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Abstract

Puberty is an important transition that enables reproduction of mammalian
species. Precocious puberty, specifically early thelarche (the appearance of
breast “buds”), in girls of multiple ethnic backgrounds is a major health
problem in the United States and other countries. The cause for a con-
tinued decrease in the age of breast development in girls is unknown, but
environmental factors likely play a major role. Laboratory and epidemio-
logical studies have identified several individual environmental factors that
affect breast development, but further progress is needed. Current research
needs include increased attention to and recording of prenatal and neonatal
environmental exposures, testing of marketed chemicals for effects on the
mammary gland, and understanding of the mammary gland–specific mech-
anisms that are altered by chemicals. Such research is required to halt the
increasing trend toward puberty at earlier ages.
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HPG: hypothalamic-
pituitary-gonadal

Thelarche: initiation
of breast development

Menarche: initiation
of menses or
menstruation

Endocrine-
disrupting chemicals
(EDCs): exogenous
compounds that
mimic, block, or alter
the activity of
endogenous hormones
synthesized by the
endocrine system

INTRODUCTION

Puberty is the period of transition from childhood to adolescence. It is marked by maturation of
the hypothalamic-pituitary-gonadal (HPG) axis, development of secondary sexual characteristics,
accelerated growth, behavioral changes, and ultimately attainment of reproductive ability. Puberty
is influenced by hormones, particularly estrogens in females. However, the exact neuroendocrine
mechanisms involved in its onset are complex and not completely understood (1). The earliest
physical sign of puberty in girls is often the development of breast “buds” (thelarche), followed by
development of pubic hair (pubarche). Initiation of menses (menarche) is usually a later pubertal
endpoint. Timing and patterning of these milestones of puberty can yield information on the
overall health status of an individual, adequacy of nutrition and growth, and past environmen-
tal/nutritional or pharmaceutical exposures; they may also predict future health outcomes (2, 3).

Recent studies have reported a progressive decrease in age of onset of puberty in girls, as deter-
mined by early breast development, especially among minority populations in the United States
(4–8). Similar trends have been reported in Europe and among girls adopted from developing
countries by Western parents (9, 10). Although the age of onset of breast development has de-
creased over the past several decades, age at menarche has not significantly changed (9, 11). The
exact reason for early onset of breast development is not understood, but it is generally believed to
be the outcome of a complex interaction among genetic, endocrine, and environmental factors (5,
8, 12, 13). Because precocious thelarche and puberty have been linked to adverse health outcomes
in adults (Table 1), concern about this shift in timing of these developmental processes is war-
ranted. The purpose of this review is to discuss (a) the regulation of puberty; (b) critical windows
of perinatal development that may influence timing of mammary growth; (c) breast development
comparisons in humans and rodents; (d ) factors that can influence mammary development timing
in rodents or girls including body weight, diet, and exposures to environmental factors such as
endocrine-disrupting chemicals (EDCs); (e) the usefulness of rodent models to study environmen-
tal effects on mammary development and maturation; and ( f ) future research needed in this area.

REGULATION OF PUBERTY ONSET AND PROGRESSION

Humans

The onset of puberty occurs as a consequence of activation of the HPG axis. First activated in
mid-fetal life, the HPG axis continues to function after birth into infancy but becomes quiescent
during childhood. Hypothalamic changes initiate the reactivation of the HPG network, which

Table 1 Risk factors in adults associated with early puberty in females

Health risk Reference(s)
Accelerated skeletal maturation and short adult height 117–119
Early sexual interests; risk-taking behaviors such as smoking, using alcohol and drugs, engaging in
unprotected sex

120–122

Psychosocial and behavioral difficulties 3, 117
Obesity and eating disorders 122–126
Type 2 diabetes and insulin resistance 118, 127–130
Cardiovascular disease and hypertension 118, 125, 127, 131
Increased breast and reproductive cancers 3, 118, 127
Asthma 127
Polycystic ovarian syndrome 128, 129, 132, 133
Depression 121, 122
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GnRH:
gonadotropin-
releasing
hormone

HPA: hypothalamic-
pituitary-adrenal

Adrenarche:
initiation of pubic and
auxiliary hair growth,
controlled by adrenal
androgens

ER: estrogen receptor

then triggers the onset of puberty. Although the factors involved in the reactivation of the HPG
axis have not been completely identified, kisspeptin, a hypothalamic neurotransmitter, directly
stimulates gonadotropin-releasing hormone (GnRH) (14). GnRH, the main hormone of puberty,
is responsible for increasing the frequency and amplitude of the increase in kisspeptin. Increases in
GnRH also enhance the pulsatile secretion of luteinizing hormone (LH) and follicle-stimulating
hormone (FSH) from the anterior pituitary, resulting in stimulation of the gonads (ovaries or
testes) to secrete their respective hormones (15, 16). An elevated concentration of gonadal hor-
mones in morning urine samples is a marker of puberty (17). In females, the maturation of the
neuroendocrine/reproductive axis leads to the onset of menses, followed by the establishment of
regular menstrual cycles when appropriate LH and FSH signals cause the secretion of gonadal hor-
mones. Ovarian theca cells secrete androgens and granulosa cells secrete estradiol before ovulation,
whereas the corpus luteum (formed at the follicle following an ovulation) secretes progesterone
and estradiol (6, 13, 18). In males, maturation of the neuroendocrine/reproductive axis differs from
that of females; that is, LH initiates the secretion of androgens (testosterone and androstenedione)
from testicular Leydig cells. Although activity in the HPG axis increases at puberty, it is functional
throughout a child’s life, thus explaining why there are low levels of LH, FSH, and estradiol in
boys and girls even prior to puberty (19, 20).

In addition to reactivation of the HPG axis, the secretion of adrenal androgens starts in early pu-
berty and is under the control of the hypothalamic-pituitary-adrenal (HPA) axis. Androgens cause
pubic and auxiliary hair growth, and they sensitize the androgen receptors of the hypothalamus
and pituitary that play a role in attainment of puberty and reproductive maturation. Disruption
of the interacting signals in the HPG and HPA pathways can result in altered timing of puberty
(Figure 1).

External physical markers that accompany biochemical signals at puberty include (a) thelarche,
which may be unilateral; (b) pubarche; (c) menarche; and (d ) attainment of regular menstrual cycles,
all of which signify pubertal onset and/or progression. Physical markers of breast development
and pubic hair growth have been classified and staged using the Tanner Staging criteria defined
by Marshall & Tanner (21, 22). These physical markers of puberty may be regulated by different
triggers and may not necessarily be interrelated. For example, thelarche follows the secretion
of ovarian estrogen, whereas pubarche, one of the processes that occurs within the context of
adrenarche, is caused by androgen secretion from the adrenal glands (adrenarche) and ovaries.
Adrenarche, or the initiation of pubic and auxiliary hair growth (in the armpits and on the legs and
face), appears to be a phenomenon limited to primates and humans (23). Because estrogen secretion
and androgen secretion are controlled separately, adrenarche and thelarche can occur either in a
coordinated manner (which is usual) or independently (unusual). Menses are initiated in response
to FSH and LH, usually late in puberty and sometimes several years after breast budding. The
onset of menarche is often used to define puberty, but this provides a limited perspective relative
to other markers of puberty and its progression.

Estrogens play essential roles at puberty, not only in breast development but also in bone and
brain maturation in girls and boys. Estrogens control the timing of the “growth spurt,” a marker
of puberty. The fact that girls start their growth spurt before boys adds support to the idea that
estrogens are involved in bone growth at puberty. Furthermore, patients with estrogen receptor
(ER) mutations demonstrate stunted epiphyseal maturation, altered skeletal proportions, and
bone mineralization (16).

Rodents

Rodents have been extensively used to study the mechanisms involved in initiating mammalian
puberty. Pubertal onset in female rodents has traditionally been assessed through the study of
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B R A I N

K I D N E Y U T E R U S
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Human adrenarche:
pubic and auxiliary

hair growth

Female breast
development

Cyclicity and
ovulation
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Figure 1
Hormonal control of female puberty. Pubertal timing in humans is controlled by both the hypothalamic-
pituitary-gonadal (HPG) and hypothalamic-pituitary-adrenal (HPA) axes. Breast development (thelarche)
and pubic and auxiliary hair development (adrenarche) are regulated by these hormonal circuits. Other
abbreviations: ACTH, adrenocorticotropic hormone; CRH, corticotropin-releasing hormone; FSH,
follicle-stimulating hormone; GnRH, gonadotropin-releasing hormone; LH, luteinizing hormone.

VO: vaginal opening

endpoints such as vaginal opening (VO) and age of first estrus (similar to menarche in humans)
because VO occurs the day after the first preovulatory surge of gonadotropins (24). Few studies
in animals have assessed the hallmarks of mammary gland development or differentiation as an
indicator of pubertal progression (25–29), although thelarche is usually the initial and most sen-
sitive marker in humans. VO is commonly used as a pubertal sign in rodents but not in humans.
Adrenarche, on the other hand, is commonly used as a pubertal marker in girls but not in rodents.
However, mammary gland development and progression are similar in rodents and humans.

Although humans and rodents have similar biochemical signals and regulators of the HPG
and HPA axes, there are differences in the controlling mechanisms (6). In humans, control of
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Window of
susceptibility: a time
in development when
environmental factors
can cause alterations in
the developing
organism and result in
structural, functional,
and/or cellular changes

GnRH activation is centralized in the hypothalamus and is independent of ovarian input, whereas
in rodents, ovarian secretions control GnRH regulation. Thus, the same pathways that activate
GnRH at puberty are operational in both rodents and humans. The discovery of new regulatory
genes has revealed additional similarities and differences in brain development and neuroendocrine
signaling between humans and rodents (6).

Precocious Puberty

Precocious puberty, i.e., the development of secondary sexual characteristics before age 8 in girls
(4), can have either central (gonadotropin-dependent) or peripheral (gonadotropin-independent)
origins. Premature thelarche is considered an indicator of precocious puberty; the full range of
pubertal changes is not observed, but specific changes in breast development occur. As reported in
1997 in an assessment of 17,000 U.S. girls (4), ∼8% of white girls and 25% of black girls exhibited
evidence of early breast buds. Such data led to guidelines published in 1999 (30) that recommended
puberty be considered precocious only when breast development or pubic hair appear before ages
6 and 7 in black and white girls, respectively.

A recent study suggests that the incidence of precocious puberty continues to rise (31). This
study of nearly 1,200 girls from three areas of the U.S. showed that of girls aged 7 and 8, respec-
tively, puberty had begun in 10% and 18% of white non-Hispanic girls, 23% and 43% of black
girls, and 15% and 31% of Hispanic girls. White non-Hispanic girls showed the largest decrease
in age of puberty onset between the 1997 (4) and the 2010 reports (31); the girls studied in the
2010 report were nearly twice as likely to have begun puberty by ages 7 and 8 than were girls of
those ages in the 1997 study.

Usually premature thelarche progresses slowly; sometimes it is rate limiting and stops, or it can
develop into central precocious puberty. Either scenario extends the period leading up to mature
breast development. At the opposite end of the spectrum, delayed puberty can be defined as the
absence of breast development by age 13 and can result from primary hypothalamic, pituitary,
and/or ovarian dysfunction (6). Both precocious and delayed puberty, as determined by the stage
of breast development, can have long-term health consequences. Although precocious or delayed
puberty in girls can have genetic and/or environmental causes, this review focuses on potential
environmental influences.

In summary, puberty is a complex, multifaceted process that occurs over a period of years and
that is characterized by numerous events including breast growth. Because puberty is influenced
by hormones, alterations in their balance during development can have adverse consequences on
the timing of puberty and its progression.

WINDOWS OF SUSCEPTIBILITY IN PERINATAL DEVELOPMENT

The term window of susceptibility refers to a time in development when environmental factors
can significantly alter the developing organism and result in structural, functional, and/or cellular
changes. Alterations occurring during these windows may not be identifiable early in life but
become apparent only later; thus, changes during early prenatal or neonatal development may
alter pubertal timing later in life.

Fetal and neonatal developmental periods are particularly sensitive times when external influ-
ences can disrupt active organogenesis, tissue remodeling, and signaling. The developing organism
lacks much of the protective machinery available to adults such as DNA repair mechanisms, a fully
competent immune system, an intact blood-brain barrier, detoxifying enzymes, and mature liver
metabolism (32–34). Furthermore, although cell differentiation for neuroendocrine circuitry and
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DES:
diethylstilbestrol

breast development starts early in prenatal life, tissue differentiation continues in infants and ado-
lescents. Moreover, signaling pathways are established during perinatal development for proper
functioning of the HPG and HPA axes at puberty.

Developmental exposure to environmental factors, including body weight, diet, drugs, and
chemicals, can interfere with maturation of endocrine signaling pathways and cause adverse con-
sequences later in life (35–37). In humans, prenatal exposure to diethylstilbestrol (DES) is the best
example of an environmental estrogen that causes delayed or long-term effects (34). Effects of pre-
natally administered DES include vaginal carcinoma and structural alterations of the reproductive
tract during puberty; later effects include reproductive problems, such as an increased incidence
of uterine fibroids, and breast cancer (38). Similar effects occur in animal models following peri-
natal exposure to DES (39). Other important windows of growth and differentiation also exist.
For the mammary gland, three such windows of susceptibility to exogenous factors have been
identified: (a) fetal (mammary bud development), (b) puberty (exponential mammary growth), and
(c) pregnancy (differentiating breast) (12).

BREAST/MAMMARY GLAND DEVELOPMENT

Rodents are often used to study human breast development because the biological processes in-
volved in mammary growth and differentiation are conserved across species. In embryonic/fetal
development, developmental processes that occur prenatally in humans may happen both pre-
natally and neonatally in rodents; see the following Web site for an overview: http://www.
endocrinedisruption.com/prenatal.criticalwindows.overview.php. For this comparison, the
term breast tissue is used when referring to humans and the term mammary gland is used when
referring to rodents and other animals.

Breast/mammary gland development is complex. Branching epithelial cells proliferate and dif-
ferentiate to fill the fat pad of adipocytes, and the stromal and myoepithelial cells (often referred
to as mesenchyme) encompass and support much of the epithelium; all of these cells are in close
communication with immune, stem, and endothelial cells. This development is controlled by a
carefully orchestrated series of events characterized by extensive proliferation followed by differ-
entiation of cells and structures. Critical events in breast development begin during fetal life with
epithelial bud sprouting, whereas extensive branching morphogenesis continues into postnatal
life. This is followed by exponential epithelial outgrowth during puberty; the fat pad rapidly fills
with epithelia to produce the adult breast. Mature breast tissue subsequently undergoes only mi-
nor changes, largely dependent on the stage of the menstrual (humans) or estrous (rodent) cycle.
Breast tissue undergoes prominent differentiation during late pregnancy, ultimately becoming
competent for functional lactation (12, 40). Early breast development is regulated by endogenous
hormones—mainly estrogen, which promotes growth of the ducts, and progesterone, which pro-
motes lobuloalveolar development—whereas prolactin, insulin, and corticosteroids play a primary
role in lactation (41). The mammary gland is also an autocrine/paracrine tissue, producing and re-
sponding to hormones produced by its own cells, as shown in Figure 2. At the cellular level, these
hormones control cell proliferation by regulating the expression of critical growth factors, and
they also control synthesis and secretion of cell type–specific proteins in the breast. These effects
are primarily mediated by the interaction of these hormones with their receptors in breast tissue
(for estrogens, the interaction is mainly with ER-α and ER-β). The various hormone receptors
can also interact with exogenous compounds such as DES, which binds to ERs and interacts with
developing breast tissue, causing altered proliferation and differentiation. Other chemicals can
interact with developing rodent breast tissue and later impair growth and lactation; such chemi-
cals include ZiracinTM, an antibacterial compound that demonstrates androgen-like effects (42);
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Endocrine/paracrine influences Paracrine/autocrine influences

Adipose tissue Blood vessels Stromal cells Inflammatory
response

Developing mammary
terminal end bud

Target site 

Figure 2
The multiple influences on mammary development. Environmental exposures and endogenous signals may affect endocrine organs as
well as tissues near the mammary gland (i.e., fat), and those nearby tissues can send altered messages through the vascular system,
culminating in perturbed mammary development. Mammary tissue may also be a direct target of environmental exposures; epithelia,
fibroblasts, fat cells, and inflammatory cells express unique and shared receptors that are targets for environmental chemicals. The tight
cellular junctions signal across cell types, affecting neighboring cells as well as the target cells. These various endocrine/paracrine/
autocrine signaling mechanisms may affect the status of mammary epithelia over the lifetime of the individual.

dioxin, a pollutant that binds the aryl hydrocarbon receptor (43); atrazine (27); and perfluorooc-
tanoic acid (PFOA) (44). The mechanisms by which most chemicals alter breast development are
not known.

Humans

In humans, the breast is present early in prenatal life; its development starts as a thickening of
the milk lines on the ventral surface of the fetus as early as 4–5 weeks postconception. Epithelial
budding and branching begins between 6–20 weeks of gestation; the breast buds extend, producing
cords of epithelia that grow through the underlying mesenchyme. The mesenchyme develops
supporting stroma between weeks 20 and 32. The epithelial cords develop a lumen during the
last 2 months of gestation when ductal branching occurs, yielding a primitive gland composed
of ducts ending in ductules at birth. Close to birth, the nipple is formed by invagination of the
breast surface (45). ERs and progesterone receptors have been localized in breast epithelial cells as
early as gestational weeks 30 and 41, respectively (46), suggesting that this tissue has the cellular
machinery to respond to hormones or hormonal mimics early in prenatal differentiation. During
childhood and adolescence, growth of the breast keeps pace with overall body growth but greatly
accelerates at puberty.
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TEB: terminal end
bud

Rodents

Similar development patterns occur in the rodent and human mammary glands. In the mouse,
mammary gland development begins approximately at embryonic day 10.5. By embryonic day
11.5, five lens-shaped ectodermal structures appear along two mammary lines; these structures
invaginate into the dermis by embryonic day 13.5. The mesenchyme adjacent to the mammary
epithelium becomes denser than the surrounding mesenchyme and develops several concentric
layers of fibroblasts that align around the epithelial structure (47). At fetal day 15.5, in response
to mesenchymal signals, the epithelial bud starts to elongate to become a cord. At fetal day 16,
proliferation of the primary cord increases as the cord pushes through the surrounding mammary
mesenchyme and grows through the fetal fat pad found deep in dermal tissue. By fetal day 18,
just before birth, branching of the structure is apparent and a lumen that will differentiate into a
mammary duct starts to form (48).

Mammary bud development in the rat begins around embryonic day 12 and follows the same
developmental and temporal pattern as in the mouse, culminating on gestation day 21, just before
birth, in six sets of glands with a slightly more branched structure than that found in the mouse.
Growth and branching of the mammary structure in rodents continue after birth. Rat mammary
duct ends are more complex than those of the mouse, with extensive alveolar budding and lobule
formation following puberty.

Interference in branching and differentiation of mammary tissue could lead to altered timing
of maturation at puberty, abnormal morphology, and permanent effects on glandular structures
(e.g., altered number of primary ducts, blind ducts, or unusual presence of nipples/areola) (12).
Furthermore, mammary glands in rodents, like those in humans, undergo exponential growth in
the peripubertal period. During peripuberty (several weeks in rodents and several years in girls),
structures termed terminal end buds (TEBs) are at the tips of the epithelial ducts of the growing
mammary gland and are composed of actively proliferating cells that facilitate the growth of the
mammary epithelial ducts to form a tree-like pattern (28). The ends of the tear-shaped TEBs
are multiple cell layers thick and are sites of further branching. TEBs disappear from the mature
gland as it differentiates. Susceptibility of these developing mammary gland structures to carcino-
gens has been described in more than two decades of work (49–51). Thus, any environmental
factor, drug, or chemical that prolongs the period of TEBs or slows maturation of the developing
mammary gland may have the potential to affect the sensitivity of the gland to the activity of
carcinogens.

Similarities and Differences in Mammary Gland Development
Between Humans and Rodents

Slight timing differences exist in mammary gland development between humans and rodents,
although ductal branching originates in prenatal life for both species. Furthermore, minor dif-
ferences in the extent of ductal branching can be seen at birth across species, and alveolar buds
are prominent in young rat and human mammary glands but not in immature mice. The growing
mammary ducts end in TEBs in rodents and in morphologically analogous terminal ductal lobular
units in humans. Both structure types contain actively proliferating cells and potentially stem cells,
likely accounting for their sensitivity to carcinogens. Precocious onset of breast development at
puberty may represent a direct effect on the mammary tissue itself (i.e., exposures during bud and
branching development), an indirect effect (i.e., an effect acting on the neuroendocrine pathway of
puberty), or a combination of both. Altered prenatal imprinting or altered stem cell populations,
whether direct or indirect, is a promising area for additional research.
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To summarize, although developmental milestones are similar between humans and rodents,
the timing of the events may differ slightly. Because molecular and cellular pathways of mammalian
differentiation are conserved across species, the rodent is an excellent model by which to study
the role of environmental factors that disturb normal maturation of the mammary gland. The
mammary gland in humans and rodents undergoes dramatic changes during pregnancy in prepa-
ration for lactation, its primary function. Interruption of these differentiation processes can lead to
malnutrition or death of the offspring; this is particularly important in animals that rely solely on
maternal nourishment for survival. However, for humans, a potential effect of an environmental
exposure on lactation can be missed if formula feeding is used.

ENVIRONMENTAL FACTORS INVOLVED IN PRECOCIOUS
BREAST DEVELOPMENT

Body Weight and Diet

Childhood obesity, measured as body mass index, has been associated with early pubertal de-
velopment (52). The pioneering work of Herman-Giddens et al. (4) raised the possibility of a
link between increasing rates of obesity and the trend toward early puberty. Various mechanisms
have been proposed to explain such an association; these include increased levels of circulating
estrogens in obese girls and/or increased aromatase activity in breast fat that results in increased
conversion of local or systemic androgens to estrogens, thereby overexposing breast tissues to
estrogen during prepubertal years (53). Another possibility is that leptin produced by body fat
or breast cells triggers the onset of breast development. Studies in humans suggest that lep-
tin has a permissive role in puberty onset (54), but it is not a crucial modulator, and increased
leptin may be a consequence of pubertal development (55). Other molecular regulators may influ-
ence pubertal timing (54): (a) GPR54, a G protein–coupled receptor gene that regulates GnRH;
(b) the kisspeptin family of neuropeptides; and (c) EAP1, which is known as the puberty gene. All of
these are considered essential for normal puberty and may be altered in obese children or altered
by components in their diets. Studies in rodents offer insight into the role of estrogen agonist or
antagonist activity of dietary components, such as genistein and other soy constituents, in altering
pubertal mammary development. A variety of mammary-specific effects depend on the timing,
route and dose of exposure, the species evaluated, and diet (56). Dietary components may also be
important in children, especially in those fed soy-based formulas.

Most important, the relationship of puberty and body weight/diet may be related to changes
during perinatal life rather than changes in adolescence or puberty. The Developmental Origins
of Health and Disease paradigm (57, p. 356) describes the association of proper nutritional support
(i.e., the rate of weight increase during infancy and early childhood) as a crucial determinant in
body mass index and in the timing of puberty (37). Therefore, the prenatal and neonatal periods
are critical times during which diet and nutritional status can “program” or permanently change
subsequent growth and development, including the timing of puberty and risk of obesity.

Hormones and Endocrine-Disrupting Chemicals

Both endogenous and exogenous environmental influences can cause precocious TEB differentia-
tion and breast development. Endogenous hormones, such as steroids, influence mammary tissue
development, but over the past 15 years, it has become evident that exogenous drugs/chemicals
may alter the effects of these hormones (35). EDCs are exogenous compounds that mimic,
block, or alter the activity of endogenous hormones synthesized by the endocrine system (58).
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Estrogens have been studied most, although chemicals with antiestrogenic, androgenic, antian-
drogenic, progesterone-like, and thyroid-like activity can be endocrine disruptors and may play
a role in precocious puberty and breast development, as discussed below and summarized in
Table 2.

Sex hormones. The endogenous hormones of puberty have roles in mammary gland develop-
ment, and altered exposure to hormones can shift the delicate balance needed for normal matu-
ration. Female rats exposed prenatally to testosterone have altered reproduction later in life and
no nipple development (i.e., masculinized mammary morphology), suggesting that gestational
exposure to testosterone severely inhibits normal development of females, rendering them unable
to nurse their offspring (59). However, early postnatal treatment of mice with testosterone stim-
ulates ductal branching in the mammary gland around the time of puberty (60). These divergent
outcomes point out the importance of timing in the exposure to EDCs and potentially other
environmental factors.

Perinatal treatment of mice with estradiol eventually leads to accelerated mammary gland
development. Estradiol exposure on postnatal days 1–5 dose-dependently increases the number
of duct junctions and the mammary growth area at 5 weeks; an increased estradiol dose increases
ductal branching, while the ratio between branching and total mammary area remains constant
(61). That effect is either not evident or attenuated prior to puberty. Similar effects have been noted
in mice administered estradiol on neonatal days 1–5: inhibition of ductal branching in the first
6 days of life with tripling of the number of duct branches postpuberty, surpassing growth in age-
matched untreated mice (60). This accelerated development after estradiol exposure correlated
with a greater number of undifferentiated TEBs. TEBs were evident earlier in the estradiol-treated
mice than they were in the controls, but the density of the epithelial ducts was comparable around
the time of puberty. In early adulthood, TEBs in control animals differentiated, whereas TEBs
in estradiol-treated mice remained unchanged, making the animal more susceptible to neoplastic
lesions later in life (49–51, 62).

Chemicals with hormone-like activity. Numerous environmental compounds have demon-
strated hormone-like activity in rodent studies and humans, with estrogenic effects most often
noted. The compounds exhibiting hormone-like activity are pharmaceuticals, dietary factors, and
environmental chemicals.

Diethylstilbestrol. DES, a potent synthetic estrogen, was prescribed to millions of pregnant
women from the 1940s to the 1970s with the mistaken belief that it could prevent miscarriages.
It is now well documented that prenatal DES treatment of men and women results in a low but
significant increase in neoplastic lesions in the reproductive tract and a high incidence of benign
reproductive lesions (38). Administration of DES to pregnant mice causes similar reproductive
abnormalities and dysfunction in their offspring (63). An increased incidence of breast cancer has
also been noted in prenatally DES-exposed women (64–66) and their mothers (38, 67). Women
>40 years of age and exposed in utero to DES have an estimated 1.9 times increased risk of devel-
oping breast cancer compared with unexposed women of the same age. Additionally, the highest
risks were correlated with the highest cumulative doses of DES during gestation (65).

Many studies in rodents have demonstrated alterations in mammary gland development fol-
lowing perinatal exposure to DES. Prenatal DES exposure caused excessive nipple development
in both male and female offspring of pregnant rats. Furthermore, females are unable to nurse
their offspring, most likely because of the absence of the nipple sheath, an indication that the
connection between the mammary ducts and the nipple failed to form (68). Gestational or
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lactational exposure of rats to DES produces extensive lobuloalveolar proliferation, decreased
tumor latency, and greater multiplicity of spontaneous tumors (69). Prenatal or neonatal exposure
to DES also increases mammary tumorigenesis in Syrian golden hamsters and rats treated with
a known mammary gland carcinogen, dimethylbenz(a)anthracene. DES increased the number
of mammary tumors, tumor multiplicity, and the grade of tumor malignancy, suggesting that in
addition to being carcinogenic, it also increases the sensitivity of the mammary gland to other
carcinogens (38).

Mice exposed to DES just after birth demonstrate increased outgrowth of the mammary gland
ducts around the time of puberty, dilated mammary ducts noted at 12 weeks of age, and precocious
lactation. Additionally, following DES exposure during fetal life, mice exhibit increased mammary
tumor incidence as adults (70).

Bisphenol A. Bisphenol A (BPA), a component of polycarbonate plastics and epoxy resins, is
produced at high volumes (>800 million kg annually in the U.S.), and humans have widespread
exposure. BPA can leach into consumables from the linings of food cans, baby bottles, and bever-
age containers and is found in dental sealants and composites. Measurable BPA levels have been
found in human urine, serum, breast milk, maternal and fetal plasma, amniotic fluid, and placental
tissues (71, 72). BPA can be brominated or chlorinated to produce flame retardants; tetrabromo-
bisphenol A is the most commonly used, with >60,000 tons produced annually (72). Serum levels
of brominated flame retardants are increasing in adults, but, more important, levels in infants and
children are markedly higher than in adults (73).

BPA is described as a weak estrogen, but numerous studies find that it may have other bio-
logical activities at low, environmentally relevant exposure levels. In addition to binding to the
nuclear ER-α and ER-β, BPA interacts with other cellular targets, including the nonclassical
membrane-bound form of the ER (ncmER); a recently identified orphan nuclear receptor termed
estrogen-related receptor gamma (ERR-γ); a seven-transmembrane estrogen receptor (GPR30);
and the aryl hydrocarbon receptor. Interactions with ncmER and ERR-γ are especially notewor-
thy because BPA binds to these receptors with high affinity (IC50 value of 13.1 nM); 4-nonylphenol
and DES bind with a 5–50-fold lower affinity than that exhibited by BPA (74). BPA can also act
as an androgen receptor antagonist and can interact with thyroid hormone receptors (75).

Studies in animals have shown that low doses of BPA (i.e., in the range of human exposures) can
exert adverse effects if given during development. Numerous low-dose studies have suggested that
perinatal BPA exposure is associated with abnormalities in male and female reproductive tissues
(72, 76). BPA alters mammary gland cell proliferation, ductal elongation, and ductal differentiation
during the peripubertal and early adult life stages. Low-dose BPA treatment (25 μg kg−1) of mice
from mid-pregnancy until birth causes greater mammary duct elongation than in controls, whereas
high-dose treatment (250 μg kg−1) causes less ductal elongation. Additionally, increases occur in
the number of alveolar and ductal structures of 6-month-old mice treated with both low and high
doses of BPA (25). In another study, environmentally relevant doses (25 and 250 ng kg−1 per
day) of BPA administered to mice during pregnancy and lactation resulted in female offspring
with more TEBs relative to the ductal area and fewer apoptotic TEB cells around the time of
puberty compared with the controls; low-dose-exposed mice had a greater number of lateral
branches and ducts (77). Exposure to 250 ng kg−1 BPA from mid-pregnancy until parturition
altered the histologic architecture and tissue organization of the fetal mammary gland to produce
increased ductal growth, smaller epithelial cells, and accelerated fat pad maturation, the latter of
which resulted in a less dense fat pad, increased ductal collagen density, and decreased collagen
density in the stroma (48). Changes in stromal composition and fat pad density may be involved
in determining lifetime risk for tumor development (78).
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BPA also heightens the susceptibility to carcinogens with increasing age in rats and initiates
the development of “beaded” ducts in 9-month-old mice (79, 80). Ductal beading represents the
merging of actively proliferating luminal epithelial cells (intraductal hyperplasia). This hyperplasia
is considered a precursor to ductal carcinoma, suggesting that BPA induces both an elevated
susceptibility to carcinogens (81) and spontaneous neoplasia—changes that are associated with
early-life changes in development around the time of puberty.

Nonylphenol. Nonylphenol is used as a surfactant, emulsifier, and detergent, and it has estrogenic
properties. It is found in the lining of food containers and wraps, in cleaning compounds, and in
spermicides. Administration of nonylphenol to rats produces a dose-dependent, 200%–400% in-
crease in mammary cell proliferation, with increased S phase relative to G0 and G1 phases of the
mammary epithelial cell cycle (82). Nonylphenol also produces DNA mutations and chromoso-
mal abnormalities (83). These changes can cause genetic instability and can increase the risk for
developing neoplastic lesions and mammary tumorigenesis.

When rats are given nonylphenol during pregnancy, their female offspring have increased
proliferative mammary epithelial branching and budding just after birth. By puberty, such rats
had more alveolar buds and increased TEB differentiation compared with controls, thus indicating
precocious mammary epithelial development (84).

Phthalates. Di-n-butyl phthalate is used to soften plastics (such as those used for medical tub-
ing and children’s toys) and to aid in the dispersal of health and beauty aids (e.g., perfume).
Environmental contamination of phthalates is widespread; they are detectable in human urine
samples. Following perinatal di-n-butyl phthalate exposure from late pregnancy until weaning,
adult female offspring exhibit poor mammary alveolar branching and hypoplasia, adolescent male
offspring demonstrate retained nipples (normally absent) at high doses, and adult males exhibit
dilation of mammary alveolar buds and ducts (85).

Phytoestrogens. Phytoestrogens are naturally occurring chemicals found in plants. Efforts to im-
plement healthier lifestyles by decreasing fat intake have resulted in increased consumption of
vegetables, especially soy products, and supplements that are high in phytoestrogens (28). Effects
of developmental exposure to genistein, one of the most abundant phytoestrogens in soy, have
been studied, in part because some infants rely solely on soy formula for sustenance during their
first year of life (28, 86). Genistein has varying effects on development in rodents depending on
time, dose, and method of exposure (86); notable outcomes include alteration of mammary gland
development and ovarian dysfunction following exposure during early life. Mice given genistein
just after birth show dose-dependent changes in TEB differentiation and ductal branching around
the time of puberty. The highest dose tested caused a decrease in the number of TEBs and de-
creased branching, suggesting delayed mammary gland development, but mice exposed to a low
dose of genistein displayed increased branching and ductal elongation. The morphological differ-
ences (reduced lobuloalveolar development and dilated ducts) appeared to be permanent because
they were also observed at 9 months of age (28). Prepubertal exposure to genistein in rats decreases
the number of TEBs and increases the number of terminal ducts in 50-day-old animals. These
results suggest an enhanced rate of differentiation of TEBs into terminal ducts after genistein
treatment, thus signifying precocious development (87).

The effects of genistein exposure during development and cancer susceptibility seem to depend
on the timing of exposure. In two studies that included 5 days of postnatal exposure, TEBs
appeared earlier in treated than in control animals (precocious mammary development), and
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these TEBs differentiated into mature structures earlier than did those of the controls; both
studies showed a decreased risk of developing cancer (88, 89). One of those studies observed
a decrease in multiplicity of tumors in rats treated with genistein (88), and the other found a
significant increase in the density of lobuloalveolar structures, which correlated with a decreased
susceptibility to environmental carcinogens (89). Conversely, another study showed altered growth
and developmental programming of ERs in mammary tissue exposed to genistein during neonatal
life, a setting that typically puts one at increased tumor risk (28). Other studies in rodents have found
results consistent with an increased risk of mammary tumorigenesis following prenatal genistein
exposure: precocious development of TEBs and decreased differentiation with age. These findings
indicate a longer period for potential TEB exposure to environmental toxins and provide evidence
that treatment of rats with genistein increases the incidence of tumors if animals also receive a
mammary gland carcinogen (90, 91).

In a multigenerational study conducted by the National Toxicology Program, rats received
genistein in their diet starting during prenatal development. Alterations were seen in mammary
glands of both males and females, and changes in peripubertal males were most apparent (92, 93).
As genistein-treated rats aged, they had an increased incidence of mammary carcinomas.

Metals. Naturally occurring metals can be classified as EDCs because they mimic or perturb
the normal hormonal milieu. Prenatal exposure to low levels of cadmium, for example, can alter
mammary development in mice and rats, mimicking estrogen effects (94). Treatment of a human
breast cancer cell line (MCF-7 cells) with cadmium decreases ER protein and mRNA, stimulates
the estrogen response element, and induces cell growth (95). These results suggest that cadmium
can modulate and promote growth of breast cancer cells (95).

Mice exposed postnatally to cadmium also have more fat globules and degenerating alveolar
epithelial cells than do controls, along with a negative dose-response relationship between cad-
mium and milk-protein expression. At the highest dose, litter weights were reduced compared with
control offspring, suggesting that alterations of the lactating mammary gland caused by postnatal
exposure to cadmium may perturb its function and impair development of the offspring (96).

Other Factors

Lipids and adipose-derived hormones affect pubertal development. Maternal diet and health can
have major effects on fetal development, thus assessing the effect of dietary changes on developing
mammary glands is an important endpoint.

n-6 polyunsaturated fatty acid. Maternal rodent diets high in n-6 polyunsaturated fatty acid
(PUFA) correlate with larger mammary fat pad areas in female offspring and increased epithelial
cell density at puberty; increased density of TEBs occurs concurrently with reduced differentia-
tion into alveolar buds (51). The latter findings are consistent with precocious mammary gland
development, yet delayed and prolonged differentiation at puberty was evident, and increased risk
of tumorigenesis occurred later in life (97).

n-3 polyunsaturated fatty acid. In contrast, a diet high in n-3 PUFA suppresses mammary
gland development and ductal growth in mice. These suppressive effects were found only during
stages of intense proliferation, e.g., in early development and puberty, suggesting that pubertal
mammary gland development is a sensitive period for effects of dietary fatty acids (98). Upon
exposure to a mammary carcinogen, mice on a diet high in n-3 PUFA had a decreased incidence
of mammary tumors and increased tumor latency, whereas a diet high in n-6 PUFA enhanced
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tumor development and decreased tumor latency (99). This may be related to increased numbers
of TEBs in n-6 PUFA female offspring and reduced numbers of TEBs in the n-3 PUFA group.

Leptin. The adipose-derived endogenous hormone leptin is best known for its role in energy
balance through its actions on leptin receptors in the hypothalamus, but it also plays a role in
mammary gland development and function. Leptin-deficient mice are unable to support pups after
birth because of undeveloped mammary glands (100). Leptin may also promote mammary tumor
development. Breast epithelial cells (HBL-100 and T-47D) treated with leptin exhibit greater
proliferation than do the same cells in controls (101). Also, transgenic mice overexpressing leptin
and fed a high-fat diet (thus having high serum levels of leptin) developed mammary tumors earlier
than did lean mice (101).

ENVIRONMENTAL FACTORS CAUSING DELAYED
BREAST DEVELOPMENT

Although less studied, some environmental chemicals delay mammary development. This delay
can have detrimental effects on mammary function and morphology and may also be associated
with future problems. We note a few examples here and others in Table 2.

Atrazine

Atrazine, an herbicide commonly applied to food and grain crops in the U.S., has undergone risk
assessment since the late 1990s owing to its toxicity in rodents and its ability to permeate waterways,
soil, and drinking water supplies. Its use is banned in the European Union. Several paradigms
of exposure were tested to assess effects of atrazine on mammary gland development and VO;
these approaches included a cross-fostering design (102) and limited gestational exposures (27).
Atrazine-exposed rats, especially if exposed both in utero and through nursing, exhibit abnormal
mammary gland development (decreased branching, delayed migration into the fat pad, and fewer
TEBs) just after birth and extending past the time of VO. By age 6 weeks, most TEBs in control
animals were differentiated, whereas atrazine-exposed animals retained large numbers of TEBs,
suggesting an extended time for mammary tissue development. In timed-exposure studies (27),
rats exposed to atrazine for 3 days in late pregnancy had the most persistent delays in mammary
development. Although such delayed development was observed in these animals after they reached
sexual maturity, VO timing was disturbed only with extended periods of exposure (5 or 7 days).
Rats exposed 5 days prenatally to chlorotriazine metabolite mixtures at concentrations 10–1,000
times lower than that of atrazine itself also exhibited abnormal mammary development, with no
change in timing of VO (29). These low atrazine exposure levels did not affect VO, suggesting
that mammary development and VO timing are regulated by different mechanisms. These results
suggest that atrazine metabolites are biologically active, and because atrazine normally occurs in
nature in a mixture form, the effects of the mixture may be much more potent than the effects of
atrazine alone. Thus, further studies are needed to evaluate the effect of mixtures of compounds
on pubertal endpoints.

Second-generation pups born to mothers exposed in utero to atrazine have lower body weights
than those born to control dams, suggesting a decreased lactational capacity in rats with abnormal
mammary gland development when they become pregnant (27). Moreover, lifetime administration
of atrazine to rats in the diet caused early onset and increased incidence of mammary tumors
compared with controls. The latter results support the hypothesis that exposure to atrazine causes
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acceleration of endocrine-changing effects that result in an earlier onset of tumorigenesis, although
the mechanism of action for mammary changes is unknown (103).

2,3,7,8-Tetrachlorodibenzo-p-dioxin

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), an incineration- and chemical reaction–
dependent pollutant, is an EDC that binds the aryl hydrocarbon receptor to induce adverse effects
in development and reproduction, including the mammary glands. The carcinogenic potential of
TCDD is well documented (56).

The effect of TCDD exposure on mammary development of the rat has been studied exten-
sively. The female offspring of three different rat strains, each of which was exposed to a single
dose of this lipophilic compound a week before birth, exhibited severe and persistent delays in
mammary gland differentiation from birth into adulthood. Adverse effects included decreased
ductal branching, delayed epithelial migration into the fat pad, and fewer differentiated TEBs.
However, exposure near the time of birth or during the nursing period did not alter offspring
mammary gland development (26, 104).

Prenatal TCDD treatment of rats, followed by a carcinogen challenge in early adulthood,
doubled the incidence of mammary tumors and decreased tumor latency compared with controls.
These results suggest that TCDD permanently changes the mammary glands during gestation,
resulting in a heightened risk for tumors later in life (105). TCDD also impairs normal lactation in
mice exposed during the rapid mammary development of pregnancy (43), leading to malnutrition
and death in offspring.

An epidemiological study conducted in Seveso, Italy, correlated TCDD exposure following
an industrial accident with an increased risk of breast cancer (106). The hazard ratio for breast
cancer associated with a 10-fold increase in serum TCDD levels was 2.1 (95% confidence interval,
1.0–4.6). Because women in the study who had the greatest TCDD exposure are not yet between
the ages of 40 and 55, the age of highest breast cancer risk (107), it will be important to follow
these women as they age and to continue observing the incidence of breast cancer. Two studies
evaluating early-life exposures to dioxins or polychlorinated biphenyls found delayed breast de-
velopment in adolescents with the highest circulating levels (Seveso, Italy) (108) or the highest
prenatal/lactational levels (The Netherlands) of dioxin (109), but later-life adverse effects cannot
yet be determined.

Polybrominated Diphenyl Ether

Brominated chemicals are widely used for commercial and industrial products (e.g., flame retar-
dants in textiles, construction materials, and polymers used in electronics). Mammary gland de-
velopment was delayed in the female offspring of rat dams treated from early pregnancy through
weaning with a polybrominated diphenyl ether (PBDE) mixture (DE-71); this treatment provided
both gestational and lactational exposure. Mammary glands of the offspring had decreased epithe-
lial growth, limited TEB development, and decreased lateral branches just prior to puberty (110),
consistent with other altered reproductive endpoints in rodents exposed to PBDEs (111).

Perfluorooctanoic Acid

PFOA, which is used in fire-fighting foams, electronics, and products designed to be grease-
and water-proof, is the final degradation product of other >8-carbon perfluorinated materials.
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Persistent traces have been found in humans and wildlife, making it an important target for
developmental toxicity studies (112). Studies in mice have revealed stunted mammary development
after gestational PFOA exposure, although mechanisms for these effects are undetermined (113).

The lowest doses tested produced blood levels in mice that overlap with those reported in
humans living in PFOA-contaminated communities in Ohio and West Virginia (112). An expert
panel found that delayed puberty in girls in this cohort was associated with the highest levels
of serum PFOA (114). However, in reports from a British cohort, prenatal exposure to PFOA
and other related compounds was not associated with age at menarche (115). These two studies
assessed pubertal outcomes but did not evaluate timing of breast development.

RESEARCH NEEDS AND DATA GAPS

There are known links between breast cancer risk and pubertal timing, breast density, and en-
docrine disruption. Breast cancer is a leading cause of morbidity in women worldwide; therefore,
there is an important need to understand the environmental basis of the disease. Childhood obesity
and precocious puberty, both of which may influence breast cancer risk, are at epidemic levels in
many countries (8, 9, 31, 52, 57). An understanding of the connection between environmental ex-
posures and breast cancer risk factors may be the missing link that will lead to eventual prevention
of the disease. Young women begin breast development earlier than their mothers or grandmoth-
ers did, and they require a longer period to attain full breast size, thus lengthening the time of
susceptibility to EDCs and other environmental influences. More studies that expose rodents to
specific EDCs or mixtures of EDCs during critical windows of mammary tissue development and
that include long-term adult health follow-up should help define the environmental factors that
influence breast cancer risk in women.

Although research in the past 20 years has made great strides toward understanding the effects
of a limited subset of environmental EDCs and how they affect mammary gland development,
more information is required. Table 3 defines some of the research needed to make progress in
defining the sources for precocious puberty, specifically as it pertains to early breast development.
This review identifies many known environmental EDCs that alter mammary gland development,
but only a minute fraction of the 85,000+ marketed chemicals have been tested for effects on

Table 3 Research topics that need to be addressed for a better understanding of environmental effects on mammary tissue

Research needs Rodent Human
Understanding regulation of fetal and neonatal mammary development (which receptor
populations are present and when; involvement of other regulatory factors and genes)

√ √

Evaluating mammary gland development as a required endpoint in toxicology screening and
testing designs

√

Establishing whether early-life (prenatal and perinatal) environmental exposures are
associated with changes in timing of puberty

√ √

Evaluating mammary development in tandem with other pubertal endpoints so the
sensitivity of the tissue can be better assessed

√ √

Defining the dose-response relationships between mammary effect and internal dosimetry
or body burden of compounds in the environment

√

Examining an association between altered pubertal timing and additional adult adverse
health consequence

√ √

Determining if mammary-specific effects are multigenerational
√ √
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timing and other aspects of puberty, including mammary development. Chemicals with effects
in girls and rodents have been reviewed recently (12, 116). Few of the studies in rodents report
biological endpoints in addition to mammary effects, or a dose range for mammary and other
effects, so assessing the sensitivity of mammary tissue compared with other tissues is often difficult
or impossible. As knowledge of the toxicity of environmental EDCs becomes more widespread,
applying it to human-relevant endpoints will be crucial. This can be achieved by cooperative
efforts between toxicological and epidemiological studies that include human-relevant data and
endpoints in animal studies, such as those provided by internal dosimetry. In this review, we note
a few studies that have used doses relevant to humans, but it not clear whether they achieved
serum levels similar to those of humans, or if animals received doses comparable with those to
which humans are exposed. Identification of biologically relevant mixtures of chemicals that affect
mammary tissue is another important research gap.

Many toxicological studies using rodents address pubertal endpoints such as first estrus, es-
trous cyclicity, and VO. It is not clear whether these endpoints provide information relevant to
human health, as different mechanisms may control these and somewhat related human endpoints.
Although these are important markers in determining rodent puberty, they do not assess effects
on mammary differentiation and development, which are the hallmark endpoints of puberty in
humans. Therefore, evaluation of mammary gland development in toxicological studies is vital,
especially in the pursuit of using animals as surrogates for humans. Even more important is the
need for research that identifies the mechanisms by which EDCs alter mammary gland develop-
ment, sometimes permanently in female and male offspring (as noted above). These mechanisms
may prove crucial in preventing further increases in precocious breast development and breast
cancer.

SUMMARY POINTS

1. The HPG axis has a primary role in regulating the timing of puberty, ovulation, and
cyclicity in rodents and humans, and the HPA axis has proven roles in humans. VO in
rodents has no corresponding endpoint in humans, and adrenarche in humans has no
corresponding endpoint in rodents.

2. Mammary gland development is similar across species in the developmental windows of
susceptibility, the relative order and pace at which developmental milestones occur, and
the regulation by hormones and growth factors.

3. Precocious breast development is an ongoing problem. Recent reports indicate that the
percentage of 7-year-old girls with Tanner Stage II breast development is still on the
rise. Environmental factors are thought to contribute to this trend.

4. Environmental chemicals dysregulate the timing of breast development in rodent models;
estrogenic compounds (e.g., DES, genistein, BPA) tend to decrease the time needed for
gland differentiation, whereas other chemicals (e.g., atrazine, dioxin, PFOA) delay gland
development and prolong maturation. Acceleration or delay in mammary development
has been associated with risk for later tumorigenesis.

5. Although there is information on the effects of EDCs on mammary gland development
and related adverse adult health outcomes in rodent models, limited data are available
regarding environmental factors associated with precocious thelarche.
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