Exposure to Flaxseed or Its Purified Lignan
during Suckling Inhibits Chemically Induced
Rat Mammary Tumorigenesis
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Previous studies have shown that feeding flaxseed (FS) or its
lignan secoisolariciresinol diglucoside (SDG) to rat dams dur-
ing lactation enhances the differentiation of rat mammary gland
in the female offspring. This study determined whether expo-
sure to a diet with 10% FS or SDG (equivalent to the amount in
10% FS) during suckling could protect against 9,10-dimethyl-
1,2-benzanthracene (DMBA)-induced rat mammary tumorigen-
esis later in life. Dams were fed the AIN-93G basal diet (BD)
throughout pregnancy. After dellvery, dams were randomized
to continue on BD or were fed BD supplemented with 10% FS or
SDG during lactation. Three-day urine of dams was analyzed for
mammalian lignans. After weaning, all offspring were fed BD. At
postnatal Days 49 to 51, during proestrus phase, offspring were
gavaged with 5 mg of DMBA. At Week 21 post-DMBA adminis-
tration, compared with the BD group, the FS and SDG groups
had significantly lower (P < 0.05) tumor Incidence (31.3% and
42.0% lower, respectively), total tumor load (50.8% and 62.5%
lower, respectively), mean tumor size (43.9% and 67.7% lower,
respectively), and tumor number (46.9% and 44.8% lower, re-
spectively) per rat. There was a significant decreasing trend
(P < 0.05) in final tumor weights In rats fed FS or SDG. The high
urinary lignan excretion in dams fed with FS or SDG corre-
sponded with the reduced tumor development. The FS and SDG
groups did not differ significantly in tumor indices, Indicating
that the effect of FS is primarily due to its SDG. There were no
significant changes in selective reproductive indices measured
among dams and offspring. In conclusion, exposure to FS or
SDG during suckling suppressed DMBA-induced rat mammary
tumorigenesis, suggesting that exposure to lignans at this early
stage of mammary gland development reduces susceptibility to
mammary carcinogenesis later in life without adverse effects on

This study was supported by the American Institute for Cancer Research.

J.C. contributed more work on the study of tumorigenesis, and K.P.T. contributed
more work on the study of reproductive indices.

! To whom requests for reprints should be addressed at Department of Nutritional
Sciences, Faculty of Medicine, University of Toronto, 150 College Street, Toronto,
Ontario M58 3E2, Canada. E-mail: lilian.thompson@utoronto.ca

Received January 14, 2003.
Accepted April 22, 2003,

1535-3702/03/2288-0951$15.00
Copyright © 2003 by the Society for Experimental Biology and Medicine

selective reproductive Indices in dams or offspring. Exp Biol
Med 228:951-958, 2003

Key words: flaxseed:; lignan; mammary gland; tumorigenesis

ammary carcinogenesis has been associated with
Mthe development and differentiation of the mam-

mary gland during early life (1). The incidence of
carcinomas is positively correlated with the number of
highly proliferative and undifferentiated terminal end buds
(TEBs) in rodent models at time of carcinogen exposure
(2, 3). Thus, an enhancement of mammary gland develop-
ment by increasing the differentiation of TEBs may be a
strategy to protect against mammary tumorigenesis,

Phytoestrogens such as lignans, which exhibit weak
estrogenic and antiestrogenic properties in a tissue-specific
manner, have potential in the prevention and treatment of
breast cancer (4-6). Flaxseed (FS) is the richest source of
the plant lignan secoisolariciresinol diglucoside (SDG),
which can be metabolized by the colonic microflora to the
mammalian lignans, enterodiol (ED) and enterolactone (EL)
(7). FS and its lignans have been reported to inhibit chemi-
cally induced mammary tumorigenesis at the preinitiation,
early, and late promotion stages of carcinogenesis in rats
(8-10), and the growth and metastasis of human breast can-
cer in nude mice (11, 12). However, the prevention of mam-
mary tumorigenesis by exposure to FS lignans at early stage
of mammary gland development (i.e., during suckling) has
not been demonstrated.

Recent studies in our laboratory have shown that feed-
ing FS or SDG to rat dams during pregnancy and/or lacta-
tion promotes maturation of mammary gland in female off-
spring, resulting in a lower number of highly proliferative
TEBs and a higher number of the more differentiated struc-
ture, alveolar buds (ABs) (13, 14). It is unknown whether
such enhancement of the mammary gland differentiation
induced by FS or its lignans can protect the mammary gland
against carcinogen-induced tumorigenesis later in life. Re-
duced risk of mammary tumorigenesis has been observed
among rat offspring exposed to soy and/or its isoflavone
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genistein during gestation, suckling, or prepubertal period
of female offspring. This effect has been attributed to the
early mammary gland development and differentiation en-
hanced by genistein treatment (15-17). Based on the struc-
tural and functional similarity of lignans to genistein and
their similar enhancement of early mammary gland devel-
opment, we hypothesized that exposure to 10% FS, or the
equivalent amount of purified SDG present in 10% FS dur-
ing suckling, could reduce mammary tumorigenesis in the
female offspring at adulthood. Therefore, the objective of
this study was to determine if exposure to 10% FS or its
SDG during suckling period would protect the female off-
spring against carcinogen-induced mammary tumorigenesis
later in life. The potential adverse effects of this exposure on
the selected reproductive indices of the dams and offspring
were also examined.

Materials and Methods

Diets. The basal diet (BD) was based on the semipu-
rified AIN-93G diet (18). The 10% FS diet was prepared by
adding 10% (w/w) ground FS (Linnott Variety; Omega
Products, Melfort, Saskatchewan, Canada) to a modified
BD that was corrected for macronutrients and calories con-
tributed by FS, as described previously (13, 14). The SDG
diet was prepared by adding 20.1 mg of purified SDG/100
g BD, which is equivalent to the amount of SDG in 10% FS
as determined by HPLC analysis (19). All diets were pre-
pared by Dyets Inc. (Bethlehem, PA) and were stored at
4°C. Fresh diet was provided to rats every 2 to 3 days. Diet
intake was determined by subtracting the food left from
food provided at the previous feed. To prevent access of
offspring to the diets and to prevent spillage, all diets were
given to the dams in tall feeding jars.

Experimental Design. Thirty-six, 8-week-old,
timed-pregnant Sprague-Dawley rats (Charles River, Mon-
treal, Quebec, Canada) at Day 7 of gestation were housed in
a temperature-controlled facility with a 12:12-hr light/dark
cycle. All rats were fed the BD with free access to water for
the duration of pregnancy. At the time of delivery, between
Days 21 and 22 of gestation, dams were randomly grouped
and fed one of three diets, i.e., BD, FS, or SDG (n =
12/group), throughout lactation. At postnatal Day (PND) 3,
the number of pups per litter was reduced to eight with five
to six females and two to three males. At the end of suck-
ling, when offspring were 21 days old, the female offspring
were separated from their mothers and were fed BD
thronghout the remainder of the study. Thus, offspring were
exposed to FS or SDG only during the suckling period. One
dam in the BD group had health complications after deliv-
ery. Therefore, this dam and her offspring were excluded
from the study. All female offspring (n = 47, 54, and 56 for
BD, FS, and SDG groups, respectively) were monitored for
stage of the estrous cycle daily by a vaginal smear exami-
nation starting at PND 40 as described previously (13).
When rats were at proestrus phase at PND 49 to 51, a single
dose of 5 mg of 9,10-dimethyl-1,2-benzanthracene (DMBA)

dissolved in 1.0 ml of corn oil per rat was gavaged to two
to four female offspring per litter. The BD (n = 29), FS
(n = 38), and SDG (n = 40) groups gavaged with DMBA
had mean body weights of 185.2 £2.3 g, 186.3 £2.6 g, and
185.8 + 3.1 g, respectively. The other female offspring per
litter not treated with DMBA were sacrificed to determine
the effect of diet treatment on the toxicity, reproductive
organs, and mammary gland development. The male off-
spring were used in another study.

All rats were code-labeled so that the researchers were
blinded to the experimental diets that the rats were exposed
to during suckling. The tumor incidence and the two largest
perpendicular diameters of established tumor were recorded
weekly. The tumor size was calculated using the formula of
length/2 x width/2 x 1. Rats were sacrificed 21 weeks after
DMBA administration (approximately PND 200). The
mammary tumors were excised, weighed, and preserved in
10% buffered formalin solution for histological analysis.
All major organs were weighed and underwent gross patho-
logical examination. The protocol of this study was ap-
proved by the Animal Care Ethics Committee at the Uni-
versity of Toronto. All animal care and procedures were
conducted in accordance with the Guide to the Care and
Use of Experimental Animals (20).

Urinary Lignan Analysis. At the end of lactation,
all dams were placed individually in metabolic cages for
a 3-day urine collection. The same diets as they received
during lactation were given. Daily urine was collected with
1 ml of 0.1% (w/v) ascorbic acid as preservative. Urine
collected over 3 days was pooled, centrifuged to remove
solid contaminants, and the total urine volume was mea-
sured. A 2.5-ml aliquot of urine was analyzed for lignans by
capillary gas chromatography-mass spectrometry (GC-MS;
GC, model 5890, series II; MS, model 5971; Hewlett-
Packard Canada, Mississauga, Ontario, Canada) as de-
scribed previously (21, 22).

Reproductive Indices and Toxicological Obser-
vations in Dams and Offspring. To examine the effect
of the dietary exposure on prolactin secretion in rat dams,
200 to 300 1 of blood was obtained from the leg vein of the
rat dams at PND 21 when dams were still with their pups
and fed their respective treatment diets. The serum was
analyzed for prolactin using an enzyme-linked immunoas-
say kit (Amersham Biosciences, Piscataway, NJ). At post-
lactation Day (PLD) 3, after urine was collected, one-half of
the dams were sacrificed by CO, inhalation and their sex
and major organs, such as uterus, ovaries, kidney, liver,
heart, lungs, adrenal glands, brain, and pituitary, were ex-
cised, weighed, and examined for gross pathological
changes. The other one-half of the dams were fed BD until
PLD 30, during which the length of estrous cycles were
determined by daily vaginal smear examination. They were
sacrificed at PLD 30 and their organs were examined in the
same manner as dams sacrificed at PLD 3.

A number of reproductive indices were measured as
described previously (23-25) to assess the hormonal and
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toxicological effects of treatments on the offspring, Ano-
genital distance (AGD), the distance from the genitalia pa-
pilla to the anus, was measured at PND 3 and PND 20. The
onset of puberty (the visual opening of vaginal aperture),
which usually occurs around PND 32 to 38, was determined
by daily examination starting at PND 26. Estrous cycle
length was measured by daily vaginal smear examination
from PND 40 to PND 49 to 51 as described above. At
proestrus phase on PND 49 to 51, the remaining rats not
gavaged with DMBA were sacrificed by CO,, and their sex
and major organs were excised, weighed, and examined
similar to those performed on the dams to examine gross
pathological changes.

Statistical Analysis. Data are presented as means
+SEM. Differences in final tumor weights, reproductive in-
dices, and body weight gain and organ weight were deter-
mined by one-way analysis of variance (ANOVA) for para-
metric data or ANOVA on rank for nonparametric data,
followed by post hoc tests by either Tukey’s or Dunn’s
pair-wise comparison using SigmaStat (Jandel Scientific,
San Rafael, CA). The weekly tumor parameters among
treatment groups over the palpation period were analyzed
by repeated-measures one-way ANOVA with general linear
model, followed by Tukey’s test (SPSS 10.01 SPSS Inc.,
Chicago, IL). The tumor incidence over the study period
was assessed by log-rank test using SPSS. The final total
tumor weight (tumor load) per rat and histological data were
stratified and compared by Armitage’s trend test in propor-
tions (26). Tumor invasion was analyzed by chi-square test.

Results

Diet Intake and Body Weight Gain in Dams and
Offspring. Mean daily diet intakes did not differ among
dams during lactation (32.0 £ 1.5 g/rat, 34.9 + 1.0 g/rat, and
32.0 + 1.4 g/rat for BD, FS, and SDG groups, respectively)
or among offspring after weaning until PND 49 to 51 (9.9
0.3 g/rat, 9.7 £ 0.4 g/rat, and 9.7 + 0.2 g/rat for BD, FS, and
SDG groups, respectively). The body weights of dams at
PLD 3 were not significantly different among treatment
groups (270.9 + 9.6 g, 268.3 + 7.8 g, and 268.9 £+ 7.2 g for
BD, FS, and SDG group, respectively). There were also no
significant differences among treatment groups in body
weights of offspring either at DMBA administration (de-
scribed above) or at necropsy after DMBA administration
(3492 £ 11.1 g,359.0 £ 9.9 g, and 355.3 + 10.1 g for BD,
FS, and SDG group, respectively).

Daily Urinary Lignan Excretion of Dams. Table |
shows the daily urinary lignan excretion in dams fed the
different diets. Dams in the BD group excreted negligible
amounts of lignans, ED, EL, and secoisolariciresinol
(SECO). ED was the major mammalian lignan excreted in
rats fed FS and SDG diets. The ED, EL, SECO, and total-
urinary lignans (ED + EL + SECO) were significantly
higher in the FS and SDG groups than BD group. Con-
versely, the FS group excreted a higher level of total lignans
than the SDG group, similar to the observations in our pre-
vious studies (21, 22).

Tumor Induction. There was no significant differ-
ence in the latency, i.e., mean time for the first tumor ap-
pearance post-DMBA administration, among groups (13.3 £+
1.0 weeks, 13.7 = 0.9 weeks, and 13.8 + 1,0 weeks for the
BD, FS, and SDG groups, respectively). However, a sig-
nificantly lower tumor incidence was consistently observed
in both the FS and SDG groups, with a 31.3% and 42.0%
reduction, respectively, compared with the BD group at
Week 21 (P < 0.05; Fig. 1).

The palpable tumor number, tumor load, and mean tu-
mor size per rat in group were consistently affected by the
treatments during suckling. The mean tumor number per rat
(Fig. 2) was significantly lower (P < 0.05) in rats fed FS and
SDG starting at Weeks 14 and 12, respectively. At the end
of study (Week 21), 46.9% and 44.8% lower tumor number
per rat was observed in the FS and SDG groups, respec-
tively, compared with the BD control. Starting at Week 10,
the FS and SDG groups had significantly lower (P < 0.05)
tumor load per rat than the BD group (Fig. 3). By Week 21,
significant reductions (P < 0.05) of 50.8% and 62.5% were
induced by FS and SDG, respectively, compared with the
control (Fig. 3). The mean tumor size per rat was also sig-
nificantly lower in the FS and SDG groups starting at Week
10 after DMBA administration, with 43.9% and 67.7%
lower values, respectively, by Week 21 (Fig. 4)

At necropsy, the final total tumor weight per tumor
bearing rat in the FS (4.09 + 1.35 g) and SDG (2.80 + 0.88
g) groups were lower than that in the BD group (5.94 +2.19
g), although the differences were not statistically signifi-
cant. However, when rats were classified into four catego-
ries of total tumor loads (weights) per rat, a significant trend
for lower tumor load (P < 0.05) was observed in the FS and
SDG groups versus the BD group, but not between FS and
SDG groups (Table II).

Table I. Effect of Exposure to 10% FS and the Equivalent Amount of SDG during Lactation on Daily Urinary
Lignan Excretion in Dams

n ED EL SECO Total
(nM/day) (uM/day) (pM/day) (vM/day)
BD 1 0.02 + 0.00° 0.03 = 0.00% ND 0.05 + 0.01°
FS 12 10.52 + 1.43° 0.40 + 0.05° 0.13+0.022 11.04 + 1.43°
SDG 12 2.42 + 0.35° 0.18 = 0.03° 0.40 + 0.07° 2.99 + 0.33°

Note. Data are means + SEM. Different superscripts within a column denotes a significant difference at P < 0.05 by one-way ANOVA. BD, basal
diet; ED, enterodiol; EL, enterolactone; SECO, secoisolariciresinol; ND, not detectable.
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Figure 1. Palpable mammary tumor incidence (%) in female Spra-
gue-Dawley rats exposed to FS or SDG during suckling. Immediately
after delivery, lactating dams were randomized to either continue on
basal diet (BD, n = 11) or to a diet supplemented with 10% FS
{n = 12) or with SDG (n = 12). After weaning, all offspring (7 = 29,
38, and 40 per group for BD, FS, and SDG, respectively) were fed
with BD only, and were gavaged with 5 mg of DMBA on PND 49 to
51 at proestrus phase. The palpable tumors were monitored weekly
until Week 21. Different letters indicate a significant difference
(P < 0.05) among groups by log-rank test throughout the study start-
ing at Week 12.
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Figure 2. Mammary tumor number per group in female Sprague-
Dawiley rats exposed to FS or SDG during suckling. Weekly values
are group means with error bar (SEM). immediately after delivery,
lactating dams were randomized to either continue on basal diet
(BD; n=11) or to a diet supplemented with 10% FS (n = 12) or with
SDG (n= 12). After weaning, all offspring (n = 29, 38, and 40 for BD,
FS, and SDG groups, respectively) were fed with BD only, and were
gavaged with 5 mg of DMBA on PND 49 to 51 at proestrus phase.
The palpable tumors were monitored weekly until Week 21. Different
letters indicate a significant difference (P < 0.05) in tumor number per
rat among groups throughout the study period (by general linear
model of one-way ANOVA repeated measures followed by Tukey's
tesf) starting at Week 14 for BD versus FS and at Week 12 for BD
versus SDG.

Histopathological analysis did not reveal significant
differences in the ratio of benign to malignant tumors or in
histological grades among groups. However, no invasion to
the surrounding tissues, such as skeletal muscle, lymph
nodes, and parotid gland, by the primary tumor was found in
the SDG group compared with the BD and FS groups.
Hence, the SDG group differed significantly (P < 0.05)
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Figure 3. Total mammary tumor load (millimeters squared) per
group in female Sprague-Dawley rats exposed to FS or SDG during
suckling . Weekly values are group means with error bar (SEM).
Immediately after delivery, lactating dams were randomized to either
continue on basal diet (BD; n= 11) or to a diet supplemented with
10% FS (n = 12) or with SDG (n = 12). After weaning, all offspring
(n =29, 38, and 40 for BD, FS, and SDG groups, respectively) were
fed with BD only, and were gavaged with 5 mg of DMBA on PND 49
to 51 at proestrus phase. The palpable tumors were monitored
weekly until Week 21. Different letters indicate a significant differ-
ence (P < 0.05) in total tumor load per rat among groups (measured
by general linear model of one-way ANOVA repeated measures fol-
lowed by Tukey's test) starting at Week 10 for BD versus FS or SDG.
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Figure 4. Mean mammary tumor size (millimeters squared) per
group in female Sprague-Dawley rats exposed to FS or SDG during
suckling. Weekly values are group means with error bar (SEM). Im-
mediately after delivery, lactating dams were randomized to either
continue on basal diet (BD; n = 11) or to a diet supplemented with
10% FS (n = 12) or with SDG (n = 12). After weaning, all offspring
{n=29, 38, and 40 for BD, FS, and SDG groups, respectively) were
fed with BD only, and were gavaged with 5 mg of DMBA on PND 49
to 51 at proestrus phase. The palpable tumors were monitored
weekly until Week 21. Different letters indicate a significant differ-
ence (P < 0.05) in mean tumor size per rat among groups (measured
by general linear model of one-way ANOVA repeated measures fol-
lowed by Tukey's test) starting at Week 10 for BD versus FS or SDG.

from the BD and FS groups in tumor invasion. The invasion
was seen only in large tumors with higher grade in the BD
and FS groups.

Toxicity and Reproductive Index Assessments
in Dams and Offspring. Table III presents the serum
prolactin level at the end of lactation and estrous cycle
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Table Il. Effect of Exposure to 10% FS or the Equivalent Amount of SDG during Suckling on Total Tumor
Weight and Histological Grade of Offspring at Necropsy

Histological analysis

Number
of tumors  of benign
analyzed tumors (%)

Number of rats (%) with
following total tumor weight?

" 0g <1.0g 1.0-100g >100g

Number of adenocarcinomas (%)
Number

Grade (%)° Invasion (%)?

BD 29 9(31.0) 7(24.1) 9(31.0) 4(i13.8) 45
FS 38 20(52.6) 10(26.3) 5(13.2) 3(7.9) 34
SDG 40 24 (60.0) 7(17.5) 8(20.0) 1(2.5) 34

1 1 1 - +
7(15.6) 12 (31.6) 20 (52.6) 6 (15.8) 31 (81.6) 7 (18.4)
6(17.7) 12(42.9) 13 (64.4) 3 (10.7) 24 (85.7) 4 (14.3)
4(11.8) 15 (50.0) 13 (33.3) 2 (6.67) 30 (100.0) 0 (0)

@ Total tumor weight (tumor load) per rat was stratified into four categories and was analyzed by Armitage's trend in proportion. BD versus FS,

P < 0.05; BD versus SDG, P < 0.05; FS versus SDG, P> 0.05,
2 Number of rats gavaged with DMBA.

¢ Histological grade: |, well differentiated; Il, moderately differentiated; Hl, poorly differentiated. No significant difference among groups.
9_, na invasion; +, invasive to neighboring tissues, e.g., skeletal muscle, lymph node, and parotid gland. SDG versus BD or FS, P < 0.05

(chi-square test).

Table Hll. Effect of Exposure to 10% FS and the Equivalent Amount of SDG during Lactation on Estrous Cycle
Length, Serum Prolactin, and Relative Uterus and Ovary Weights in Dams

BD FS SDG
Estrous cycle length (day) 3.9x0.1 4102 44+ 03
n=5 n=6 n=6
Serum prolactin at PND21 (ng/ml) 25.1 3.5 248+42 21.3+3.5
n=11 n=12 n=12
PLD 3 n==6 n==6 n=6
Relative ovary weight (mg/100 g body weight) 6217 58 + 4 60 +2
Relative uterus weight (mg/100 g body weight) 208 + 31 168 + 17 177 + 26
PLD 30 n=5 n=6 n=6
Relative ovary weight (mg/100 g body weight) 53+3 53+ 3 52+ 2
Relative uterus weight (mg/100 g body weight) 170 =17 176 = 18 184 + 18

Note. Values are means + SEM. No significant difference among groups. BD, basal diet; PND, postnatal day; PLD, postiactation day.

length after lactation in dams. Both were not affected by
treatments. The relative weights of uterus and ovaries at
PLD 3 and 30 were also not significantly different among
groups.

In the offspring, the relative changes in AGD were not
significantly different among groups (Table IV). The time
of puberty onset, estrous cycle length, and relative weights
of uterus and ovaries at PND 21 and 49 to 51 were similar
in all groups (Table IV).

Weights of other major organs (i.e., liver, kidney, brain,
and lungs) relative to body weight were also similar and not
significantly different among groups in the dams (at PLD 3
and 30) and offspring (at PND 21 and 49 to 51; data not
shown).

Discussion

This study demonstrated, for the first time, that expo-
sure to FS or its equivalent amount of SDG during suckling
significantly reduces mammary tumorigenesis in rats later
in life. This supports our hypothesis that enhanced devel-
opment and differentiation of mammary gland induced by
ES and its lignans during early life can reduce the risk of
mammary tumorigenesis in rats at adulthood,

It has been suggested that early development of mam-
mary gland is an important determinant of tumorigenesis
later in life, and early exposure to estrogen plays a critical
role in the development of mammary gland (1), At prepu-
bertal stage of rodents, the mammary gland consists mostly
of TEBs, which are highly proliferative, the least mature,
and the most susceptible structure to carcinogens, With in-
creasing estrogen levels at puberty, TEBs differentiate to
ABs, the basic structure of lobules, which are less prolif-
erative and more resistant to carcinogens (2, 3). Our previ-
ous studies have shown that exposure of female rats to
either FS or SDG during gestation and suckling (13) or
suckling alone (14) resulted in decreased TEBs and higher
ABs in the mammary gland of the offspring at PND 50.
Furthermore, exposure to FS or SDG during the suckling
period only (14) resulted in the same effect as exposure
during gestation and suckling (13), indicating that the criti-
cal time of exposure for mammary gland cell differentiation
occurs mainly during suckling. In the present study, a simi-
lar pattern of mammary gland development was observed
(27), where a differentiation effect induced by FS and SDG
in early development of mammary gland resulted in lower
TEBs and higher ABs and lobules. This chemopreventive
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Table IV. Effect of Exposure to 10% FS and the Equwalent Amount of SDG during Suckling on Selective
Reproductive Indices in Female Offspring

BD FS SDG
n=>55 n=68 n=70
Relative change in AGD? (mm/100 g) 16.65 + 0.14 15.67 £+ 0.14 16.17 + 0.21
Puberty onset (PND) 335+04 33.6+0.3 325+0.3
Estrous cycle length (day) 43+0.1 43x0.1 4.4+ 0.1
PND 21 n=12 n=14 n=14
Body weight (g) 47.7+0.7 494 +1.0 47.3+1.8
Relative ovary weight (mg/100 g body weight) 60 6+0 7+0
Relative uterus weight (mg/100 g body weight) 74 + 4 72+ 4 804
PND 49-51 n=14 n=16 n=16
Body weight (g) 179.5+4.9 182.3+3.7 183.7 £ 5.0
Relative ovary weight (mg/100 g body weight) 622 602 60+ 2
Relative uterus weight (mg/100 g body weight) 273 +23 258 + 18 284 + 21

Note. Values are means + SEM. No significant difference among groups. BD, basal diet; AGD, anogenital distance; PND, postnatal day.

2[(AGD at PND 20) - (AGD at PND 3))/[(body weight at PND 20)
effect of enhanced glandular differentiation by FS and its
lignan SDG is similar to the suggested protection from early
full-term pregnancy in humans (28, 29), whereby hormonal
exposure results in earlier glandular maturity.

The mechanism(s) by which early exposure to FS and
its lignans enhances maturation of rat mammary gland is not
clear and requires further study. Mammalian lignans are
biphenolic compounds, and their weak estrogenicity may be
related to their structural similarity to estrogen (4). Previous
studies observed that exposure to FS or lignan early in life,
i.e., gestation and suckling periods, when endogenous es-
trogen levels are low, results in an estrogen-like effect in the
development of reproductive system (23, 24). Furthermore,
elevated serum levels of estradiol were detected in the off-
spring exposed to 10% FS or SDG from gestation through
the end of suckling (23, 24), which may stimulate mammary
gland development. It is possible that lignans may also act
at the mammary gland tissue by modulating the signal trans-
duction pathway. It has been reported that exposure to the
phytoestrogen genistein during development of mammary
gland modulates the expression of specific growth factors,
such as transforming growth factor-a, epidermal growth
factor (EGF), and EGF receptor (EGFR) in the mammary
gland (30). This action may be through regulation of the
expression of estrogen receptor-a and progesterone receptor
by genistein (31). In our previous studies, plasma insulin-
like growth factor-I level in rats (32) and expression of
insulin-like growth factor-I, EGFR, and vascular endothelial
growth factor in transplanted human breast tumor tissues in
nudé mice (11, 12) were downregulated by FS or SDG.
Further studies are needed to determine whether FS and
lignans can similarly modulate these growth factors and
receptors in facilitating early development of mammary
gland.

It is noteworthy that in the present and previous studies,
exposure to FS and SDG during lactation induced signifi-
cant changes in mammary gland development, but not in
selective reproductive indices of offspring (14, 25, 27),
whereas exposure to the same components for a longer pe-

(body weight at PND 3)].

riod, i.e., during gestation and suckling, significantly in-
duced changes in AGD and other hormone-sensitive indices
such as relative weights of uterus and ovaries (23, 24). The
mechanism underlying these different effects remains un-
clear. It may be that mammary tissue has greater sensitivity
to lignans than other tissues at this critical period. The tim-
ing (stage of development), dose, and duration of exposure
to phytoestrogen lignans are all important determinants of
physiological outcomes as has been reported in our previous
studies (13, 14, 23-25). To elucidate the probable mecha-
nistic pathway, an intensive study is currently being con-
ducted in our laboratory to assess the expression of both
EGFR and estrogen receptor signaling in the mammary
gland.

Using radiolabeled SDG, we previously reported that
lignans given to dams during lactation can be transferred to
the nursing offspring via milk (23). Exposure to FS or SDG
resulted in higher urinary excretion of mammalian lignans,
as an indicator of SDG metabolism to ED and EL in the
dams, and lower tumorigenesis in offspring in the FS and
SDG groups This suggests that lignans may be the major
component responsible for the protection against mammary
tumorigenesis. Although the urinary lignan level detected in
dams fed SDG was lower than that fed the FS, their pro-
tective effects were not significantly different except in the
case of tumor invasiveness, indicating that only a low
amount of lignans is necessary for mammary cancer che-
moprevention. The urinary ED and EL levels are higher in
the FS group than that in the SDG group, but the level of
SECQ, the aglycone of SDG, in the urine of the SDG group
was significantly higher than that in the FS group. It is
currently unknown whether the high SECO level or the
difference in the ED to EL ratio was responsible for the
small difference in the effect of SDG versus FS. The pos-
sible explanations for a lower urinary excretion of lignans in
the SDG group than that in the FS group may be related to
the fact that FS also contains other mammalian lignan pre-
cursors, such as matairesinol and pinoresinol, which may
contribute to a greater mammalian lignan production in the
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body (33, 34); other components in FS, such as dietary
fibers, may facilitate colonic fermentation, resulting in an
increased mammalian lignan production from the precursors
(35, 36); or the HPLC method used in the SDG analysis
underestimated the amount of SDG present in FS. Never-
theless, the relationship of high urinary lignan excretion
with lower tumor induction in the present study is support-
ive of the findings in epidemiological case control studies,
which showed that cancer risk is lower in the population
with higher urinary lignan excretion (37, 38).

FS is also rich in a-linolenic acid (ALA), an w-3 fatty
acid that has been reported to have anticancer effects in
established rat mammary tumors (9). However, the tumor
inhibitory effects of FS and SDG in the present study are
similar, suggesting that the tumor protective effect of FS is
largely contributed by lignans and not by ALA. Further-
more, previous studies did not reveal any effect of ALA in
FS on the early development of mammary gland (13).

This study also demonstrated, for the first time, no
obvious adverse effect on rat dams consuming FS and its
lignans during lactation. Our findings that there were no
gross adverse effects on female offspring exposed to FS or
its lignans during suckling are in agreement with observa-
tions in our previous studies (14, 25). Although the present
and past studies (14, 25) suggest that FS consumption by
lactating mothers may protect the offspring from developing
mammary cancer without negative effects on selective re-
productive and toxicological indices, extensive human clini-
cal studies are needed before definitive conclusion on their
safety can be made. The intake of 5% to 10% FS by rats is
equivalent to 25 to 50 g/day in humans, depending on their
total food intake.

In conclusion, this study provides the first experimental
evidence that exposure of rat offspring during suckling to
10% FS or its equivalent level of lignan SDG inhibits
DMBA-induced mammary tumorigenesis, while causing no
gross toxicity and adverse effect on selective reproductive
indices in dams and offspring. The mammary chemoprotec-
tive effect of FS appears to be primarily due to its lignans.
The results from this study support the hypothesis that ex-
posure to estrogen-like compounds such as phytoestrogens
at an early stage of mammary gland development may re-
duce breast cancer risk at adulthood without causing severe
adverse effects.

The authors thank Omega Products for supplying the flaxseed and
Dr. Zhen Liu for assistance in the urinary lignan analysis.
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