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Introduction

The focus of this research project is the role of the hormone estrogen (E;) and the structurally similar natural
compound resveratrol on breast cancer invasion and metastasis. The rationale for this proposal comes from the
vast body of work that has been done on the role of E; on initiation and progression of breast cancers (1;2).
Increased ERa levels are associated with 50-80% of breast tumors. Consequently, inhibition of ERa has
become a major strategy for prevention and treatment of breast cancer (3-6). Resveratrol is a natural compound
from grapes and peanuts that is structurally similar to E, and interacts with both ERa and ERP (7-10).
Resveratrol has proapoptotic, antigrowth, anti-inflammmatory, antiangiogenic, and anti-invasive properties that
makes it an attractive anticancer compound (11-13). Much of the data on potential anticancer properties of
resveratrol has been shown in vitro with high concentrations of resveratrol ranging from 30-200 uM (14-20).
We and others have shown that resveratrol at 50 uM can inhibit cell migration and invasion (21-24).
Resveratrol can exert biphasic effects where low concentrations are estrogenic while high concentrations are
antiestrogenic (15;17;25;26). Therefore, the purpose of this study is to investigate the effects of resveratrol on
breast cancer progression to metastasis. We and others have demonstrated that activity of the Rho GTPase Rac
is necessary for breast cancer invasion and metastasis (27;28). Our preliminary data demonstrated that the
effects of E; and resveratrol on cell functions relevant for metastasis such as actin cytoskeletal rearrangement to
form motile structures, cell migration, and invasion is mediated by the action Rac. Therefore, we formulated the
hypothesis that high concentrations of resveratrol prevent breast cancer invasion and metastasis while E, and
low concentrations of resveratrol promote breast cancer invasion and metastasis via Rac-regulated mechanisms.
Our objective is to analyze the effect of varying concentrations of E,, resveratrol, or a Rac inhibitor on breast
cancer invasion and metastasis using human breast cancer cell lines and a nude mouse model.

The following are our Specific Aims:
1. Determine the role of E; and resveratrol on Rho GTPase activity and cell functions relevant to breast
cancer metastasis in vitro. Metastatic MDA-MB-231 and MDA-MB-435 human breast cancer cell lines will
be treated with vehicle control, resveratrol, E, or Rac-specific inhibitor NSC23766 and the following
investigated:

. Analyze activities of Rho GTPases, Rac GEFs, and Rac GAPs.

Il1. Analyze cell migration and invasion

I11. Analyze cell cycle progression and apoptosis

2. Determine the role of E; and resveratrol on breast cancer metastasis in vivo. Breast tumors will be
created using RFP-MDA-MB-231 or RFP-MDA-MB-435 cells in ovariectomized nude mice. Once primary
tumors are established, the mice will be treated with vehicle control or varying concentrations of resveratrol, E;,
or Rac-specific inhibitor NSC23766 and the following investigated:

. Monitor primary tumor progression using fluorescence image analysis

I1. Monitor distant metastases using fluorescence image analysis

I11. Analyze primary and metastatic tumors by histopathology and immunocytochemistry



Body
Task 1. Determine the effect of estrogen and resveratrol on metastatic breast cancer cell lines in vitro (1-
24 Months)

The objective of this task is to treat ER alpha (-) beta (+) low metastatic MDA-MB-231 and ER alpha (-)
beta (-) high metastatic MDA-MB-435 human breast cancer cell lines with vehicle control; resveratrol, E,, or
Rac-specific inhibitor NSC23766 and determine changes in cell functions known to affect breast cancer
metastasis.

Analysis of Rac activity in response to E, and resveratrol:

Using MDA-MB-231 human metastatic breast cancer cells, the effect of vehicle, EGF (+ control), E;
(100 nM), 5 or 50 uM resveratrol on Rac activity was determined using a pulldown assay that determines the
amount of active GTP-bound Rac that is co-precipitated with a GST-fusion protein from the Rac.GTP binding
domain of a downstream effector PAK (PBD) (Fig. 1). The data show that as per our hypothesis, E; and low
concentrations of resveratrol activate Rac while high concentrations of resveratrol inhibit Rac activity.

Figure 1. Rac activity of breast cancer

A cells in response to estrogen or
Res resveratrol. Quiescent MDA-MB-231
Veh EGF E2 5.M 50pM cells were treated with DMSO (Veh), 50
. ng/ml EGF, 0.1 uM estrogen (E2), or
R active Rac régsveratrol (Res)}l.L PAK-P%BD—(GSZF beads
! were used to pull-down active GTP-
T w— o o— wesw fotal Rac

bound Rac from the cell lysates. Active
and total Rac levels were detected by
western blotting with an anti-Rac

B. 4, antibody. A , Representative western
3.5 blot of Rac activity of MDA-MB-231
3 cells in response to vehicle, EGF, E2, or
2 resveratrol at 5 or 50 uM following a 10
% 2.51 min incubation. Results shown are
< 21 representative of at least 3 experiments.
$ 15 B, Rac activity (active Rac/total Rac)
o 14 relative to vehicle alone controls as
. quantified from densitometric scans of
0.5 1 I‘}I |—| |_| I_l western blots. A star (*) denotes
O o o w0 statistical significance from control.

Error bars are SEMs from at least 3
experiments.

5 uM Resveratrol 50 pM Resveratrol

Analysis of cell migration and invasion in response to E, and resveratrol:

Since Rac activity is known to regulate cell migration and invasion, we tested the effect of E, and
resveratrol on cell migration and invasion of MDA-MB-231 cells. Cell migration assays were conducted with
quiescent MDA-MB-231 cells on the top well of a transwell (CoStar) while the bottom well contained vehicle,
E; (100 nM), 5 or 50 uM resveratrol. For invasion assays, the top surface of the top well was coated with
Matrigel, a basement membrane substrate. 50 pM resveratrol inhibited cell migration by ~30% compared to
controls. E;exerted an opposite effect to 50 pM resveratrol (significant at p<0.04) by increasing cell migration
2-fold compared to controls. Interestingly, 5 uM resveratrol acted in a similar manner to E, by increasing cell
migration. Similarly, we observed a ~ 40% decrease in MDA-MB-231 cell invasion across a Matrigel matrix in
response to 50 uM resveratrol and a ~1.6-fold increase in invasion in response to E, or 5 uM resveratrol.



A. 25F Figure 2. Effects of estrogen or resveratrol on cell migration
* and invasion of MDA-MB-231 cells.
20 A, Cell Migration. Quiescent cells were placed on the top well
of Transwell chambers in serum- free media using the
1.5 following as chemoattractants in the bottom well for 8 hours:
DMSO control (Veh), 10 nM estrogen (E2), or 5 or 50 uM
1.0 * resveratrol (Res). Number of cells that migrated through the
membrane of the top well was quantified relative to control.
Data are quantified from analysis of 25 microscopic
fields/treatment from 6 experiments and expressed as mean
Veh E2 Res Res relative cells migrated £ SEM. Treatments denoted by different
B. 10nM 5pM - S0 pM letters indicate a significant difference between those

28 treatments at p<0.05. B, Invasion. Quiescent cells were placed
on the top well of Transwell chambers where the membrane
. was coated with Matrigel. The bottom well contained DMSO
1.5 (Veh), 10 nM estrogen (E2), or 5 or 50 uM resveratrol (Res).
Number of cells that migrated through the Matrigel matrix after
1.0 a 24 hour incubation was quantified and made relative to
control. Data are quantified from analysis of 25 microscopic
0.5 fields/treatment from 4 experiments and expressed as mean
relative cells migrated + SEM. Treatments denoted by different
veh E2  Res Res letters indicate a significant difference between those

Onl SuM GOuM treatments at p<0.05.
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evelopment oT Rac-SpecITIC INNIDITOrS:

In the original proposal, we planned to use NSC23766, a commercially available Rac-specific inhibitor
for a direct analysis of the inhibition of Rac interaction with guanine nucleotide exchange factors (GEF) that
activate Rac. NSC23766 is a small molecule compound that was identified from the NCI chemical database as a
putative Rac inhibitor (29). Subsequently, this compound was shown to specifically inhibit Racl binding and
activation by the Rac-specific GEFs Trio or Tiaml and fit into the surface groove of Racl known to be critical
for GEF binding (30). The binding pocket of NSC23766 in Racl is located at the three-way junction site of
switch I, switch II, and B loops of the effector region of Rac, where it provides the binding surface for Tiam1 or
the related GEF Trio (29). Therefore, NSC-23766 cannot inhibit binding of other Dbl family members like Vav
or DOCK family GEFs that interact with the switch I region of Rac as well as $2-B3 loops in the same effector
loop (31). By western blotting, we determined that the cell lines that would be used for this study contained
both Tiam-1 and Vav (Fig. 3). Thus, NSC-23766 may be limited in use as an inhibitor of Rac-mediated breast
cancer metastasis.

ws Vav2 Tiami Figure 3. Expression of Rac.GEFs in breast cancer cells. MDA-
200 G [ MB-231 breast cancer cell lysates were western blotted with anti
et <190KP 1l Vav-2 or anti Tiam-1 monospecific antibodies

L |
116kD ’
- | <101 kD

Since, NSC23766 has been shown to be effective with an ICs¢=50uM in fibroblasts (29), we tested the
effect of this compound on Rac activity of breast cancer cell lines that will be used for the proposed study using
100 uM NSC-23766 for 24 h. The G-LISA Rac Activation Assay (Cytoskeleton, Inc., Denver, CO), which
measures the amount of active Rac following incubation of equal amounts of protein from cell lysates to the
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Rac.GTP binding domain of a downstream effector was used to measure Rac activity in the presence or absence
of NSC-23766. NSC23766 demonstrated ~30% inhibition at 100 uM when compared to the vehicle alone
(control) at equal amounts of protein (Fig. 4). Therefore, this data indicated that NSC-23766 is not a good Rac
inhibitor in aggressive breast cancer cells.

Figure 4. Rac activity in the presence of NSC23766. MDA-
MB-435 cells were incubated for 24 h in vehicle or 100 uM NSC-
23766 for 24 h. Cells were lysed and subjected to a G-LISA Rac

l activation assay to measure Rac activity. Data shows £ S.D.,
N=3.

Veh NSC23766

Average Rac Activity
o o o o = =
ON B OO0 =2 N B3O

Therefore, to develop more efficient Rac inhibitors that can inhibit Rac interaction with a wider range of
GEFs, we initiated the synthesis of novel derivatives of NSC-23766 in collaboration with medicinal chemists
Drs. Cornelis Vlaar and Eliud Hernandez (Department of Pharmacology, University of Puerto Rico-Medical
Sciences Campus, San Juan, PR). A facile two-step synthesis for the preparation NSC23766 derivatives was
developed and is represented in Fig.5. Thus far, about seven commercially available (hetero)-arylamines have
successfully been combined with dichloropyrimidines. Subsequent coupling with primary or secondary
aliphatic amines with or without a tail-end amino-substituent provided NSC-23766 derivatives. Several
examples for which biological analysis have already been performed are represented in Fig. 5.

_Anyl
i NHZ )\/j[
)\ TiProH _Anyl leBuOH R< Ayl

DIPEA
reflux Microwave

Figure 5: Synthe5|s of NSC23766 derlvatlves with the pyr|m|d|ne-core

Rac activity of MDA-MB-435 cells that demonstrate high intrinsic Rac activity was determined
following incubation with NSC-23766 or 34 derivatives at 50 uM after 24 h incubation. Several compounds
were more efficient inhibitors of Rac activity than NSC-23788, which only gave a 20% inhibition at 50 uM. As
shown in Fig. 6, we have successfully identified NSC-23766 derivatives that do not affect cell viability but
inhibit Rac activity. Compound EHop-016 that gave 100% inhibition of Rac activity also reduced cell viability
of MDA-MB-435.Rac (T17N) cells that express dominant negative Rac (data not shown). Therefore,
compounds EHop-028, EHop-023, and EHop-015 were selected for further testing because these compounds
inhibited Rac activity >50% without affecting the viability of MCF-10 normal mammary epithelial cells or
MDA-MB-435 cells (Fig. 7).

To determine whether inhibition of Rac activity has an effect on cell functions relevant for metastasis
that are under Rac regulation, the effects of NSC-23766 and selected derivatives on formation of motile actin
structures and directed cell migration were tested. MDA-MB-435 cells were incubated with vehicle, 50 uM
NSC-23766, EHop-028, or EHop-023 for 24h, fixed, and stained for polymerized actin using Rhodamine
Phalloidin. Fluorescence microscopy demonstrated a marked decrease in actin rich structures called
lamellipodia that are under Rac regulation in cells treated with EHop-028 or EHop-023 compared to cells
treated with vehicle or NSC-23766. Cells treated with EHop-028 and EHop-023 treatment were also less spread
compared to control cells (Fig. 8 A). When MDA-MB-435 cells were subjected to Transwell migration assays
following incubation of EHop-028 or E-Hop-023 at 50 uM for 24 h, both compounds inhibited cell migration
by 80% and 95% respectively compared to vehicle control (Fig. &B).
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Figure 6. Percentage of
Rac Inhibition by NSC-
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Quiescent MDA-MB-435
cells were treated with
vehicle, or 50 pM Rac
Inhibitor for 24 hrs, and
total protein extracts were
obtained. Rac activity was
measured using G-LISA
Racl Activation Assay
(Cytoskeleton, Inc.).
Average
chemiluminescence of
each experimental sample,
was measured from a
GTP-Rac affinity plate.
Results are shown as %
inhibition where vehicle is
set at 0%.

Dashed line represents %
Rac inhibition of 20% by
the parent compound
NSC-23766.




R

g

Relative Cell Viability
e ®©
P

g

EE;
, N

Figure 7. Effects of NSC-23766 or derivatives on cell
viability. MCF10 mammary epithelial or MDA-MB-435
metastatic breast cancer cells were incubated with NSC-
23766 or derivatives at 50 uM for 24hrs. MTT
Proliferation assay was performed according to
manufacturer (Millipore), and absorbance read using the
Benchmark Plus Microplate Reader (Bio-Rad) at 570nm

NSC IE 8 ®§ i § ¢ with a reference filter of 630nm. Relative cell viability
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Figure 8. Breast cancer cell shape and migration following treatment with NSC-23766 and
derivatives.

A. Fluorescent micrograph of MDA-MB-435 cells on coverslips treated with vehicle or 50uM each
NSC-23766, EHop-028, or EHop-023 for 24h. Cells were fixed and stained with Rhodamine
phalloidin to visualize F-actin. B. MDA-MB-435 cells were treated with vehicle or 5S0uM each
NSC-23766, EHop-028, or EHop-023 for 24h. Equal numbers of cells were placed on the top well
of Transwell chambers that contain a membrane with 8p diameter pores. The bottom well contained
serum. The number of cells that migrated to the underside of the membrane was quantified for each
treatment. Results are shown relative to vehicle (100%).




Tasks 2 and 3. Determine the effect of estrogen and resveratrol on breast cancer progression

These tasks proposed the use of fluorescent protein (FP)-tagged MDA-MB-231 ERa (-) ERB (+) low
metastatic human breast cancer cell line and MDA-MB-435 in ovariectomized nude mice.

The tasks were:

. Establish primary tumors from these cell lines by inoculation into mammary fat pads of

female nude mice.

1. Administer treatments to mice. Once primary tumors are established (~3 mm®* about 1
week), the following treatments will be administered every other day by gavage for a maximum
of 60 days. Treatments include vehicle control, 0.1 or 0.5 mg/kg body weight 17B-estradiol,
resveratrol at 0.5, 5, or 50 mg/kg body weight (BW). NSC23766 (10 or 50 mg/kg BW) will be
administered weekly by i.p. injection.

I1l.  Monitor breast cancer progression and distant metastases by daily fluorescence image
analysis.

To lay the groundwork for these experiments, we created GFP-tagged MDA-MB-231 and GFP-MDA-
MB-435 cells by transfection of cells using a mammalian expression vector that contained the cDNA for eGFP
and neomycin resistance. Positive clones were selected according to GFP fluorescence and neomycin
resistance. GFP-expressing clones were passaged for a month in the absence of neomycin to ensure stable
integration and used for inoculation into athymic nude mice. Mammary fat pad injections of GFP-MDA-MB-
231 cells at 1-2X10° cells/inoculation resulted in a large variation in tumor take. Therefore, to ensure uniform
tumor take and equal size of initial tumors, xenografts were established using ~5X10° cells. These donor
xenografts were excised and divided into ~2mm? pieces that were implanted into 10 mice at the right mammary
fat pad. These GFP-MDA-MB-231 xenografts can be maintained up to 4 months as tumors in the mammary
fatpads of female athymic nude mice. The fluorescent tumors were analyzed for fluorescent area and integrated
density by in situ whole body fluorescence image analysis. As measured by twice weekly fluorescence image
analysis, tumor growth remained linear during the study (Fig. 9). This low metastatic variant was not very
efficient with forming distant metastases. We found that lung metastases were not visible by macroscopic
fluorescence image analysis. Microscopic image analysis of lung metastases demonstrated smaller metastatic
foci (Fig. 10) that were present in 6/10 mice.

s Figure 9. Growth of GFP-MDA-MB-231 mammary tumors. 2 mm’
45 GFP-MDA-MB-231 xenografts were implanted at the right mammary
4 fat pad of 10 female nude mice. Average tumor area as measured by
351 fluorescence whole body image analysis followed by quantification of
] integrated intensity of digital images using ImageJ software is shown.

251 Relative tumor area is the integrated pixel intensity on each day as a

2] function of the pixel intensity on day 01 after xenograft implantation.

1.5

Relative Tumor Area

0.5 4

0

0 20 40 60 80 100 120 140

o P

Figure 10. Lung metastasis from GFP-MDA-MB-231 mammary tumor of athymic
nude mouse. A representative confocal micrograph of ~25 cell micrometastasis from an
excised lung is shown (mag. 400X)

10



This experiment demonstrated that we can conduct the in vivo experiments with the MDA-MB-231 cell
line for as long as four months. However, we will have to conduct a microscopic analysis of the
micrometastases from excised lungs at the conclusion of the study.

Next we determined that ability of the GFP-MDA-MB-435 cells to develop primary and secondary
metastases in female athymic nude mice. 7 mice/group were inoculated with 5X10° GFP-MDA-MB-435 cells at
the mammary fatpad. One day following tumor cell inoculation, the mice were orally gavaged with vehicle
(90% oil, 10% ethanol) or 10 mg/kg BW resveratrol to determine the response to a medium concentration of
resveratrol and to ensure that resveratrol treatment does not interfere with GFP expression in the fluorescent
mammary tumors. This concentration of resveratrol did not change primary mammary tumor progression (Fig.
11.A, B). The mice treated with resveratrol showed a decreased trend in the number of lung (Fig. 11.C) and
liver metastases (Fig. 11.D). However, these differences were not statistically significantly compared to vehicle
controls. This may be because we used a medium concentration of resveratrol (10 mg/kg BW) or the smaller
numbers of mice used. During the second year of the funding period we will test the effect of 0.5, 5, and 50
mg/kg BW resveratrol on mice with GFP-MDA-MB-231 or GFP-MDA-MB-435 mammary tumors, which are
predicted to respectively increase and decrease breast cancer progression to metastasis dependent on the
concentration of resveratrol.

A 5
4.5- —é—Veh

4] | =R
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3
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Figure 11. Response of GFP-MDA-MB-435 mammary tumors to dietary resveratrol. A. Relative
GFP-MDA-MB-435 mammary tumor progression was determined by in situ whole body fluorescence
image analysis from day 1 of tumor implantation and compared with images acquired 2X a week for
77 days. Average relative tumor area as calculated from integrated fluorescence intensity of mammary
tumors from vehicle (Veh) or 10 mg/kg BW resveratrol (Res) treatment. B. Average relative tumor
area (integrated density of mammary tumor on day 77/ integrated density of mammary tumor on day
01) on day 77 for Veh or Res treated mice. C. Example of an excised lung with fluorescent metastatic
foci from vehicle-treated mouse. Histogram, Mean metastatic foci/lung for mice following Veh or Res
(10 mg/kg BW) treatment. D. Example of an excised liver with fluorescent metastatic foci from
vehicle-treated mouse. Histogram, Mean metastatic foci/liver for mice following Veh or Res (10
mg/kg BW) treatment
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Key Research Accomplishments:

Analysis of Rac activity of MDA-MB-231 breast cancer cells demonstrated that low
concentrations of resveratrol act similar to estrogen and increase Rac activity while high
concentrations inhibit Rac activity.

Analysis of cell migration and invasion of MDA-MB-231 breast cancer cells demonstrated that
low concentrations of resveratrol act similar to estrogen and increase cell migration and invasion
while high concentrations inhibit cell migration and invasion.

Novel derivatives of NSC-23766 were developed because this parent compound was not an
efficient Rac inhibitor of breast cancer cells with high endogenous Rac activity. EHop-023 was
selected as a more efficient inhibitor of Rac activity that did not affect cell viability but inhibited
Rac-mediated lamellipodia formation and cell migration of MDA-MB-435 breast cancer cells.

Stable breast cancer cells expressing green fluorescent protein (GFP) were created and
methodology was developed for the assessment of fluorescent breast cancer progression in
female athymic nude mice using GFP-MDA-MB-231 and GFP-MDA-MB-435 cells.

The effect of a medium concentration of dietary resveratrol was assessed in mice implanted with
GFP-MDA-MB-435 mammary tumors. Resveratrol at 10 mg/kg BW did not affect primary
mammary tumor growth but reduced lung and liver metastases.

Reportable Outcomes:
These studies will be reported at the upcoming Era of Hope meeting.
Dharmawardhane, S, Azios, NG, Castillo-Pichardo, L, and De La Mota-Peynado, A.

Estrogen and resveratrol as regulators of the Rho GTPase Rac in breast cancer metastasis. Era of Hope,
Deaprtment of Defense Breast Cancer Research Program Meeting, Baltimore, MD, June 25-27, 2008.

Novel Rac inhibitors (~34 compounds) were developed from the commercially available parent
compound NSC-23766 and 3 compounds were identified for further analysis.

Funding was requested from DoD/BCRP to further develop these novel Rac inhibitors as anti breast
cancer invasion compounds.

1. DoD/BCRP Concept Award Program

Date of Submission: 01/23/2008

Title: Novel Rac inhibitors as therapeutic agents for breast cancer metastasis

2. DoD/BCRP Synergy Idea Program

Date of Submission: 05/07/2008

Title: Small molecule inhibitors of Rac as anti-invasive breast cancer compounds

12



Conclusions:

The hypothesis that high concentrations of resveratrol prevent breast cancer invasion and metastasis
while E, and low concentrations of resveratrol promote breast cancer invasion and metastasis via Rac-regulated
mechanisms was validated. Our results show that low concentrations of resveratrol act similar to estrogen and
increases Rac activity and cell migration/invasion while high concentrations inhibit Rac activity and cell
migration/invasion of breast cancer cells.

We also developed novel Rac inhibitors that were more efficient than the commercially available NSC-
23766 Rac inhibitor that we intended to use in the original proposal. However, this inhibitor was not sufficient
to inhibit all of the Rac activity of the breast cancer cell lines with high endogenous Rac activity. Therefore, we
developed and identified a NSC-23766 derivative EHop-023 that can be used for the proposed experiments.

Development of whole body fluorescence image analysis methodology for an in situ analysis of breast
cancer progression demonstrated that GFP-MDA-MB-231 and GFP-MDA-MB 435 mammary tumor
progression can be successfully monitored and quantified in athymic nude mice. 10 mg/kg BW resveratrol
treatment by oral gavage did not affect fluorescence of mammary tumors or distant metastases for as long as
four months and reduced lung and liver metastases. Oral gavage with resveratrol in 90% oil, 10% ethanol 3X a
week did not affect mouse weight or cause undue stress. We found that studies with MDA-MB-435 tumors
have to be terminated in 2-2.5 months due to mice becoming moribund as a result of wide spread lung
metastases and primary tumor burden. In the next two years of funding we expect complete all tasks and
demonstrate that 5 mg/kg BW resveratrol treatment would increase while 50 mg/kg BW of resveratrol would
decrease breast cancer progression.
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