant enzymes by
chronic estradiol in female ACI rats. Toxicology 200, 103–111, 2004.
33. Mesia-Vela S, Sanchez RI, Reuhl KR, Conney AH, and Kauffman FC:
Phenobarbital treatment inhibits the formation of estradiol-dependent mammary tumors in the August-Copenhagen Irish rat. J Pharmacol Exp Ther
317, 590–597, 2006.
34. Wilson AM and Reed GA: Predominant 4-hydroxylation of estradiol by
constitutive cytochrome P450s in the female ACI rat liver. Carcinogenesis
22, 257–263, 2001.
35. Badawi AF, Cavalieri EL, and Rogan EG: Role of human cytochrome
P450 1A1, 1A2, 1B1, and 3A4 in the 2-, 4-, and 16alpha-hydroxylation of
17beta-estradiol. Metabolism 50, 1001–1003, 2001.
36. Barnett LE, Broomfield AM, Hendriks WH, Hunt MB, McGhie TK: The in
vivo antioxidant action and the reduction of oxidative stress by boysenberry
extract is dependent on base diet constituents in rats. J Med Food 10, 281–
289, 2007.
37. Moller P, Loft S, Alfthan G, and Freese R: Oxidative DNA damage in
circulating mononuclear blood cells after ingestion of blackcurrant juice or
anthocyanin-rich drink. Mutat Res 551, 119–126, 2004.
38. Carmichael PL, Mills JJ, Campbell M, Basu M, and Caldwell J: Mechanisms of hormonal carcinogenesis in the p53+/− hemizygous knockout
mouse: studies with diethylstilbestrol. Toxicol Pathol 29 (Suppl), 155–160,
2001.
39. Tsuchiya Y, Nakajima M, and Yokoi T: Cytochrome P450-mediated
metabolism of estrogens and its regulation in human. Cancer Lett 227,
115–124, 2005.
40. Honkakoski P and Negishi M: Regulation of cytochrome P450 (CYP) genes
by nuclear receptors. Biochem J 347(Pt 2), 321–337, 2000.
41. Stoner GD and Mukhtar H: Polyphenols as cancer chemopreventive agents.
J Cell Biochem 22(Suppl), 169–180, 1995.
42. Stupans L, Tan HW, Kirlich A, Tuck K, Hayball P, et al.: Inhibition of
CYP3A-mediated oxidation in human hepatic microsomes by the dietary
derived complex phenol, gallic acid. J Pharm Pharmacol 54, 269–275,
2002.
43. Veitch NC and Grayer RJ: Flavonoids and their glycosides, including anthocyanins. Nat Prod Rep 25, 555–611, 2008.
44. Xue H, Aziz RM, Sun N, Cassady JM, Kamendulis LM, et al.: Inhibition
of cellular transformation by berry extracts. Carcinogenesis 22, 351–356,
2001.

