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Abstract

We previously showed that metabolic activation of
the environmental and tobacco smoke constituent
dibenzo|a,l]pyrene (DBJa,I|P) to its active fjord region
diol epoxide (DB|4,!/]PDE) is required to induce DNA
damage, mutagenesis, and squamous cell carcinoma
(SCCQ) in the mouse oral cavity. In contrast to procarcino-
gens, which were employed previously to induce SCC,
DBJa,l]PDE does not require metabolic activation to exert
its biological effects, and thus, this study was initiated
to examine, for the first time, whether black raspberry
powder (BRB) inhibits postmetabolic processes, such as
DNA damage, mutagenesis, and tumorigenesis. Prior to
long-term chemoprevention studies, we initially exam-
ined the effect of BRB (5% added to AIN-93M diet) on
DNA damage in B6C3F1 mice using LC/MS-MS and on

Introduction

Worldwide, head and neck cancer is the sixth most
common human cancer, and oral cancer is the most
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mutagenesis in the lacl gene in the mouse oral cavity. We
showed that BRB inhibited DBJ4,/]PDE-induced DNA
damage (P < 0.05) and mutagenesis (P = 0.053) in the
oral cavity. Tumor incidence in the oral cavity (oral
mucosa and tongue) of mice fed diet containing 5% BRB
was significantly (P < 0.05) reduced from 93% to 66%.
Specifically, the incidence of benign tumor was signifi-
cantly (P < 0.001) reduced from 90% to 31% (62% to
28% in the oral cavity and 28% to 2% in the tongue), a
nonsignificant reduction of malignant tumors from 52%
to 45%. Our preclinical findings demonstrate for the first
time that the chemopreventive efficacy of BRB can be
extended to direct-acting carcinogens that do not require
phase I enzymes and is not just limited to procarcinogens.
Cancer Prev Res; 11(3); 157-64. ©2017 AACR.

common type of this disease (1, 2). Cancer of the oral
cavity is a deadly disease and can strip away the patient's
voice and certain basic needs in life such as eating and
drinking; there are currently over 300,000 cases, and more
than 145,500 deaths occurred in 2012 worldwide, and in
the United States, over 30,000 cases and over 6,000 deaths
from the disease occur annually (2-4). In 2017, the num-
ber of new cases of oropharyngeal carcinomas in the
United States is estimated to be 49,670 and the estimated
deaths from the disease 9,700 (5). The most common
histologic type of oral cancer is oral squamous cell carci-
noma (OSCC); it accounts for more than 90% of oral
cancers (1, 2). Early diagnosis for oral cancer has not
improved over time; up to 77% of oral cancer cases are
diagnosed at advanced stages (6). The conventional treat-
ments include surgery, radiotherapy, and chemotherapy
(7). However, approximately one third of treated patients
will experience local or regional recurrence and/or distant
metastasis (8). The survival rate is stagnant at about 50%; it
varies greatly with the stage of disease detection (6).

AACR

Downloaded from cancerpreventionresearch.aacrjournals.org on January 18, 2022. © 2018 American Association for Cancer

Research.

157


http://crossmark.crossref.org/dialog/?doi=10.1158/1940-6207.CAPR-17-0278&domain=pdf&date_stamp=2018-2-22
http://cancerpreventionresearch.aacrjournals.org/

Published OnlineFirst November 20, 2017; DOI: 10.1158/1940-6207.CAPR-17-0278

Chen et al.

The main risk factors for oral cancer are exposure to
exogenous carcinogens, such as tobacco smoke, smokeless
tobacco, excess alcohol, and human papillomavirus
(HPV). These factors are estimated to account for 90% of
oral cancers (1, 2). In general, avoidance of risk factors has
only been partially successful, largely because of the addic-
tive power of tobacco smoking and alcohol consumption.
Although it is not clear which chemical compounds in
tobacco smoke contribute to the development of human
oral cancer, certain classes of chemical carcinogens, such as
tobacco-specific nitrosamines and polycyclic aromatic
hydrocarbons (PAH), are recognized as potential etiologic
agents for oral cancer (9-11).

Our laboratory has focused on developing an animal
model that mimics human exposure to environmental
carcinogens and reflects tumor heterogeneity; in 2012, we
introduced a new mouse model to study oral carcinogen-
esis (12). We chose to focus on the tobacco smoke
constituent and the environmental pollutant, the fjord-
region PAH, dibenzola,!|pyrene (DB|q,I|P; ref. 12) and
its ultimate diolepoxide metabolite DB[q,!]PDE (13). Both
compounds were potent carcinogens, and DBJ[a,/|PDE
greatly enhanced carcinogenicity relative to the parent
compound in the mouse oral cavity (12-14).

Treating cancers including OSCC at late stages, even with
recent advances in targeting therapies continues to be a
major challenge, and thus, prevention remains a desirable
approach. Numerous sources of phytochemicals have been
proposed (15), and one that has shown promise in inhi-
biting carcinogenesis including head and neck cancers is
freeze-dried black raspberry (BRB; refs. 14-19). In a pre-
vious study, BRB has been shown to inhibit dimethyl-
benz[a]anthracene (DMBA)-induced oral cancer in the
hamster cheek pouch (20). In that study, inhibition could
have resulted from inhibiting initiation or postinitiation
processes. For initiation, metabolic activation of DMBA
(and also other oral procarcinogens, such as 4-nitroquino-
line-N-oxide) is essential to induce DNA damage, muta-
genesis and carcinogenesis. Therefore, the chemopreven-
tive effect of BRB on DBMA-induced oral cancer could be
due to factors affecting initiation, such as inhibition of
phase [, induction of phase II enzymes, and enhancement
of DNA repair capacity of bulky lesions derived from
DMBA. In addition, postinitiation processes, such as
promotion and progression, could have been affected
by BRB. In recent in vitro studies carried out in our
laboratory (21), we showed that BRB extract enhanced
repair of DBJa,/]P-induced bulky DNA lesions. We also
showed that metabolic activation of DB[q,!]P to its active
fjord-region diol epoxide DB[a,I|PDE is required to
induce DNA damage, mutagenesis, and squamous cell
carcinoma in the mouse oral cavity (13, 22). In contrast,
to DMBA and 4-NQO, DB|q,/]|[PDE does not require
metabolic activation to exert its biological effects, and
thus, this study was initiated to examine, for the first

time, whether BRB inhibits postmetabolic processes such
as DNA damage, mutagenesis, and tumorigenesis.

Materials and Methods

Chemicals

(£)-Anti-DB|q,/[PDE was prepared according to a
published method by our group (23). Structural char-
acterization of this carcinogen was based on NMR and
high-resolution mass spectral data, and its purity
(>99%) was determined by high-performance liquid
chromatography (HPLC).

Animals

The selection of species, strain, and sex of the animals
used in the current study is based on our previous report
(13). Thus, female B6C3F; mice (6-8 weeks of age, The
Jackson Laboratory) were used to examine the effects of
BRB on DNA adducts formation and tumorigenesis
induced by DB[4,I|PDE in the oral cavity; Big Blue
C57BL/6 (lacl) mice (BioReliance) were used to examine
the effect of BRB on mutagenesis induced by DBJa,!]PDE.
Mice were quarantined for 1 week; then, they were trans-
ferred to the bioassay laboratory. All mice were kept on a
12-hour light/dark cycle, maintained at 50% relative
humidity and 21°C £ 2°C. Water and food were provided
ad libitum. The bioassay was carried out in accordance with
the NIH Guide for the Care and Use of Laboratory Animals
and was approved by Institutional Animal Care and Use
Committee.

Effect of BRB on DNA adducts induced by DB|4,!|PDE in
oral tissues of mice

Two groups of B6C3F1 mice (6 mice/group) were fed
AIN-93M diet (5% corn oil) containing BRB (5%) or control
diet (AIN-93M) starting 2 weeks prior to the administration
of a single dose of DBJ4,/|[PDE (6 nmol/mouse) by topical
application into the oral cavity of mice (Scheme IA). On the
basis of previous preclinical studies (reviewed inref. 14), 5%
BRB was the most protective, and thus, such level was used in
the current investigation. The carcinogen dose was selected
on the basis of our previous studies (13, 24, 25). Mice were
sacrificed 48 hours after DB[a,/]PDE treatment, and tissues
were removed for DNA isolation.

We employed our previously published method for the
analysis of the major deoxyadenosine adducts by LC/MS-MS
(21, 24, 25). Briefly, we isolated DNA from oral tissues using
the Qiagen genomic DNA isolation procedure. The level of
DNA was quantified by a NanoDrop ND-1000 spectropho-
tometer (NanoDrop Technologies). Prior to enzymatic
digestion, 150 pg of the internal standard ['’Ns]-anti-
trans-DB[a,l[|PDE-dA adduct was added to approximately
60 pug DNA. Subsequently, in the presence of 10 pL of 1
mol/LMgCl,/mg DNA and DNAse I (0.2 mg/mg DNA) DNA
was hydrolyzed at 37°C for 1.5 hours, followed by snake
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venom phosphodiesterase (0.08 U/mg DNA) and alkaline
phosphatase (2 U/mg DNA). An aliquot of the DNA hydro-
lysate was taken for analysis of dA by HPLC. The remaining
supernatant was partially purified on an Oasis HLB column
(1 cm®, 30 mg, Waters Ltd.). Then, the analysis was carried
out on an API 3200 LC/MS-MS triple quadrupole mass
spectrometer interfaced with an Agilent 1200 series HPLC
using an Agilent extend-C18 5 um 4.6 x 150 mm column.
Adducts were monitored in multiple reaction monitoring
mode, and the MS/MS transitions of m/z 604— m/z 335, and
m/z 609— m/z 335 were monitored for targeted adducts and
the internal standard (Fig. 1), respectively.

The effect of BRB on DB|a,l|PDE-induced mutagenesis in
oral tissues of mice

Two groups of Big Blue C57BL/6 (lacl) mice (10/group)
received 3 nmol (3 times weekly for 5 weeks) of (+)-anti-
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Figure 1.
A representative mass spectra
of (+)-anti-DB[a,/]PDE-dA adducts.
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DBJa,/|PDE in DMSO by topical application as depicted in
Scheme IB for 5 weeks. The dose was selected on the basis of
our previous report (13). One group of mice were fed AIN-
93M control diet, and the other group were fed AIN-93M
diet containing 5% BRB starting 2 weeks prior to carcin-
ogen treatment and continued until termination. Mice
were sacrificed 2 weeks after the cessation of carcinogen
administration. The oral tissues were excised and stored at
—80°C until isolation of DNA. The palate and pharynx
were pooled and homogenized together to give a mixture
designated oral tissue. Each tissue was gently homogenized
by hand in a microcentrifuge tube using a Teflon pestle
in three volumes of 10 mmol/L Tris-HCl (pH, 8.0), 10
mmol/L EDTA, and 150 mmol/L NaCl/g tissue weight
(w/v). SDS and protease K were added to this homogenate
to obtain final concentrations of 10 and 1 mg/mlL, respec-
tively. The mixture was incubated for 3 hours at 50°C, and

d-Ribose_

d-Ribose

3172

. -

PO

e —pen + ool en e ol eean ...A 1 e
40 440 460 480 500 S0 540 560 S0 60 60 640
miz anu

Cancer Prev Res; 11(3) March 2018

Downloaded from cancerpreventionresearch.aacrjournals.org on January 18, 2022. © 2018 American Association for Cancer

Research.

159


http://cancerpreventionresearch.aacrjournals.org/

Published OnlineFirst November 20, 2017; DOI: 10.1158/1940-6207.CAPR-17-0278

Chen et al.

then for 30 minutes at 37°C with 0.1 mg/mL RNase A. After
incubation, one third volume of 6 mol/L ammonium
acetate (pH 7.4) was added, and the mixture was gently
mixed and then centrifuged at 14,000 rpm in an Eppendorf
microfuge. The supernatant was carefully removed, leaving
a small volume behind, to avoid transfer of any of the
precipitate. To the supernatant, an equal volume of iso-
propyl alcohol was added at room temperature to precip-
itate DNA. The supernatant was removed, the DNA was
washed once with 70% ethanol, suspended in 10 mmol/L
Tris-HCI (pH, 8.0), 1 mmol/L EDTA, and left overnight at
room temperature to dissolve.

Phage packaging was carried out using a homemade
packaging extract prepared from bacterial strains supplied
by Dr. Peter Glazer (Yale University School of Medicine,
New Haven, CT), and the positive selection cII mutation
assay was performed as described previously (26). At least
three packaging reactions were carried out for each DNA
sample. The mean mutant fractions of each group were
compared with those from the control (vehicle alone)
group using a one-tailed ¢ test.

The effect of BRB on DB|4,l]PDE-induced tumorigenesis
in oral tissues of mice

Two groups of B6C3F; mice (30/group) at the age of
8 weeks received 3 nmol of (+)-anti-DB[q,/]PDE in
DMSO, 3 times a week for 38 weeks as depicted in
Scheme IC. The dose was selected on the basis of our
previous study (13). One group of mice was fed AIN-
93M control diet, and the other group was fed AIN-93M
diet containing 5% BRB starting 2 weeks prior to the
initiation of carcinogen treatment. Treatments continued
until termination. A third group of mice (n = 20) treated
only with the vehicle (DSMO) and fed 5% BRB diet was
used as a negative control. Mice were weighed weekly in
the first month and then biweekly until termination.
During the progress of the bioassay, mice were culled
from the group and sacrificed if we observed a sudden
weight loss of more than 20% or a tumor size exceeding
0.5 cm in diameter. At termination, mice were sacrificed
by CO, asphyxiation, and soft tissues of the oral cavity,
including tongue, pharynx, and other oral tissues (hard
palate, buccal mucosa, and floor of mouth), were col-
lected and fixed in 10% neutral-buffered formalin. Tis-
sues were processed in an automated Tissue-Tek VIP
processor and paraffin-embedded with a Tissue-Tek TEC
embedding station. Sections were cut at 6 um for routine
hematoxylin and eosin (H&E) staining. All tissues were
examined by an ACVP diplomate pathologist blinded to
treatment according to established criteria (27). Benign
tumors were not invasive into the basement membrane
and subjacent stroma. Microinvasive malignant tumors
had focal limited invasion, less than a single 400x high-
power field deep to the basement membrane. Invasive
malignant tumors were more extensively invasive.
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Figure 2.
Inhibition of DB[a,/]PDE-dA adduct levels by BRB in oral tissues of mice.
*, P<0.05.

Results

Effect of BRB on DB|a,l]PDE-induced DNA adducts in
oral tissues of mice

Prior to the examination of the chemopreventive
effects of BRB on DBJq,/]PDE-induced tumorigenesis, we
initially examined the effect of BRB on DB|q,l|PDE-
induced DNA adducts in oral tissues of mice. We showed
that 5% BRB in the diet significantly (P < 0.05) reduced
the levels of (-)-anti-trans-DB|q,/]PDE-dA in the oral
cavity of mice 48 hours after a single dose of 6 nmol
DB|[q,l]PDE (Fig. 2). BRB in the diet reduced the levels of
(-)-anti-trans-DB[a,l]PDE-dA adduct from 3.8 + 0.4 to
3.0 #+ 0.4 adducts/10” dA (20.7% inhibition).

The effect of BRB on DB[4,l]PDE-induced mutagenesis in
oral tissues of the laci mice

We found that 5% BRB in the diet reduced the mutation
fraction induced by DB[a,/]PDE in the oral cavity of mice by
about 20% (P = 0.053; Fig. 3). A background of 2.4
mutants/10° has been subtracted from the mutant frac-
tions in Fig. 3. That represents the mutant fraction in the
untreated mice from our earlier study (13).

The effect of BRB on DB|a,]]PDE-induced tumorigenesis
in oral tissues of mice

Figure 4 shows the cumulative mortality of mice during
the progress of the bioassay. The probability of survival was
displayed using Kaplan-Meier plot with death as an end-
point. Log-rank test was used to evaluate the difference
between this pair of groups. No significant difference was
observed in survival analysis in both groups of mice. All
mice treated with DMSO and fed 5% BRB survived the
duration of the bioassay. Body weights (mean + SE) of
mice treated with DBJ[a,!]PD + 5% BRB and those treated
with DB[q,/]PDE alone are provided in Supplementary
Table S1 and were not significantly different with the
exception at week 4 and 20; however, the difference at
these two time points was about 5%.
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Figure 3.
Inhibition of DB[a,/]PDE-induced mutagenesis by BRB in oral tissues
of mice. *, P = 0.053.

We found that the tumor incidence in the oral cavity (oral
mucosa and tongue) of mice fed diet containing 5% BRB
was reduced significantly from 93% to 66% (Table 1).
Benign tumors induced by DB|q,I|PD consist of papilloma
and keratoacanthoma, papilloma accounted for 94.7%.
Specifically, overall benign tumor incidence was significant-
ly reduced from 90% to 31% (62% to 28% in the oral cavity
and 28% to 2% in the tongue). Malignant tumors induced
by DB|4,I|PDE consist of squamous cell carcinoma, invasive
anaplastic cell carcinoma, and fibrosarcoma; squamous cell
carcinoma accounted for 88.8%. BRB reduced malignant
tumors from 52% to 45%. No tumors were found in mice
treated with DMSO and fed 5% BRB diet.

Discussion

The results of the current study clearly demonstrate
the protective effects of BRB against the development of
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Figure 4.

Percentage survival of B6C3F1 mice treated by topical application of DB[a,/]PDE at
3 nmol three times a week for 38 weeks during the progress of the bioassay.
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BRB Inhibits DB[a,/]PDE-Induced Mouse Oral Tumorigenesis

Table 1. Inhibition of oral tumorigenesis by BRB in DB[a,/]PDE-treated mice

Treatments
DB[a,/]PDE DB[a,/]PDE-+BRB
Number of mice® 29 29
Total (M + B) 27 (93)° 19 (66)¢
Benign tumors (B) 26 (90)° 9 (31°
Malignant tumors (M) 15 (52)f 13 (45)

?Mice that died before the first tumor appeared in the study or did not reach
histology due to cannibalism were not counted.

PNumber in parentheses, percentage of mice developed tumors.

“Tumor incidence was significantly reduced compared with DBPDE treatment,
P < 0.05.

9Benign tumors induced by DB[a/]PD consist of papilloma and keratoa-
canthoma; papilloma accounted for 94.7%.

€Tumor incidence was significantly reduced compared with DBPDE treatment,
P < 0.001

Malignant tumors induced by DB[a,/JPDE consist of squamous cell carcinoma,
invasive anaplastic cell carcinoma, and fibrosarcoma; squamous cell carcinoma
accounted for 88.8%.

oral carcinogenesis induced by a powerful carcinogenic
metabolite derived from the environmental pollutant
and tobacco smoke constituent, DB[q,/]P. Numerous
compounds as well as complex mixtures have been used
to induce oral cancer in animal models (28). Preclinical
animal models that used carcinogens found in the
environment and/or tobacco smoke can mimic human
exposure to such carcinogens and can recapitulate the
tumor heterogeneity and can also provide a realistic
platform to evaluate chemopreventive agents (29). In
this study, we selected DBJa,l|PDE because of (i) its
remarkable carcinogenicity in the mouse oral cavity
(14) and (ii) to demonstrate for the first time that
the efficacy of BRB can be extended to direct-acting
carcinogens, which do not require metabolic activation
by phase I enzymes, and is not just limited to
procarcinogens.

Prior to the initiation of the long-term chemopreven-
tive bioassay, it was essential to initially determine in a
short-term animal bioassay whether BRB was capable of
inhibiting DNA damage and consequently mutation
induction by DBJq,l]PDE. Because of the positive out-
comes demonstrating in vivo the protective effects of BRB
on these endpoints, we then initiated the long-term
bioassay to examine the efficacy of BRB against the
development of oral carcinogenesis.

It was previously shown that the diet containing 5%
BRB resulted in a 45% reduction in tumor incidence
induced by the procarcinogen DMBA in hamster cheek
pouch model, and this effect was associated with
reduced formation of DNA adducts in epithelial cells
of the oral mucosa (20). However, in this previous
report, >?P-postlabelling technique was used, which
may not provide accurate adduct quantification, and
adduct distribution remains to be assessed (20). In the
current study, our LC/MS-MS method (25) was used to
provide an accurate quantification and structural infor-
mation on the nature of DNA adducts derived from
DBJa,I|PDE. Clearly, the protective effect of BRB on DNA
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damage is not due to inhibition of phase I enzymes but
its effects on phase Il and/or DNA repair enzymes could
be relevant. Although we did not examine the levels of
phase Il or DNA repair enzymes in the current study, our
results are in line with our recent in vitro cell culture
study that demonstrated that BRB extract resulted in
reduced DNA adducts derived from DB[a,I|PDE via
enhancing DNA repair capacity, which represents the
integrated effects of proteins involved in the DNA repair
pathways. (21, 30).

This observed inhibition of DNA damage by BRB
stimulated a follow-up investigation aimed at deter-
mining the effect of BRB on mutation induction by
DBJ[a,l|PDE in vivo using Big Blue C57BL/6 (lacI) mice.
Presumably, a reduction in DNA damage by BRB would
be expected to reduce mutation induction. Using lacl and
lacZ rodents, we have reported that all of the known oral
carcinogens are also mutagens in the mouse and/or rat
oral cavity (31). As mutagenesis is considered an impor-
tant step in carcinogenesis, it can represent an early
biomarker in the multistep carcinogenesis process. We
previously assayed mutagenesis induced by DBJ[a,I]|P
(12) and DBJa,/|PDE (13) in the oral cavity of BGC3F1
lacl mice and showed that both are powerful mutagens in
the oral cavity of mice.

In the current study, we showed that BRB is capable of
inhibiting mutagenesis induced by DBJ[a,/|PDE in the
mouse oral cavity. In our previous in vitro studies, using
rat oral fibroblast, we showed that BRB extract was
also effective at reducing mutagenesis induced by
DB[a,l]PDE (21). Presumably, a reduction in DNA dam-
age by BRB, as discussed above, is responsible for the
reduction in mutagenesis. We also showed that BRB
extract reduced oxidative stress in vitro (21). Taken
together, these results suggest that BRB is potentially
an inhibitor of several steps in the multistep carcino-
genesis, including tumor initiation by DBJ[q,/|PDE, and
thus, we performed the following long-term chemopre-
vention bioassay.

Our results on survival and body weights demonstrat-
ed that mice tolerated 5% BRB in the diet. Clearly, the
ability of BRB to inhibit tumorigenesis is not limited
to synthetic procarcinogens, such as DMBA (20). A
significant protective effect of BRB was observed against
benign tumors, but the inhibition of malignant forma-
tion did not reach significance. A longer duration of
the bioassay might have allowed some or all of the
benign tumors to progress to malignant tumors, result-
ing in significant inhibition of malignancy, but this
could not be possible because animals needed to be
sacrificed because tumor size reached >0.5 cm in the oral
cavity. In the current study, dietary BRB powder was
given 2 weeks before carcinogen administration and
continued until termination of the bioassay. Thus, our
design cannot dissociate the effects of berry on tumor

initiation versus tumor progression. However, based on
our previous studies (21, 30), we showed that BRB
enhanced DNA repair of the damage induced by
DB[a,I]P, which contributes to the initiation phase of
carcinogenesis.

In addition to the protective effects of BRB in preclin-
ical animal models, the results of several clinical trials
demonstrate its safety and that it is easy to administer
and can modulate critical markers of cancer in a manner
consistent with prevention/treatment (14). In the
oral cavity of healthy volunteers, a 10% mucoadhesive
freeze-dried BRB gel, when treated topically on dysplas-
tic lesions four times per day for 6 weeks, was found to
result in a histologic regression of about 60% of the
lesions (32, 33). It was also found in oral cancer patients
that proinflammatory and prosurvival markers were
suppressed by BRB phytochemical-rich troche (34).
The active components in BRB, which can account
for its observed effects in our oral carcinogenesis model,
remain to be determined. However, we recently reported
on the effects of select constituents of BRB on carcino-
gen-induced DNA damage in cell cultures; our prelim-
inary results indicate that the structure of the constituent
is an important determining factor in inhibiting
DNA damage (30). Our results provide a basis to trans-
late our findings into future studies designed, for
instance, to examine the effect of BRB on the initiation
stage of carcinogenesis by assessing levels of DNA
adducts derived from DB[q,!]P and benzo|a]pyrene in
smokers who are considered at high risk of developing
this disease.
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