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Some premenopausal breast cancer patients use phytoestro-

gen-rich soy and flaxseed to alleviate side effects induced by

drugs such as tamoxifen (TAM). Lignan-rich flaxseed protects

against breast cancer and increases the effectiveness of TAM.

This study determined the interactive effects of lignan-rich

sesame seed (SS) and TAM on estrogen-responsive MCF-7

breast tumor growth and bone health in ovariectomized athymic

mice under premenopausal-simulated conditions. Ovariectom-

ized mice with an estrogen implant and established MCF-7

tumors were treated for 8 weeks as follows: (i) positive control

fed basal diet (BD), (ii) SS group fed BD supplemented with 10%

ground SS, (iii) TAM group with TAM implant fed BD, (iv) SS 1

TAM group with TAM implant fed BD supplemented with 10%

SS, and (v) negative control fed BD with no estrogen implant.

Palpable tumor data, adjusted for body weight, showed that SS

does not inhibit MCF-7 tumor growth and tends to negate the

tumor inhibitory effect of TAM by increasing cell proliferation

and reducing apoptosis. SS alone and combined with TAM

enhanced femur biomechanical strength but caused no differ-

ences in bone mineral content or bone mineral density in either

the femur or lumbar vertebrae. SS is not protective and interacts

adversely with TAM in MCF-7 breast tumors but induces

beneficial effects on bone both alone and when combined with

TAM. Exp Biol Med 232:754–761, 2007
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Introduction

Lignans are a class of phytoestrogens that have been

suggested to reduce the risk of breast cancer (1–5) and are

found in exceptionally high amounts in flaxseed (FS) (6, 7)

and sesame seed (SS) (6, 8, 9). Lignans such as

secoisolariciresinol diglycoside and sesamin are metabo-

lized by microflora in the colons of humans and animals into

the mammalian lignans enterodiol and enterolactone (6–10).

Enterodiol and enterolactone are of interest because of their

structural similarity to the hormone 17b-estradiol (E2),

suggesting that they have weak estrogenic and antiestro-

genic properties and hence a potential role in hormone-

related diseases.

FS and the mammalian lignans have been shown to

alter estrogen metabolism, bioavailability, and action (11),

as well as exert both estrogen agonistic and antagonistic

effects depending on endogenous estrogen levels (12, 13).

However, numerous studies have demonstrated that FS,

secoisolariciresinol diglycoside, and the mammalian lignans

are protective against breast cancer in premenopausal- and

postmenopausal-simulated experimental models (14–19).

FS and the mammalian lignans also exert no adverse effects

on other estrogen-sensitive tissues such as the bone (20) and

uterus (14, 20), suggesting that the lignans are protective

against breast cancer while not increasing the risk of other

hormone-related diseases such as endometrial cancer and

osteoporosis. In addition, FS and the mammalian lignans

can increase the effectiveness of tamoxifen (TAM) (14, 15),

which is important in some patients who use phytoestrogens

as a complementary therapy to alleviate menopausal-like

symptoms that are induced by TAM use (21). It is unknown,

however, if other lignan-rich foods such as SS could

produce similar effects.

SS contains up to 2.5 times more plant lignans than FS

(6, 8, 9, 22); however, the lignan profile of SS differs from

that in FS. While the lignans in FS occur predominantly as

secoisolariciresinol diglycoside, SS consists mainly of

sesamin, sesamolin, and sesaminol.
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In postmenopausal women, consumption of 25 g SS/

day for 4 weeks has been shown to result in similar

increases in urinary mammalian lignan excretion as FS (8),

suggesting that SS may exert similar anticancer effects as FS

if the effects of FS are due to the mammalian lignans.

However, studies investigating the role of SS in tumori-

genesis are limited, and none have explored its potential

effects on various estrogen-sensitive tissues under various

levels of circulating estrogen or its possible interaction with

chemotherapeutic drugs such as TAM.

Considering our recent findings that SS is a lignan-rich

food source that can produce mammalian lignans at the same

concentrations as FS (8) and that lignan-rich FS protects

against breast cancer and enhances the tumor inhibitory

effect of TAM without exerting adverse effects in other

tissues (11, 14, 16, 17, 19), the objective of this study was to

determine under high circulating estrogen levels, the effect

of dietary SS alone and in combination with TAM on tumor

growth and bone health in ovariectomized athymic mice with

established estrogen-responsive MCF-7 breast tumors.

Materials and Methods

Cell Line and Cell Culture. MCF-7 estrogen-

responsive human breast cancer cells (American Type

Culture Collection, Manassas, VA) were grown in Dulbecco

minimum essential medium/F12 supplemented with 10%

fetal bovine serum and 1% antibiotic antimycotic solution.

The cells were incubated at 378C in a humidified atmosphere

of 5% CO2 in air and were given fresh medium every 2–3

days. For injection, the MCF-7 cells (7.9 3 106 cells/ml)

were trypsinized and resuspended in serum-free medium

with 1:1 Matrigel (VWR International, Mississauga, Canada)

and kept on ice. A trypan blue exclusion assay was used to

confirm cell viability (.85%) after cell injections.

Animals and Diets. The care and use of the animals

was in accordance with the Guide to the Care and Use of
Experimental Animals (23), and the experimental protocol

was approved by the University of Toronto Animal Care

Committee. Ovariectomized female athymic mice (BALB/c

nu/nu; 4–5 weeks old; mean body wt 17.3 6 0.13 g) were

purchased from Charles River Canada (St-Constant, Cana-

da), housed four per cage, and maintained within a

pathogen-free isolation facility with 12:12-hr light:dark

cycle at 228–248C and 50% humidity.

The basal diet (BD) was AIN-93G formulation (24)

modified to have a high fat content (20% corn oil) at the

expense of cornstarch. The SS diet consisted of BD

supplemented with 10% freshly ground SS corrected for

the contribution of SS to fat, dietary fiber, available

carbohydrate, and protein components, resulting in diets

that were isocaloric. SS was from Grain Process Enterprises

Ltd. (Scarborough, Canada). The diets were prepared by

Dyets Inc. (Bethlehem, PA) and sterilized by 60Co radiation

by Steris Isomedix Services (Whitby, Canada). Fresh diet

was provided every 2–3 days, and mice were fed ad libitum.

Experimental Design. Mice were acclimated for 7

days on the BD and then anaesthetized with isoflurane (3%)

dissolved in oxygen, implanted subcutaneously with a

sterilized E2 pellet (1.7 mg; 60-day release, producing a

blood level of 3–4 nM/l; Innovative Research of America,

Sarasota, FL) in the interscapular region, and injected with

MCF-7 cells (395,000 cells in a 50-ll suspension) into four

sites of mammary fat pads as previously described (14).

Starting 2 weeks after cancer cell injection, tumors were

palpated weekly using digital precision calipers (Cedarlane

Laboratories Ltd., Hornby, Canada). The tumor surface area

was calculated using the formula (length/2 3 width/2) 3 p.

At week 6 the existing E2 pellets were removed from all

mice and replaced with new E2 pellets to simulate a

premenopausal situation. The mice were divided into the

following dietary treatment groups (n ¼ 9–10 mice/group)

such that their tumor sizes and body weights were similar:

(i) positive (POS) control fed BD, (ii) SS group fed BD

supplemented with 10% dietary SS, (iii) TAM group fed BD

and subcutaneously implanted with a TAM pellet (5 mg; 60-

day-release, producing a blood level of 3–4 ng/ml;

Innovative Research of America), (iv) SS þ TAM group

fed the SS diet and implanted with a TAM pellet implant,

and (v) negative (NEG) control group with no E2 implant

fed BD. Food intake, body weights, and palpable tumor

areas were monitored weekly. At the end of the 8-week

treatment (week 14), the mice were sacrificed by CO2

asphyxiation. At necropsy, body, tumor, and uterus weights

were recorded. Femurs and lumbar vertebrae (LV) 1–4 were

removed, cleaned of soft tissue, and stored at �208C until

further analyses.

Ki-67 Labeling Index (LI) and Apoptosis. Ki-67

LI was used as a marker of cell proliferation and was

determined by immunohistochemistry as previously de-

scribed (14). DNA fragmentation was demonstrated using

an in situ terminal deoxynucleotidyl transferase biotin-

dUTP nick end labeling assay in the ApopTag Detection Kit

(Intergen, Purchase, NY) according to the manufacturer’s

protocol. All slides were read blindly under a light

microscope at 3400 magnification. The Ki-67 LI was

calculated as the percentage of positive cells divided by total

cells (600-1100) counted from 4–11 fields. The number of

apoptotic cancer cells was counted and expressed as

apoptotic cell number/mm2. All assays were conducted

blind to the treatment groups.

Bone Mineral Content (BMC) and Bone Mineral
Density (BMD) of Whole Femur and LV1–LV3. Left

femurs and intact vertebrae (LV1–LV3) were placed on a

plastic tray and scanned in air at room temperature by

PIXImus dual-energy x-ray absorptiometry (Lunar software

version 1.46; General Electric Medical Systems, Madison,

WI) to determine whole femur and LV BMC and BMD

(25).

Femur and LV4 Dimensions. The right femurs and

LV4 were soaked in phosphate-buffered saline for 4 hrs at

room temperature immediately before biomechanical test-
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ing. Femur weights, lengths, and widths at the midpoint

(both mediolateral and anteroposterior widths were meas-

ured) and LV4 weights, heights, and widths were measured

using digital precision calipers as previously described (25).

Biomechanical Strength Testing of Femurs and
LV4. Biomechanical strength properties of right femurs and

LV4 were determined using a materials testing system

(4442 Universal Testing System; Instron Corp., Canton,

MA) and a specialized software program (Instron Series IX

Automated Materials Tester-Version 8.15.00; Instron

Corp.). Three-point bending was performed at the femur

midpoint to determine the structural properties of a skeletal

site rich in cortical bone as previously described (25). The

posterior surfaces of the right femurs were placed on two 1-

mm wide base supports with a jig span width of 5 mm and a

crosshead speed of 2 mm/min. The biomechanical strength

properties determined were yield load, a measure of the

elastic limit of the femur, which was determined as the point

at which the slope of the load-deformation curve deviates

from being a straight line; resilience, a measure of the

amount of energy that the femur absorbs until the yield point

is reached; ultimate stiffness, a measure of the extrinsic

rigidity of the femur; peak load, a measure of the maximum

force that the femur withstands before fracture; and

toughness, a measure of the work energy that is required

to fracture the femur. To determine the peak load of LV4,

compression testing was performed as previously described

(25). The peak load of LV4 was determined by placing

individual vertebra in the center of a stainless steel disk and

applying a compression force to the vertebra by lowering a

second suspended stainless steel plate at a constant rate of 2

mm/min.

Statistical Analysis. To determine the difference in

palpable tumor growth among treatment groups over

treatment time, analysis of variance (ANOVA) with

general linear model–repeated measures procedure was

used followed by post hoc Tukey test (SPSS, Inc.,

Chicago, IL). Because the NEG control group was

included in the study to verify that the MCF-7 tumors

would regress in the absence of estrogen, thus proving that

the mouse model was working, this group was included

only in the statistical analysis to determine differences in

palpable tumor growth. Differences in tumor area between

the pre- and post-treatments within the same group were

assessed by Student’s t test (SigmaStat version 2.0; Jandel

Scientific, San Rafael, CA). One-way ANOVA followed

by post hoc Student-Newman Keul’s test was used to

determine differences among groups in food intake, body

weights, relative uterus weights, tumor cell Ki-67 LI and

apoptosis, BMD and BMC of left femur and lumbar LV1–

LV3, and biomechanical strength testing of right femur and

LV4. To examine the relationship between total food

intake and change in tumor size; final body weight and

change in tumor size; and final tumor weight and BMD,

peak load, and uterus weight, linear regression analyses

were performed (Sigma Stat; Prism 3.0; GraphPad

Software Inc., San Diego, CA). The significance level

was set at P , 0.05.

Results

Food Intake, Body Weights, and Uterus
Weights. SS and SS þ TAM induced the highest total

food intake during treatment compared with all other

groups; however, significant difference was reached only

between SS and TAM whereby TAM resulted in signifi-

cantly lower food intake than SS (P , 0.01) (Table 1).

TAM consequently resulted in a significantly lower body

weight than SS (P , 0.001) as well as the SSþ TAM and

NEG control groups (P , 0.001). Although the POS control

group did not differ significantly in food intake compared

with the other treatment groups, it had significantly lower

body weight compared with both SS and SSþTAM groups

(P , 0.001).

Tumor Growth. Over the 7-week treatment period

tumors in the POS control group continued to grow,

resulting in a palpable tumor area that was 237% larger than

pretreatment size (P , 0.0001; Fig. 1), while tumors in the

NEG control group regressed by 73% (P , 0.0001),

confirming that the tumor model was working. Palpable

tumor size in the TAM group was intermediate between the

POS and NEG control groups and was 48% larger than

pretreatment tumor size (P , 0.01). SS stimulated the

Table 1. Effect of 10% Dietary SS, TAM, and Their Combination (SSþTAM) on Body Weights, Food Intake, and
Relative Uterus Weightsa

Treatmentb
Total food intake,

g/mouse (8 weeks)

Body weight, g
Uterus weight,

mg/g body weightWeek 6 Week 14

POS 118.9 6 4.9cd 15.3 6 0.5 14.8 6 0.4d 4.98 6 0.33
SS 137.2 6 2.7c 15.3 6 0.5 19.7 6 0.5c 4.59 6 0.70
TAM 97.5 6 7.6d 14.6 6 0.8 13.2 6 0.7d 4.67 6 0.58
SS þ TAM 121.3 6 6.1cd 14.6 6 0.8 18.8 6 0.6c 4.05 6 0.43

a Data are means 6 SEM; n¼ 6–10 mice/group.
b TAM implant¼ 5 mg, 60-day release.
cd Different letters within the same column indicate significant difference at P , 0.05 by one-way ANOVA followed by Student-Newman Keul’s
test.

756 SACCO ET AL



pretreatment size by 376% (P , 0.001) and beyond that of

all groups including the POS control group (P , 0.001).

When combined with TAM, SS negated the tumor

inhibitory effect of TAM, resulting in tumors 154% larger

than pretreatment size (P , 0.0001) and significantly larger

than those in the NEG control (P , 0.001) suggesting that

SS interferes with the tumor inhibitory effect of TAM.

Because there were significant differences in food

intake and body weights, linear regression analyses were

performed to determine if they partly contributed to the

changes in palpable tumor area over treatment time. A

significant positive relationship was found between change

in tumor area and total food intake (r¼ 0.453, P , 0.0001)

and change in body weight (r ¼ 0.205, P ¼ 0.040).

Therefore, the palpable tumor data were adjusted to correct

for differences in body weight (Fig. 2). The SS group no

longer differed from the POS control group, while TAM

significantly inhibited tumor growth compared with the POS

control (P , 0.001). When combined, SS still tended to

negate the tumor inhibitory effect of TAM, resulting in

tumors similar in size to the POS control.

Ki-67 LI and Apoptosis. Cell proliferation, ex-

pressed as Ki-67 LI, was the lowest in the TAM group (P
, 0.05), followed by the SS þ TAM group (P , 0.01

compared with the POS control; P , 0.001 compared with

SS); the SS group did not differ from the POS control group

(Fig. 3A). Tumor cell apoptosis was higher in the TAM

group compared with the POS control group (P , 0.05),

while both SS and SS þ TAM groups had intermediate

values (Fig. 3B).

BMC and BMD of Whole Femurs, Femur
Dimensions, and Biomechanical Strength. Femur

BMD and BMC did not differ among groups (Table 2), but

anteroposterior width was significantly higher in the SS and

SS þ TAM groups compared with the POS control (P ,

0.01) and TAM (P , 0.05) groups. There were no

differences in length, mediolateral width, and weight among

groups. Toughness was significantly higher in the SS þ
TAM group compared with the POS control (P , 0.01) and

Figure 1. Effect of 10% dietary SS and TAM alone and in
combination (SS þ TAM) on the growth of MCF-7 breast tumors in
female ovariectomized athymic mice. TAM implant was 5 mg, 60-day
release. Tumor areas were measured weekly and are expressed as
the percentage of pretreatment area. Different letters (a–c) indicate
significant difference at P , 0.05 among groups by ANOVA with
general linear model–repeated measures procedure followed by
Tukey test. n¼ 22–31 tumors/group, 6–10 mice/group. *Significantly
different than pretreatment tumor size by paired t test (P , 0.05).

Figure 2. Effect of 10% dietary SS and TAM alone and in
combination (SS þ TAM) on the body weight–adjusted growth of
MCF-7 breast tumors in female ovariectomized athymic mice. TAM
implant was 5 mg, 60-day release. Tumor areas were measured
weekly and are expressed as tumor area (mm2) per gram of body
weight. Different letters (a–c) indicate significant difference at P ,
0.05 among groups by ANOVA with general linear model–repeated
measures procedure followed by Tukey test. n ¼ 22–31 tumors/
group, 6–10 mice/group. *Significantly different than pretreatment
tumor size by paired t test (P , 0.05).

Figure 3. Effect of 10% dietary SS and TAM alone and in
combination (SS þ TAM) on MCF-7 (A) tumor cell proliferation and
(B) apoptosis in female ovariectomized athymic mice. TAM implant
was 5 mg, 60-day release. Different letters (a and b) indicate
significant difference at P , 0.05 among groups by one-way
ANOVA followed by Student-Newman Keul’s test. Data are means
6 SEM. n ¼ 7–11 tumors/group, 5–7 mice/group.
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TAM (P , 0.05) groups, while SS had an intermediate

effect. There were no significant differences in yield load or

resilience among groups.

BMC and BMD of LV1–LV3 and Dimensions
and Peak Load of LV4. BMC of LV1–LV3 tended to be

higher (P ¼ 0.098) in the SS and SS þ TAM groups

compared with the TAM and POS control groups, but these

differences did not reach statistical significance (Table 3).

BMD did not differ among groups. There were no

significant differences in height, anteroposterior width,

mediolateral width, weight, and peak load among groups.

Relationship with Tumor Weight. Linear regres-

sion analysis showed no relationship between the final

MCF-7 tumor weight and whole-femur BMD (r¼ 0.154, P
¼ 0.471), femur midpoint peak load (r¼ 0.177, P¼ 0.387),

or uterus weight (r¼ 0.055, P ¼ 0.786).

Discussion

This study demonstrated for the first time that, under

high circulating estrogen levels simulating a premenopausal

condition, SS is not protective on MCF-7 tumors and

negates the tumor inhibitory effect of TAM in ovariectom-

ized athymic nude mice. Interestingly, SS alone or

combined with TAM enhanced bone strength at the femur

midpoint but was not stimulatory in the uterus.

The initial observation that SS stimulates tumor growth

beyond the POS control group suggests that SS is a tumor-

promoting food source. However, SS alone and in

combination with TAM induced significantly higher food

intake than the TAM group and significantly higher body

weight than both the POS control and TAM groups. The

differences in food intake and body weight may be due to

the hypophagic effects of estrogen and TAM rather than the

hyperphagic effects of SS since estrogen and TAM decrease

food intake and body weight (26–29), while more past

studies (8, 9, 22, 30–33) have not shown the same effects

after the ingestion of SS or its purified lignans. However, we

cannot completely rule out the possibility that there are

certain unknown SS components that may have contributed

to the effect. Because subsequent regression analyses

revealed a significant positive relationship among food

intake, body weight, and tumor size, the palpable tumor data

Table 2. Effect of 10% Dietary SS, TAM, and Their Combination (SSþ TAM) on Whole Femur Bone Mass and
Dimensions and Biomechanical Strength Properties at Femur Midpoint and Femur Neckab

POS SS TAM SS þ TAM

Whole femur

BMC, mg 28.48 6 0.49 33.26 6 1.19 28.65 6 1.51 32.78 6 1.11
BMD, mg/cm2 90.06 6 2.98 93.26 6 2.47 89.63 6 2.97 94.52 6 2.30
Area, cm2 0.32 6 0.01 0.36 6 0.01 0.32 6 0.01 0.35 6 0.01
Length, mm 13.84 6 0.09 14.34 6 0.07 14.11 6 0.24 14.32 6 0.17
Anteroposterior width, mm 1.06 6 0.01d 1.14 6 0.02c 1.08 6 0.02d 1.14 6 0.02c

Mediolateral width, mm 1.37 6 0.02 1.42 6 0.03 1.38 6 0.03 1.40 6 0.03
Weight, mg 54.02 6 0.69 60.68 6 1.14 55.2 6 2.62 59.59 6 2.12

Femur midpoint

Yield load, N 21.32 6 0.66 23.90 6 1.31 22.41 6 0.63 24.69 6 1.88
Resilience, J 3 10�4 1.12 6 0.13 1.10 6 0.11 1.00 6 0.04 1.12 6 0.12
Ultimate stiffness, N/mm 229.60 6 18.76d 298.20 6 15.34c 268.00 6 11.81cd 297.70 6 17.23c

Peak load, N 25.94 6 0.78d 32.79 6 1.87c 25.88 6 0.93d 33.70 6 1.93c

Toughness, J 3 10�3 1.98 6 0.19d 3.34 6 0.42cd 2.12 6 0.40d 4.03 6 0.46c

a Data are means 6 SEM; n¼ 4–9 mice/group.
b TAM implant¼ 5 mg, 60-day release.
cd Different letters within the same row indicate significant difference at P , 0.05 by one-way ANOVA followed by Student-Newman Keul’s test.

Table 3. Effect of 10% Dietary SS, TAM, and Their Combination (SSþTAM) LV1–LV4 Bone Mass, Dimensions,
and Peak Loadab

POS SS TAM SS þ TAM

BMC, mg 21.33 6 0.74 23.20 6 0.57 20.72 6 1.13 22.98 6 0.71
BMD, mg/cm2 66.08 6 1.28 67.96 6 1.82 65.50 6 2.84 67.88 6 1.36
Height, mm 2.06 6 0.08 2.14 6 0.07 2.12 6 0.03 2.18 6 0.08
Anteroposterior width, mm 2.94 6 0.09 3.04 6 0.08 3.09 6 0.07 2.99 6 0.08
Mediolateral width, mm 2.46 6 0.04 2.45 6 0.03 2.52 6 0.06 2.50 6 0.04
Weight, mg 20.32 6 0.87 21.36 6 0.77 20.30 6 0.53 21.51 6 0.72
Peak load, N 43.36 6 9.78 39.63 6 3.92 37.29 6 3.07 46.41 6 7.69

a Data are means 6 SEM; n¼ 6–10 mice/group. No significant differences among groups.
b TAM implant¼ 5 mg, 60-day release.
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were adjusted for differences in body weight. This then

showed that SS no longer exhibited a tumor stimulatory

effect, although it still tended to negate the tumor inhibitory

effect of TAM.

A previous study showed in the same breast cancer

mouse model that dietary 10% FS inhibits MCF-7 tumor

growth and enhances the tumor inhibitory effect of TAM

under premenopausal conditions (14). Hence, the present

study also used SS at 10% to mimic 10% FS (14).

Nevertheless, further investigation is required to determine

whether other doses of SS would produce similar effects.

The exact mechanisms by which SS negates the tumor

inhibitory effect of TAM are unclear, but SS resulted in

larger tumors caused by an increase in tumor cell

proliferation and a decrease in apoptosis. The effects of

the lignans, their metabolites, and other compounds in SS

on the estrogen receptor (ER) have yet to be elucidated, and

their interactions with TAM on the ER may be multifaceted.

The interaction of SS and TAM may also be affected by

other factors such as the relative concentrations of each

compound and the endogenous estrogen in tumor tissue and

in the circulating blood. Nevertheless, because the high

mammalian lignan-producing FS has been shown to inhibit

MCF-7 tumor growth (14), while SS did not, the results of

this study suggest that not all high mammalian lignan-

producing foods are protective against breast cancer. The

bioavailability of lignans in SS appears to be similar to that

in FS since consumption of both seeds produces similar

amounts of mammalian lignans, as indicated by their urinary

levels in humans and rats (8, 9). Hence, in addition to

lignans, other SS components, including linoleic acid, oleic

acid, c-tocopherol, phytosterols, and other phytochemicals

(34, 35), may play an important role as well in the

modulation of breast cancer. The present findings may have

important implications in the clinical setting since many

women undergoing TAM therapy may also consume

phytoestrogen-rich foods as complementary therapy and to

decrease the menopausal-like symptoms induced by TAM

(21).

TAM is a first-line adjuvant therapy for estrogen-

responsive breast cancer (36), but resistance to this drug can

occur in 30%–40% of patients within 5 years of treatment

initiation (36–38). However, TAM continues to be the

antiestrogen treatment of choice for premenopausal patients

because it effectively reduces mortality by 24%–39% (39).

The tumor inhibitory effect of TAM observed in the present

study is consistent with previous literature that demonstrated

tumor inhibitory action under high circulating estrogen

levels (14, 39, 40). In addition, the reduction of tumor cell

proliferation and the increase in apoptosis induced by TAM

are consistent with previous work that used the same

experimental breast cancer mouse model and pellet doses of

TAM and estrogen (14). The suggested mechanisms of

TAM action include both ER-mediated and nonmediated

mechanisms such as modulation of growth factors and

signaling proteins, as previously described (38, 41, 42).

Regarding bone health, SS exerted favorable effects at

the femur midpoint, a skeletal site containing predominately

cortical bone, as shown by the higher peak load, ultimate

stiffness, and toughness. However, femur BMD in the SS

group did not differ from the other treatment groups,

suggesting that the greater bone strength was not due to

differences in the quantity of mineral in the femur. SS

lignans or their metabolites may induce beneficial effects on

bone via binding to the bone ER and inducing transcription

of estrogen-responsive genes, which promote bone strength

perhaps through production of bone matrix proteins.

However, further investigation is required to determine the

binding potential of the SS lignans, sesamin, sesamolin, and

sesaminol, to the ER. Demethylpiperitol is a sesamin

metabolite that has previously been shown to have weak

affinities for the ER at 10 lM in MCF-7 cells (43); however,

its effect on transcription is not known and warrants further

investigation. Other potential mechanisms of SS action may

also include modulation of estrogen metabolism, bioavail-

ability, and action in the body. For example, in post-

menopausal women fed 50 g of SS powder daily for 5

weeks, lower levels of dehydroepiandrosterone sulfate but

higher levels of serum sex hormone–binding globulin and 2-

hydroxyestrone were observed compared with control

subjects, suggesting that SS may possess antiestrogenic

action in tissue (33). However, no biochemical markers of

bone metabolism were measured due to the small size of the

mice, which resulted in an insufficient amount of collected

blood samples for analysis.

Previous studies have not examined the effect of SS or

its lignans on bone metabolism in premenopausal women or

using a model system that mimics the premenopausal

condition. Because differences in body weight have been

shown to affect bone strength in premenopausal women

(44), it is possible that the beneficial effects induced by SS

in the present study may be related to their higher body

weights compared with the positive control and TAM

groups (33% and 50% higher, respectively). Further study is

required to elucidate the mechanisms by which SS acts on

bone tissue.

The combination of SS with TAM resulted in a

significantly greater ultimate stiffness, yield load, and

toughness at the femur midpoint compared with the TAM

and POS control groups, suggesting that TAM does not

negate the beneficial effect of SS on bone. The effect of

TAM on bone in premenopausal woman is antagonistic and

induces bone loss (45, 46). The discrepancy between this

mouse model and previous clinical studies is not known.

While it is recognized that athymic mice are deficient in T

lymphocytes, which are partially responsible for inducing

bone loss upon estrogen withdrawal, athymic mice do

experience bone loss in estrogen deficient states (47).

Because the present study was conducted under high

estrogen levels, resistance to bone loss is not a factor when

considering T-cell deficiency. The null effects of TAM on

bone health in the present study may be due to higher
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circulating estrogen levels used (3–4 nmole/l E2 produced

by 1.7 mg of E2 pellet; Ref. 14), which are at the upper

physiologic level in premenopausal women and may have

been enough to counteract the potential antagonistic effect

of TAM on bone.

Like the breast and bone, the uterus is an estrogen-

sensitive tissue in which compounds such as TAM can

induce cell proliferation, subsequent growth (48), and

potentially increased risk for the development of endome-

trial cancer. No differences in uterine weights were observed

among groups, suggesting that SS does not act estrogeni-

cally or antiestrogenically in the uterus with endogenous

estrogen production and may not increase endometrial

cancer risk. Similar to the bone, uterine weight did not relate

significantly to tumor weights, suggesting that the treat-

ments acted differently in these tissues.

In conclusion, SS alone is not protective or stimulatory

in established MCF-7 tumors but negates the tumor

inhibitory effect of TAM in ovariectomized athymic mice

under premenopausal conditions. In addition, SS alone and

in combination with TAM are beneficial to bone health and

exert no adverse effect on uterus weight, which is a safety

marker. Although beneficial effects on bone were observed

when SS was combined with TAM, its clinical application

in a breast cancer setting may not be practical since negative

interactions were observed on tumor growth. TAM is also

prescribed as a preventive therapy to women who are at high

risk for developing breast cancer. Future studies should be

conducted to determine the potential role of SS in breast

cancer prevention in high-risk populations who use TAM,

since the mechanisms of action responsible for the develop-

ment of breast cancer may differ from those responsible for

cancer progression. The potential interactive effect of SS

and TAM on bone health should be investigated in a

chemopreventive experimental model because SS could

potentially inhibit the TAM-induced bone loss experienced

under premenopausal conditions, without interfering with

the protective effect of TAM on breast cancer risk. The

precise mechanisms of action, including the role of the ER

signaling pathway, and examination of ER target genes in

tumors, bone, and uterus should be established in the future.

We thank Zhen Liu for technical assistance in sesame seed lignan

analyses.
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