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Abstract
While epidemiologic studies suggest that soy intake early in life may reduce breast cancer risk, there

are also concerns that exposure to soy isoflavones during childhoodmay alter pubertal development and

hormonal profiles. Here, we assessed the effect of a high-soy diet on pubertal breast development, sex

hormones, and growth in a nonhuman primate model. Pubertal female cynomolgus monkeys were

randomized to receive a diet modeled on a typical North American diet with one of two protein sources

for approximately 4.5 years: (i) casein/lactalbumin (CL, n ¼ 12, as control) or (ii) soy protein isolate

with a human equivalent dose of 120 mg/d isoflavones (SOY, n ¼ 17), which is comparable to

approximately four servings of soy foods. Pubertal exposure to the SOY diet did not alter onset of

menarche, indicators of growth and pubertal progression, or circulating estradiol and progesterone

concentrations. Greater endometrial area was seen in the SOY group on the first of four postmenarchal

ultrasound measurements (P < 0.05). There was a subtle effect of diet on breast differentiation whereby

the SOY group showed higher numbers of differentiated large-sized lobular units and a lower

proportion with immature ducts following menarche (P < 0.05). Numbers of small lobules and

terminal end buds and mammary epithelial cell proliferation did not differ by diet. Expression of

progesterone receptor was lower in immature lobules of soy-fed animals (P < 0.05). Our findings suggest

that consumption of soy starting before menarche may result in modest effects consistent with a more

differentiated breast phenotype in adulthood. Cancer Prev Res; 6(8); 832–42. �2013 AACR.

Introduction
Environmental exposures to hormonally active com-

pounds during critical windows of development can influ-
ence breast cancer risk later in life (1). Soy protein contains a
variety of bioactive compounds including isoflavones (IF),
which are structurally similar to estrogen, bind to estrogen
receptors (ER), and elicit both estrogenic and anti-estro-
genic responses depending on dose, tissue location, and
estrogen context (2, 3). Soy intake has been widely studied
as a potential dietary determinant of breast cancer risk, both
as a natural chemopreventive approach and as a potential
risk factor. Recent evidence suggests that timing of exposure
may be critical to determine themagnitude and direction of
soy effects. Several epidemiologic studies indicate that lower

risk of breast cancer is observed when soy is consumed
throughout life or before/during key periods of breast
development (4, 5). These observations parallel those in
rodents (6), supporting the idea that early soy exposuremay
alter breast phenotype later in life.

Puberty is a developmental process that involves a com-
plex series of interactions between growth factors and sex
hormones. Age atmenarche, a keymilestone of puberty, is a
consistent predictor of later breast cancer risk in human
observational studies, potentially due to hormonal and
developmental factors (7, 8). In females, puberty is a key
period for breast morphogenesis and differentiation. Ovar-
ian hormones drive elongation and branching of rudimen-
tary ducts and development of terminal end buds (TEB;
ref. 9), which subsequently develop into lobuloalveolar
structures. The lobules further undergo gradual maturation
wherein the number of terminal ductular and alveolar units
per lobule increases, resulting in a concomitantly larger size
(10). The degree of lobular differentiation has been inverse-
ly related to cancer risk (11, 12), suggesting thatmodulation
of breast developmental patterns may influence later life
susceptibility to cancer. We hypothesized that pubertal
exposure to soy would enhance mammary gland differen-
tiation, potentially leading to a lower risk breast phenotype.

Previous studies have primarily used rodent models
to assess environmental influences on breast develop-
ment. While these models have contributed greatly to our
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