
Mammary Gland Morphogenesis Is
Enhanced by Exposure to Flaxseed or

Its Major Lignan During Suckling in Rats

KAH POH TAN, JIANMIN CHEN, WENDY E. WARD, AND LILIAN U. THOMPSON!

Department of Nutritional Sciences, Faculty of Medicine, University of Toronto 150 College Street,
Toronto, Ontario M5S 3£2, Canada

The exposure of rats to 10% flaxseed (FS) or an equivalent level
of its major Iignan, secoisolaricireslnol diglucoside (SDG),
during Suckling enhances mammary gland differentiation, which
protects against mammary carcinogenesis at adulthood. We
determined whether this diet-induced mammary gland differen-
tiation Is mediated through the estrogenic pathway via epider-
mal growth factor receptor (EGFR) and estrogen receptor (ER)
Signaling. Rats were fed the AIN-93Gbasal diet (BD) from day 7
~f pregnancy until delivery and then randomized to consume

0, FS, or SDGduring lactation. After weaning, female offspring
were fed BD throughout the experiment. At postnatal day (PND)
21 and the proestrus phase on PND 49-51, mammary glands of
Offspring were analyzed for morphology, cell proliferation, and
expression of EGFR, epidermal growth factor (EGF), trans-
forming growth factor-a, ER-a, and ER-ll. At PND21, compared
with the BD control, the number of terminal end buds (TEBs)
and terminal ducts were increased by FS, whereas mammary
epithelial cell proliferation was increased by both FS and SDG,
Suggesting that mammary morphogenesis was enhanced.
EPithelial EGFR and stromal fibroblast EGF were increased by
SDG, Whereas epithelial ER-ll was decreased by FS.Conversely,
at PND 49-51, a lower number of TEBs but a higher ratio of
lObulesto TEBs with decreased expression of EGFRor EGFwas
Observed in both treatment groups. EGFR expression was
POsitivelyassociated with EGFexpression and cell proliferation
In TEB epithelium at PND 21. Urinary Iignans of lactating dams
were related to their offspring's indices of mammary giand
development. In conclusion, exposure to FS or SDG during
SUckling enhanced mammary gland morphogenesis by modu-
lation of EGFR and ER signaling, which led to more differentl-
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ated mammary glands at PND 49-51. The physiological
outcomes of FS and SDG were similar, which suggests that
SDG is partly responsible for the mammary gland differentiation
effect. Exp Bioi Med 229:147-157, 2004
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The relationship between mammary gland develop-
ment, as influenced by hormonal and dietary
exposures early in life, and lifetime breast cancer

risk has gained much recent attention (1-3). Neonatal,
prepubertal, or peripubertal exposure of female rodents to
estrogen and/or progesterone (4, 5) or phytoestrogen
genistein (6-8) has been shown to enhance early mammary
gland differentiation, which then reduces mammary carci-
nogenesis during adulthood. Early mammary morphogene-
sis in rodents begins with the branching of mammary ducts,
which elongate and end with the formation of terminal end
buds (TEBs). TEBs, the most undifferentiated terminal
ductal structures with a multilayer of highly proliferative
epithelial cells, are highly vulnerable for chemical carcino-
genesis (9). The incidence of carcinomas in rodents is
directly associated with the density of TEBs in the
mammary glands at the time of carcinogen administration
(9, 10). In response to stimulation by the mammogenic
hormones, particularly estrogens, TEBs differentiate to the
more mature structures, namely, alveolar buds and lobules
(LOBs), which are less susceptible to carcinogens (10, 11).
Hence, early enhancement of mammary gland differentiation
by hormonal induction may be a potential preventive strategy
for breast cancer, with a protection basis similar to that
produced by an early full-term pregnancy in humans (1, 2).

Flaxseed (FS) is the richest known source of the
phytoestrogen lignan precursors, in particular secoisolaricir-
esinol diglucoside (SDG; Ref. 12). On fermentation by the
bacterial flora in the colon of mammals, SDG is converted to
the mammalian lignans enterodiol (ED) and enterolactone
(EL; Ref. 13). These biphenolic compounds have chemical
structures that closely resemble that of endogenous 17-~

estradiol and possess biphasic agonistic (estrogenic) and
antagonistic (antiestrogenic) activities in vitro (14, 15) and in
vivo (16-18). Serum level and urinary excretion of mamma-
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lian lignans, indicators of dietary lignan intake, have been
associated with a lower breast cancer risk in retrospective
epidemiological studies (19, 20). The high intake of foods
containing vegetable oil and dietary fiber, which are often
associated with lignans, during adolescence has been related
as well to reducd risk of breast cancer (21). In agreement, we
have shown, in a series of carcinogen-induced mammary
cancer experiments in rats and human breast cancer
xenografts in athymic mice, that FS, mainly because of its
SDG, can inhibit mammary tumor development (20).

The results of in vivo studies have suggested that the
dose, duration, and timing (stage of development) at which
the exposure occurs are among the factors that influence the
hormonal activities of lignans (16-18). In previous studies,
we observed that the exposure of rats to 10% FS or its
equivalent level of SDG during early life, especially
suckling, enhanced mammary gland differentiation (17,
22). The transfer of mammalian lignans from rat dams
consuming radiolabeled SDG to their suckling offspring via
milk has been demonstrated elsewhere (16). In a recent rat
tumorigenesis study, we further showed that suckling
exposure to 10% FS or its SOG resulted in a reduced
7,12-dimethylbenz[a]anthracene (DMBA)-induced InCI-

dence of mammary cancer at adulthood (23).
The mechanism through which FS or its major lignan

facilitates mammary gland differentiation remains unclear.
The isoflavone genistein has been reported to upregulate
epidermal growth factor receptor (EGFR) and its ligand,
transforming growth factor (TGF)-ex in TEBs of rat
mammary glands at postnatal day (PND) 21 (24). This
enhanced EGFR-signaling cascade was shown to be
modulated by an estrogen-receptor (ER)-based mechanism
(25). Because lignans and genistein share similarities in
chemical structure and biological activities (19, 20), both
phytoestrogens may enhance mammary gland differentia-
tion through similar mechanisms.

Using a rat model, we sought to elucidate the
mechanism(s) by which early mammary gland morphogen-
esis is facilitated by exposure to FS and SDG during
sucklii'tg. We hypothesized that FS and its lignan partici-
pated in an estrogenic pathway via ER and EGFR signaling
to mediate mammary gland morphogenesis. The develop-
ment of mammary glands involves a complex mammary
epithelial-stromal communication that is coordinated
through autocrine and paracrine regulations of a myriad of
hormones and growth factors (26). To understand how
a diet-induced mammary gland differentiation was orches-
trated, we determined differential expressions of growth
factors and receptors in various tissue compartments of the
mammary gland.

Materials and Methods
Diets. All diets were prepared by Dyets Inc. (Bethle-

hem, PA). The basal diet (BD) was based on the
phytoestrogen-free semipurified AIN-93G diet (27). The
10% FS diet was prepared by supplementing a modified

AIN-93G formula with 10% (w/w) ground flaxseed (Linnott
Variety; Omega Products, Melfort, Canada) after adjustment
for total calories, macronutrients, and fiber contributed by
the added flaxseed, as described elsewhere (18, 23). The
SOG diet was prepared by adding to the BO the purified
SOG at a level equivalent to that present in FS (200 109
SOG/kg BO), as determined by a high-performance liquid
chromatography analysis (28). Fresh diet was stored at 4°C
and provided to the rats every 2-3 days. Diet intake was
monitored throughout the study.

Animals and Experimental Design. Eight-week-
old, timed-pregnant Sprague-Dawley rats (n = 36) at day 7
of pregnancy (Charles River, Montreal, Canada) were caged
individually at 22°-24°C with a daily 12-hr light-dark cycle.
All rats received BD and water ad libitum throughout the
rest of pregnancy. At parturition, lactating dams were
randomized (n = 12/group) to consume one of the three
experimental diets (BD, FS, or SOG) during lactation (21
days). All diets were given to the rat dams in tall jars to
prevent access of the offspring to the diets. At PND 3, the
pup number was reduced to eight, with five to six female
and two to three male pups per litter. At PNDs 3 and 20, the
anogenital distance (AGD) of suckling pups was measured.
At the end of suckling (PND 21), the offspring were
separated from their dams and fed BD throughout the
remainder of the experiment. The rat dams, while still
receiving their respective experimental diets, were placed in
metabolic cages for a 3-day urine collection for urinary
lignan analysis. From PND 21 to 49, female offspring were
monitored for vaginal opening, an indicator of puberty
onset, and the length of their estrous cycles was determined
by daily vaginal smear examination using criteria described
elsewhere (16, 18). At least one offspring per litter was
sacrificed at the end of suckling (PND 21) and at the
proestrus phase of the estrous cycle on PND 49-51. Their
mammary glands were excised for later analysis, and their
reproductive organs were weighed. To control for any
circadian influences, rats were sacrificed at random between
0900 and 1230 hr. The remaining rats at proestrus phase
(PND 49-51) were treated with the carcinogen DMBA and
observed for tumor development. The results of the
tumorigenesis study have been recently published (23).
The experimental protocol of the study was approved by the
University of Toronto Animal Care Committee. Animal care
and procedures were in accordance with the Guide to the
Care and Use of Experimental Animals (29).

Mammary Gland Histology and Morphome-
try. At necropsy, the right skin pelt of female offspring
was removed, stretched and pinned on a corkboard, and then
immediately fixed in 10% neutral phosphate-buffered
formalin. After a 2-3-day fixation, the fourth right ab-
dominal mammary gland explant was dissected from the
skin pelt and dehydrated in ascending grades of ethanol.
At PND 50, the most undifferentiated TEBs are mostly
concentrated in the periphery of mammary gland, whereas
the differentiated LOBs are present mostly in the central
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region adjacent to the lymph nodes (II). To ensure that
topological differences across the mammary gland were
consistently assessed, a 15 x 20-mm section of mammary
gland of rats at PND 21, which included the entire fourth
right abdominal mammary gland and its neighboring lymph
nodes, was excised. Rats at PND 49-51 had large mammary
~lands that could not be entirely included in the paraffin
tissue preparation. To obtain the best representative sample
of the mammary gland, a rectangular explant encompassing
the fourth nipple and both the central (including two
abdominal lymph nodes) and peripheral regions that
measured 20 x 25 mm was consistently excised. The
explants were firmly stretched and positioned horizontally
dUring paraffin tissue preparations so that the whole cross-
~ectional portrait of mammary ductal tree could be obtained
In subsequent tissue sectioning. Each tissue was sliced
completely into sections of 5-~m thickness. Paraffin sections
Were secured on coated slides, with the slicing order of each
section recorded. Sections were then stained with hematox-
ylin and eosin for mammary gland morphological assess-
ment. All slides were coded and read blindly by a single
observer under a light microscope at magnifications of
XI00-200. Various terminal ductal structures (i.e., TEB,
terminal duct [TD], and LOB) were identified and counted
by means of simple point-counting morphometry based on
established criteria (10).
. Mammary Epithelial Cell Proliferation. To reduce
Interlitter variability, mammary gland samples (fourth right
gland) at both PND 21 and PND 49-51 were taken among
the littermates. The lot of serially cut paraffin sections of
each sample that exhibited the maximum number of
mammary ductal structures was examined. All sections
Were coded to ensure that the observer was unaware of the
treatment group for each section. The cellular expression of
proliferating cell nuclear antigen (PCNA) in the epithelium
of terminal ductal structures was evaluated. In brief, after
deparaffinization in toluene and rehydration in descending
grades of ethanol, the endogenous peroxidase in the section
Was quenched in 3% H20 2 in methanol at room temperature
for 10 mins. Antigens were retrieved by microwave heating
the tissues in a pressure cooker filled with 10 mM citrate
bUffer (pH 6.0) at 92°-95°C for 20 mins. After cooling,
sections were incubated with a blocking solution (2%
normal goat serum) at room temperature for 45 mins,
followed by incubation with 0.4 mg/L primary antibody
solutions (mouse monoclonal antibody raised against
a recombinant PCNA, Ab-1; Oncogene Research Products,
MA) in a humidified chamber overnight (18 hrs) at 4°C. The
Subsequent immunoperoxidase method was done using
a biotin-streptavidin system (DAKO, Carpinteria, CA).
Sections were incubated with a biotinylated goat-origin
secondary link followed by streptavidin-horseradish perox-
idase conjugate, both for 1 hr, at room temperature. 3-amino
9-ethylcarbazole (AEC)-chromogen was used for antigen
viSualization, followed by brief counterstaining with
hematoxylin. Sections were finally mounted with crystal-

mount, dried at room temperature overnight, and cover-
slipped with Permount. At least two positive control tissues
(normal rat colon) and two negative control tissues
(mammary gland and positive control sections incubated
with the antibody diluent precluding primary antibody) were
included with the test tissues in each run of the staining.
Stained sections were examined with a light microscope at
magnifications of x200-400. At least four randomly selected
representatives of each terminal ductal structure (TEB, TD,
and LOB) with> 1200 epithelial cells were read. The cell
cycle phases of PCNA-immunopositive cells were de-
termined using the criteria of Foley et al. (30): (i) Go,
negative staining; (ii) G lo light to moderate nuclear staining,
patchy and uniform nucleus, no cytoplasmic staining; (iii) S,
dark red nuclear staining, patchy and uniform nucleus, no
cytoplasmic staining; and (iv) G:JM, speckled nuclear
staining, diffuse, cytoplasmic staining. Because the staining
pattern for the G1 and S phases was very similar and hardly
distinguishable, cells undergoing these phases were com-
bined and assessed as one measure (GdS), a method
similarly adopted by others (31, 32). Results were expressed
as %GdS and labeling index (LI), which are the percentage
of total cells undergoing GdS and the percentage of total
stained cells, respectively, to the total cells counted.

Immunohistochemistry for EGFR, Its Ligands,
and ER Proteins. From the same lot of tissues used for
the PCNA immunostaining, the cellular expression of EGFR
and its two main ligands, TGF-a and EGF, and ER-a and -\3
was evaluated in the epithelium of terminal ductal structures
and periductal stromal fibroblasts, as well as adipose tissues
surrounding the mammary ducts. The primary antibodies
and their optimal concentrations used are as follows: EGFR,
rabbit polyclonal antibody raised against a peptide at the
carboxy terminus of human EGFR, 1005 (Santa Cruz
Biotech, Santa Cruz, CA), 0.5 mg/L; TGF-a, mouse
monoclonal antibody raised against a recombinant TGF-a,
Ab-2 (Oncogene Research Products), 0.4 mg/L; EGF, rabbit
antiserum raised against rat EGF (Biomedical Technologies,
Stoughton, MA), 0.4 mg/L; ER-a, mouse monoclonal
antibody raised against calf ER-a clones, ERA-lIS (Alpha
Diagnostic, San Antonio, TX), 3 mg/L, and ER-\3, rabbit
polyclonal antibody raised against a peptide of amino acids
from rat and human ER-\3 (Upstate Biotech, Lake Placid,
NY), 5 mg/L. The immunostaining procedures were similar
to that for PCNA, except for the duration and extent of
microwave heating during antigen retrieval and choice of
blocking solutions (2% goat serum/2% dry milk/1% bovine
serum albumin [BSA] or 2% goat serum/1% BSA), which
were optimized for the individual antibody. The positive
control tissues, which were included along with the negative
control and test tissues in each run of staining, were rat skin
for EGFR, rat kidney for EGF and TGF-a, and sexually
mature rat uterus for ER-a and -\3. The image of
representative terminal ductal structures was examined
at magnifications of xlOO-400 in a microscopic imaging
system (Leica Microsystems, Wetzlar, Germany) using
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OpenLab image processing software (Improvision, Coven-
try, England). Because the immunostaining patterns across
different mammary tissue compartments varied consider-
ably, two immunohistochemical scoring (IHS) systems (one
for ductal epithelium and the other for stromal fibroblasts
and adipocytes) were used. The assessment for the ductal
epithelium, which takes into consideration both the staining
intensity and percentage of immunopositive cells, was based
on a modified method of Harvey et al. (33) as follows:
a score of 4.0, >50% immunopositive cells, mostly intense
stains; 3.5, >50% immunopositve cells, mostly strong stains
or 31%-50% immunopositive cells, mostly intense
stains; 3.0, 31%-50% immunopositive cells, mostly strong
stains; 2.5, 31%-50% immunopositive cells, mostly mod-
erate stains or 15%-30% immunopositive cells, mostly
strong stains; 2.0, 15%-30% immunopositive cells, mostly
moderate stains; 1.5, 15%-30% immunopositive cells,
mostly weak stains or < 15% immunopositive cells, mostly
moderate stains; 1.0, < 15% immunopositive cells, mostly
weak stains; and 0, negative stains.

Repeat analysis by the same observer using the above
method showed a reproducibility of 86.2% and produced
results that correlated significantly (r = 0.89; P < 0.02)
with that of the immunoscoring method previously used in
our laboratory (34). For stromal fibroblasts and adipocytes
surrounding the mammary ducts, the overall staining was
scored according to staining intensity as follows: 4, intense;
3, strong; 2, moderate; I, weak; and 0, no staining (35).
Eight to ten representative structures/compartments of each
mammary gland section were assessed.

Urinary Llgnan Analysis. Urinary lignans were
analyzed as we previously described (23). In brief, the
lignans ED, EL, and secoisolariresinol were extracted from
the urine using a reverse-phase octadecylsilane bonded silica
(CI8) column (Scientific Products and Equipment Ltd.,
Concord, Canada). The methanol eluent containing the
lignans were evaporated, and the residue was treated with
~-glucuronidase (Helix pomatia; Sigma Chemical Co., St.
Loiu~MO) overnight at 37°C. The unconjugated lignans
were then extracted from the hydrolysate by passing through
another C 18column and then further purified and isolated on
a DEAE-Sepadex ion exchange column (Pharmacia Biotech,
Baie d'urfe, Canada). The lignans were derivatized and
analyzed using a gas chromatograph (GC; Hewlett Packard
5890 Series II, Mississauga, Canada) mass spectrometer
(Mass Selective Detector, Hewlett Packard). The GC was
equipped with cross-linked methyl silicone gum phase with
He as the carrier gas. The temperature program began at
100°C and increased to 250°C at a rate of 30°C/min.

Statistical Analyses. Statistical analyses were done
using SigmaStat (Jandel Scientific, San Rafael, CA) or SPSS
(SPSS Inc., Chicago, IL) software. Data are presented as
means ± SEM. Differences in continuous variables such as
the number of terminal ductal structure, PCNA LI and %Gd
S, and IHS data of receptors and growth factors among
groups were determined by one-way ANOVA for para-

metric data or Kruskal-Wallis one-way ANOVA on ranks
for nonparametric data. When significant differences (P <
0.05) among groups were observed, differences between
groups were further analyzed by post hoc, pairwise
comparison tests-Tukey's test for parametric data and
Dunn's test for nonparametric data. The relationship of
paired variables with nonparametric distributions, such as
the dams' urinary lignan levels and the indices of mammary
gland differentiation of their offspring, was determined by
Spearman's correlation coefficient. Pearson's correlation
coefficient was used to determine the linear relationships
among paired variables with normal distributions such as
PCNA LI and IHS of growth factors and receptors.

Results
Food Intake, Weight Gain, Urinary Lignans, and

Reproductive Indices. Food intake and weight gain of
the lactating dams and their offspring throughout the
experiment did not differ among groups (data not shown).
Lactating dams that received FS and SDG diets excreted
significantly higher (P < 0.05) amounts of total mammalian
lignans than those fed BD. However, dams fed FS had much
higher total urinary lignans levels than those fed its
equivalent level of SDG (Table I). This finding was
consistent with the results of our previous studies (16, 17,
22, 23), and the factors that contribute to the disparity are
explained in a recent article (23). Exposure to the treatment
diets did not significantly alter the hormone-sensitive
reproductive indices of offspring such as relative weights
of reproductive organs, onset of puberty, and estrous cycle
length (Table I). These findings are similar to those of our
previous study (36).

Mammary Gland Morphology and Cell Prolifer-
ation. At PND 21, the number of TEBs and TDs was
higher in the FS and SDG groups than in the BD group,
although a significant difference was noted only in the FS
group (Table 2). Conversely, in rats at PND 49-51, the FS
and SDG groups had significantly fewer TEBs compared
with the BD group (P < 0.05). The number of LOBs did not
differ significantly among groups. However, the number of
LOB per unit ofTEB, an index of mammary gland maturity,
was significantly higher in both treatment groups than in the
BD group (Table 2).

Positive control rat colon tissues showed an intense
positive nuclear staining of PCNA (40%-60% LI) in
mucosal epithelial lining (data not shown). In mammary
gland test tissues, a higher percentage of proliferating cells
was generally observed in the epithelium of the terminal
ductal structures. Representative immunostaining for PCNA
is shown in Figure 1. The PCNA LI and %GdS revealed
a significantly higher cell proliferation of terminal ductal
epithelium (P < 0.05) in rats exposed to the treatment diets
than the BD at PND 21 but not at PND 49-51 (Table 2). No
differences in the number of terminal ductal structures or
cell proliferation were observed between FS and SDG
groups at both ages.
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Table 1. Urinary Lignans of Dams and Selective Reproductive Indices in Female Oftsprlnq"-
SD FS SDG

Urinary lignans (umol/d)"
Enterodiol 0.01 :t: 0.01* 12.44 :t: 2.04*** 2.60 :t: 0.49**
Enterolactone 0.03 :t: 0.00* 0.39 ± 0.06** 0.16 ± 0.03**
Secoisolariciresinol - * 0.10:t: 0.01** 0.31 :t: 0.03***
Total 0.04 :t: 0.01* 12.94 :t: 2.09*** 3.07 :t: 0.47**

Selective reproductive indices
Relative ~ AGD (mm/100g body wt)C 15.7 :t: 0.4 15.7 :t: 0.3 16.2 ± 1.0
Ovary wt at PND 21 (mg/100 9 body wt) 61 :t: 7 59 ± 6 64 ± 8
Uterus wt at PND 21 (mg/100 9 body wt) 66:t: 4 78:t: 4 72 ± 5
Ovary wt at PND 49-51 (mg/100 9 body wt) 61 :t: 3 59 ± 3 57:t: 3
Uterus wt at PND 49-51 (mg/100 9 body wt) 238 :t: 35 236 :t: 32 319 :t: 20
Onset of puberty (PND) 34 ± 2 33 ± 1 33 ± 1
Estrous cycle length (day) 4.1 ± 0.3 4.6:t: 0.5 4.7 ± 0.6-

151

a Data are means ± SEM of six animals per group. Differences among diet groups were determined by one-way ANOVA and ANOVA on
~anks for parametric and nonparametric data, respectively. When significant differences were achieved, Tukey's or Dunn's pair-wise compar-
Ison tests were performed to determine significant differences between groups. Asterisks within a row denote a significant difference at P <
0.05.

b Mean daily values of 3-day urinary Iignan excretion of rat dams at the end of lactation; includes both conjugated and free Iignans.
C Relative A AGD is [(AGD at PND 20) - (AGD at PND 3)]/[(body wt at PND 20) - (body wt at PND 3)].

Llmmunolocallzation and Expression of EGFR
and Its Ligands. EGFR was expressed intensely in the
epidermis of the positive control rat skin, whereas EGF and
TGF-a were mainly expressed in the tubular epithelium of
the positive control rat kidney (data not shown). Represen-
tative immunostaining of mammary gland tissues for EGFR
and EGF are depicted in Figure 1. Membrane and
cytoplasmic staining of EGFR and cytoplasmic staining of
EGF and TGF-a were found in the epithelium of terminal
ductal structures and stromal fibroblasts adjacent to these
ducts. EGFR and its two ligands were expressed uniformly
across the terminal ductal epithelium and stromal fibroblast
at PND 21. However, at PND 49-51, the expression of
EGFR and its ligands in the epithelium of nonterminal
mammary ducts was variable, with a higher intensity
detected in the peripheral regions of the gland. As for
mammary fat adipocytes, the immunoreactivity of EGFR
and its ligands varied across the gland but was generally
detected in the regions adjacent to the mammary ducts. At
PND 21, EGFR expression in the epithelium of TEB and
TD was higher in the treatment groups, with the SDG group
results being significantly different from the BD group (Fig.
2). Although not statistically significant, a higher EGFR
expression was observed in the periductal stromal fibroblast
and adipocytes of the treatment groups (Table 3). EGF
expression was upregulated by the FS and SDG exposures
in the epithelium of TEBs and IDs (Fig. 2) as well as in
stromal fibroblasts (Table 3), although only the latter
shoWed a significant difference (P < 0.05) among groups.
Conversely, in the epithelium of terminal ductal structures at
PND 49-51, the illS of EGFR in the SDG group and of
EGF in the FS group was significantly lower (P < 0.05)
than that in the BD group (Fig. 2). The treatment groups had
also reduced EGFR and EGF expressions in the stromal

fibroblast, as indicated by a marginally significant difference
among groups (Table 3). The diet treatments did not affect
TGF-a expression in all mammary compartments at both
ages (Table 3 and Fig. 2). The FS and SDG groups did not
differ from each other in the expression of these proteins.

Immunolocallzatlon and Expression of ER-a
and -(1. Similar to earlier reports (37, 38), a strong
immunoreactivity of both ERs was detected in the luminal
and granulose epithelium of the positive control rat uterus.
The expression of ER-a was also found in the myoepithe-
lium of rat uterus (data not shown). Figure 1 shows
a representative immunostaining of ER-a and -~ in the
mammary gland tissues. ER-a immunostaining was pre-
dominantly localized in the epithelial cell nuclei of terminal
ductal structures. High ER-a expression was also found in
the nuclei of stromal fibroblast adjacent to terminal ducts but
was generally more intense in mammary glands at PND
21 than those at PND 49-51. ER-~ demonstrated both
cytoplasmic and nuclear staining in the epithelium of
terminal ducts, as well as in stromal fibroblasts adjacent to
these ducts. Moderate nuclear staining of both estrogen
receptors was found in the fat adipose nuclei adjacent to the
mammary ducts at PND 21, whereas, at PND 49-51, the
immunoreactivity of both receptors was sparingly detected
in some adipocytes, particularly those surrounding the
peripheral regions of the mammary ductal tree. The results
indicate reduced ER-~ expression in the epithelium ofTEBs
and IDs at PND 21 in the treatment groups, with that of the
FS group being significantly lower (P < 0.05) than that of
the BD group (Fig. 3). A lower expression of ER-O! was also
observed in the terminal ductal epithelium (Fig. 3) and
stromal fibroblasts (Table 3) in the treatment groups, but the
difference was only marginally significant (P = 0.059)
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Table 2. Number of Terminal Ductal Structures and
Ductal Epithelial Cell Prouferanon"

B Data are means ± SEM of six animals per group. Differences
among diet groups were determined by one-way ANOVA and
ANOVA on ranks for parametricand nonparametricdata, respectively.
When significant differences were achieved, Tukey's or Dunn's
pair-wise comparison tests were performed to determine significant
differences between groups. Different superscript letters within
a row denote a significant difference at P < 0.05. Cell proliferation
was determined by the PCNA immunostaining of 24 representative
terminal ductal structures.

b The no. of each terminal ductal structure was averaged from
three (PND 21) and five (PND 49-51) random representative sec-
tions of each mammary gland sample.

among groups. It is noteworthy that, unlike ER-ex, ER-~

expression in the stromal fibroblasts was unaffected by the
treatments (Table 3). At PND 49-51, no differences in the
expression of either receptor were found among groups for
all mammary compartments (Table 3 and Fig. 3). Similarly,
the ratio of ER-ex:ER-~ of all mammary compartments did
not differ significantly among groups (data not shown). ER-
ex and -~ expression in stromal fat cells was not altered by
the dietary exposure (Table 3). There was no difference in
the IHS of both ERs between FS and SDG groups.

Correlation Analyses. A summary of significant
correlations is depicted in Table 4. At the end of suckling
(pND 21), the total urinary excretion of Iignans of lactating
dams was positively correlated with the number ofTEBs and
the number of TEBs plus TDs of their female offspring.
However, at PND 49-51, the urinary lignans of dams had an
inverse association with the number of TEBs but a positive
correlation with the maturity index LOBsffEBs of their
female offspring. The epithelial EGFR expression was
positively correlated with the PCNA LI at both PND 21 and
PND 49-51. Significant positive correlations were also

43 ± 58 74 ± 9b 54 ± 88b

18.6 ± 0.98 23.9 ± 2.28b 25.7 ± 0.8b

19.8 ± 1.08 26.4 ± 2.3b 27.3 ± 0.9b

45 ± 68 84 ± 15b 61 ± 1Q8b

15.5 ± 1.08 19.7 ± 0.8b 23.8 ± 1.3b

16.6 ± 1.18 22.0 ± 1.0b 26.1 ± 1.3b

observed between epithelial expressions of TGF-ex and EGF
and of ER-ex and ER-~. In the TEB epithelium, EGF
expression was positively associated with PCNA LI at PND
21, as well as with EGFR at both PND 21 and PND 49-51.
The EGF expression in stromal fibroblasts was also positively
correlated with the TEB epithelial PCNA LI at PND 21. No
correlations between ER-ex or ER-~ and PCNA LI, TGF-ex, or
EGFR were found in or between different tissue compart-
ments.

Discussion

The present study provides the first evidence on the
mechanism relating the reduction in mammary tumor
development observed in our recent study (23) to the
Iignan-induced mammary gland differentiation determined
in this and our previous studies (17, 22). The enhancement
of mammary gland morphogenesis upon exposure to FS and
SDG during suckling, as evidenced by increased TEBs and
TDs and epithelial cell proliferation at PND 21, led to more
differentiated mammary glands, with a reduced number of
TEBs but a higher ratio of LOBs to TEBs by early
adulthood (PND 49-51). This finding was in agreement
with the results of our earlier studies, which used the whole
mount analysis of mammary glands (22). A higher rate of
cell proliferation in normal mammary gland development
corresponds to an increased cellular differentiation (10).
Moreover, the urinary lignans of dams significantly
correlated with the mammary gland development parameters
of their offspring at both ages.

Immunostaining data have suggested that FS and SDG
may target, specifically or preferentially, different tissue
compartments, via the paracrine and autocrine regulation of
EGFR and ER signaling, to exert mitogenic and differenti-
ation effects on the mammary gland. Compared with the
control group, exposure to FS resulted in significantly
reduced epithelial ER-~ at PND 21 and less EGF at PND
49-51. On the other hand, SDG exposure resulted in
significantly higher epithelial EGFR and fibroblast EGF at
PND 21 but lower EGFR at PND 49-51. However, the
difference between the FS and SDG groups in the expression
of these proteins was very small and not statistically
significant. Both treatment groups did not consistently differ
significantly versus the BD group, perhaps because of the
small sample size (n = 6/group). The presence of components
in flaxseed such as ex-linolenic acid-rich oil, proteins, dietary
fiber, and other phytochemicals may also have modified the
effect of SDG on estrogen metabolism and, hence, cellular
signaling (3, 20, 28).

Overall, the offspring exposed to FS or SDG expressed
higher epithelial EGFR and fibroblast EGF but lower ERs,
particularly ER-~, at PND 21. An upregulation of EGFR in
TEBs (24) and increased phosphorylated EGFR but reduced
epithelial ER-ex at PND 21 (25) were similarly reported after
the pharmacological administration of genistein (500 mg/kg
body wt) to prepubescent rats. Genistein was found to

SOGFSBO

25 ± 4b 12 ± 38 14 ± 28

18.7 ± 2.8 16.4 ± 2.3 17.7 ± 2.4
19.6 ± 2.8 17.3 ± 2.3 18.4 ± 2.5

51 ± 8 60 ± 7 57 ± 9
17.3 ± 2.2 11.7 ± 1.9 11.9 ± 2.3
17.9 ± 2.2 12.0 ± 2.0 12.1 ± 2.3

2.1 ± 0.38 6.7±1.4b 7.2±1.0b

PNO 21

TEBs
No.b

%Gj/S
LI

TOs
No."
%Gj/S
LI

PNO 49-51
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No.b
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Figure 1. Representative slides immunostained for expressions of PCNA, EGFR, EGF, ER-cx, and ER-P in the terminal ductal structures of
!llammary glands. Immunopositive cells were stained brownish red by AEC. All sections shown were magnified at x400, unless otherwise
Indicated. (A) TEB (negative control) with no positive staining across the ductal epithelium (DE), stromal fibroblasts (SF), and adipocytes (SA).
(B) TEB of the BD group at PND 21, with lower percentage of proliferating cells (PCNA immunostaining) than that in the FS group (C). (D)
Terminal ductal structure of the BD group at PND 21 (x450), with lower expression of EGFR than that of the FS group (E). (G) TEB of the FS
group at PND 49-51, with lower expression of EGFR than in the TEB of the BD controls (F). (H) TEB of the BD group at PND 21, with lower EGF
expression than in the FS group (I) (X450). TEB (J) (x450) and LOBs (K) of the BD group at PND 49-51, showing higher EGF expression than
the TEB of the FS group (L) (x500). (M) TEB of the BD group at PND 21, with higher expression of ER-cx than the FS group (N) (x450). TEB of
the FS group at PND 21 (0), with lower expression of ER-P than the BD group (P).

simulate the action of a synthetic estrogen (estrogen
benzoate) in prepubertal mammary glands that uses an
ER-mediated pathway (25).

Unlike genistein, which has been shown to activate ER-
mediated gene products by direct binding to both ER
subtypes, but preferentially to ER-~ (39), there are currently

no data on a direct binding of lignans to ERs. However,
several lines of evidence have suggested that lignans may
mediate estrogenically through direct or indirect interactions
with the ERs. EL at concentrations of 0.5-10 JlM increased
the growth and DNA synthesis of ER-dependent human
breast cancer MCF-7 cells cultured in low (0.0I oM) or the
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Figure 2. IHS for EGFR and its ligands EGF and TGF-ot in the
epithelium of terminal ductal structures. Bars and errors bars are
means ± SEM of six animals per group. Differences among groups
were tested by one-way ANOVA for parametric data or ANOVA on
ranks for nonparametric data. When significant differences were
achieved, the post hoc analyses for parametric and nonparametric
data were Tukey's and Dunn's' pairwise comparison tests, re-
spectively. Different letters within bars of diet groups represent
a significant difference at P < 0.05.

absence of exogenous estradiol (14, 15). In a stable,
transfected ER reporter cell system, EL dose-dependently
induced the transcriptional responses of both ER-a: and ER-
~ at concentrations> 1 11M (40). In vivo studies have also
shown that the continuous exposure of rats to FS or SOG
from gestation through suckling results in reproductive
alterations indicative of an estrogenic effect (16-18). This
timing of exposure has been implicated in an increased
serum estradiol level in female offspring at PNO 21 (16, 18),
but such an effect was not observed on exposure to the same
diets during suckling (Ward and Thompson, unpublished
data). Therefore, increasing the systemic synthesis of
estrogens may not be the primary mechanism for the
enhancement of mammary gland differentiation by lignan. It
is possible that lignans elicit estrogenic activities when the
physiological estrogen milieu is low, particularly during
prepubertal or suckling periods (20, 22).

The developmental role of ER-a: in mammary gland
morphogenesis is well documented, whereas ER-~ is
thought to play a role in terminal ductal differentiation,

functional silencing, and/or the dominant repressing of ER-
a: toward estrogen activation (41-43). A significant down-
regulation of epithelial ER-~ in the TEBs of the FS group
may denote a higher sensitivity of Ek-ce-positive cells in
these structures toward estrogen- or lignan-inducing pro-
liferation. Nevertheless, no correlations were observed
between either ER subtype and PCNA LI, EGFR, or its
ligands, which suggests that the mitogenic regulation of ERs
does not correspond linearly to the regulation of respective
growth factors and receptor or that changes in epithelial ERs
are independent of EGFR-signaling and cell proliferation.

We have shown that EGF expression in the stromal
fibroblast at PNO 21 was increased by suckling exposure
to treatment diets, particularly in the SOG group. Because
this was not evident with genistein exposure (24), the
mechanism by which FS enhances the mammary gland
development is not entirely similar to that of genistein. EGF
stimulates a mitogenic effect on ductal growth (44), and its
regulation is reciprocally influenced by multiple growth
factors and hormones such as estrogen (45). In the present
study, EGF expressions in both TEB epithelium and stromal
fibroblast correlated positively with PCNA LI in the TEB
epithelium at PNO 21, which indicates that the upregulation
of epithelial and stromal EGF may be involved in TEB
epithelial cell proliferation via autocrine and paracrine
pathways. FS or SOG may act through this mechanism of
action to stimulate epithelial cell proliferation. No study to
date has reported an association of EGF regulation with
exposure to phytoestrogens in mammary gland morphogen-
esis. However, exposure to methoxychlor, a xenoestrogen
with estrogenic and antiestrogenic activities, has been
shown to activate a GC-rich element located on the
promoter site of the lactoferrin gene, which exerts and
regulates EGF responses in mouse uterus (46).

The fact that a significant positive association was
observed between ductal epithelial EGFR and PCNA LI,
particularly at PNO 21, implies that EGFR (or perhaps
its signaling) has a role in mammary epithelial cell
proliferation. That EGFR signaling is essential, especially
the role of EGFR and ErbB2 in postnatal mammary ductal
morphogenesis, has been established in a gene-knockout
mice model of tissue recombinant experiments (47, 48).
Although EGFR in stroma, rather than in ductal epithelium,
has been suggested to be indispensable for ductal morpho-
genesis, the functional importance of epithelial EGFR
cannot be trivialized. Studies that have used truncated
dominant negative forms of EGFR under control of mouse
mammary tumor virus promoter showed a strong mitogenic
activity of mammary epithelial EGFR (49) and that
truncated EGFR expressed exclusively in the mammary
epithelium could ablate proliferation and branching of
mammary ducts (50). In support of this, a more differen-
tiated mammary gland phenotype observed in rats exposed
to FS and SOG may possibly derive from the corresponding
increased epithelial EGFR and cell proliferation.
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Table 3. IHS for EGFR, Its Ligands, and ER-a and-a
in Stromal Fibroblast and Adipose Tissues"-

so FS SOG

2.4 ± 0.3 1.9 ± 0.3 2.2 ± 0.3
1.5 ± 0.6 1.7 ± 0.5 1.7 ± 0.4

1.3 ± 0.3 1.8 ± 0.3 1.2 ± 0.3
1.0 ± 0.4 1.2 ± 0.5 0.8 ± 0.3

2.4 ± 0.2 2.2 ± 0.2 1.8 ± 0.4
1.2 ± 0.3 1.2 ± 0.3 1.0 ± 0.3

1.4 ± 0.3 2.0 ± 0.2 2.2 ± 0.2
1.7 ± 0.5 2.0 ± 0.4 2.2 ± 0.5

2.0 ± 0.28 2.8 ± 0.3ab 2.8 ± 0.2b

1.5 ± 0.6 2.0 ± 0.5 2.0 ± 0.4

2.5 ± 0.2 2.4 ± 0.3 2.1 ± 0.3
2.2 ± 0.3 1.8 ± 0.5 2.2 ± 0.3

2.6 ± 0.1· 1.9 ± 0.3· 1.7 ± 0.4·
1.7 ± 0.5 1.7 ± 0.6 1.8 ± 0.6

In addition to glandular differentiation, exposure to
mammogenic hormones or compounds with hormone-like
activity may cause persistent alterations in the systemic
honnonal milieu, which subsequently leads to permanent
biochemical changes in the mammary gland (2). Parous rats
Were found to have lower levels of mammary ER and EGFR
than age-matched virgin rats (51). These cellular changes

a Data are means ± SEM of six animals per group. Differences
among diet groups were determined by one-way ANOVA and
ANOVA on ranks for parametric and nonparametricdata, respectively.
When significant differences were achieved, Tukey's or Dunn's
P~ir-Wise comparison tests were performed to determine significant
differences between groups. Different superscripts within a row de-
note a significant difference at P < 0.05. Overall staining intensity
of stromal adipose tissues and 8-10 representative stromal fibro-
blasts adjacent to mammary ducts were examined for each mam-
mary gland sample. See Materials and Methods section for details
of analysis.

* Marginally significant difference among groups; ** P = 0.054;
*•• P=0.052; **•• P=0.051.

may modulate the subsequent mitogenic potential of the
mammary epithelial cells against carcinogen challenge (2,
51). Significant reductions in the expression of EGFR by
SDG and of EGF by FS were observed in the epithelium of
TEBs and TDs of rats at PND 49-51. A similar down-
regulation of EGFR in TEB was observed on prepubertal
exposure to genistein (24). A reduced expression of these
mitogenic-related proteins in mammary glands may be
another chemopreventive mechanism of FS and SDG
against chemically-induced mammary tumorigenesis.

The mammary gland differentiation effect due to lignan
exposure during the prepubertal period may, in part, explain
the recent epidemiological findings in which a high intake of
foods containing vegetable oil and dietary fiber, which are
often rich sources of lignans, during adolescence was
associated with a lower risk of breast cancer (21). The intake
of 10% FS diet by rats is estimated to be equivalent to a daily
intake of 25-50 g of FS by human adults, depending on their
total food intake (20, 52). The metabolism of lignans in rats
and humans appears to be similar, as has been suggested by
the similarity in the production of mammalian lignan meta-
bolites and the time-course changes in plasma and urinary
lignans in response to dietary lignan loads in both species
(52). However, whether lactating vegetarian or FS-fed
mothers provide their nursing daughters with a protection
against future breast cancer development remains to be
investigated.

Figure 3. IHS for ER-(X and ER-~ in the epithelium of terminal ductal
structures. Bars and errors bars are means ± SEM of six animals per
group. Differences among groups were tested by one-way ANOVA
for parametric data or ANOVA on rank for nonparametric data. When
significant differences were achieved, the post hoc analyses for
parametric and nonparametric data were Tukey's and Dunn's
pairwise comparison tests, respectively. Different letters within bars
of diet groups represent a significant difference at P < 0.05.

2.6 ± 0.2·
1.5 ± 0.4

1.3 ± 0.2·
1.3 ± 0.6

2.4 ± 0.3
1.7 ± 0.6

2.4 ± 0.2
2.0 ± 0.4

2.3 ± 0.2·
1.5 ± 0.4

1.3 ± 0.2·
1.5 ± 0.6
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Table 4. Significant Correlations Between Urinary
Lignans of Lactating Dams and Indices of Mammary
Gland Development of Their Offspring and Among

PCNA LI and IHS of EGFR, Its Ligands, ER-a and _J3a

Paired variables r P

PND21
Urinary lignans vs. TEB no." 0.52b 0.Q1
Urinary Iignans vs. TEB and TD no.C 0.55 b 0.01
EGFR vs. LI 0.63 <0.0001
TGF-a vs. EGF 0.47 0.004
ER-a vs. ER-P 0.51 0.03
EGF vs. EGFRd 0.52 0.03
EGF vs. Lid 0.52 0.001
EGF vs. LIB 0.55 0.01

PND 49-51
Urinary lignans vs. TEB no." -0.59b 0.009
Urinary lignans vs. LOBfTEBc 0.65b 0.004
EGFR vs. LI O.44b 0.008
TGF-a vs. EGF 0.80 <0.0001
ER-a vs. ER-P 0.84 0.0002
EGF vs. EGFRd 0.84 <0.0001

a Because of the large number of analyses, only paired variables
that showed significant correlations are presented. Analyses were
conducted by Pearson's correlation coefficient test on IHS of the
epithelium of terminal ductal structures, unless otherwise indicated.

b Spearman's correlation coefficient.
C Urinary Iignan values of the lactating dams were paired with

the indices of mammary gland development of their female off-
spring.

d IHS of paired variables in the TEB epithelium.
s IHS of EGF in stromal fibroblast versus LI in TEB epithelium.

Exposure to FS or its SDG during suckling altered the
development of mammary glands without causing signifi-
cant changes to other hormone-sensitive organs and re-
productive indices in female offspring, as was seen in our
previous studies (23, 36) or those of others in which dietary
genistein was administered during early life (6). The reason
for this variable sensitivity of mammary glands versus other
reproductive organs to hormonal effects of lignan remains
to be ~ucidated. It is possible that lignan exerts hormonal
effects in a tissue-specific manner, depending on the ex-
pression and distribution of ER subtypes and the local tissue
estrogen metabolism. As opposed to other sex organs, the
prepubertal mammary gland is mainly composed of
estrogen-synthesizing fat tissues (11) and contains high
levels of both ER-a and -~, with the latter being the
predominant subtype (41). The mammalian lignans, which
are known to exert ER-mediated responses (40) and inter-
fere with aromatase activity (53), may preferentially target
the mammary gland. Another possibility is that, because
most mammary gland development occurs postnatally
(11), exposure to high levels of phytoestrogens during post-
natal and/or prepubertal stage of the life cycle may have a
greater effect on the development of this organ.

In conclusion, the exposure of rats to FS or its SDG
during suckling could enhance mammary gland morpho-

genesis by increasing mammary cell proliferation, possibly
via the modulation of EGFR- and ER-signaling. These
changes led to more differentiated mammary glands, with
a downregulation of EGFR or EGF at PND 49-51. Consist-
ent with our previous observations (17, 22), the physiolog-
ical outcomes of FS and SDG in inducing mammary gland
morphogenesis were similar, which suggests that SDG in FS
is, at least in part, responsible for the mammary gland
differentiation effect.
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