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Abstract

The estrogenic properties of bisphenol A (BPA), a ubiquitous synthetic monomer that can leach 

into the food and water supply, have prompted considerable research into exposure-associated 

health risks in humans. Endocrine-disrupting properties of BPA suggest it may impact 

developmental plasticity during early life, predisposing individuals to disease at doses below the 

oral reference dose (RfD) established by the Environmental Protection Agency in 1982. Herein, 

we review the current in vivo literature evaluating the carcinogenic properties of BPA. We 

conclude that there is substantial evidence from rodent studies indicating that early-life BPA 

exposures below the RfD lead to increased susceptibility to mammary and prostate cancer. Based 

on the definitions of “carcinogen” put forth by the International Agency for Research on Cancer 

and the National Toxicology Program, we propose that BPA may be reasonably anticipated to be a 

human carcinogen in the breast and prostate due to its tumor promoting properties.
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1. Introduction

Incidence and prevalence of cancers of endocrine target organs, including prostate, breast, 

and testis, as well as other diseases such as infertility and obesity began steadily increasing 
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in the 1970's and reached an elevated plateau in 2002 [1, 2]. The incidence of breast cancer 

increased by 26% during this time period , while prostrate and testicular cancers increased 

by 94% and 56%, respectively. Increased exposure to environmental synthetic estrogens, 

such as BPA, has been postulated to contribute, in part, to this increasing incidence [3, 4]. 

BPA is a synthetic monomer used in the production of polycarbonate plastics, epoxy resin 

linings of canned foods and beverage containers, dental sealants, and thermal receipt paper. 

In 2003, more than 6 billion pounds of BPA were produced worldwide [5], and production is 

expected to exceed 5.4 million tons this year (for detailed international market analysis, see 

Bisphenol A (BPA): 2015 World Market Outlook and Forecast up to 2019 from 

mcgroup.co.uk). The United States Environmental Protection Agency (EPA) estimates that 

over 1 million pounds of BPA leaches into the environment each year and over 90% of 

tested humans have detectable BPA in their systems with the highest levels found in infants 

and children [6-11].

BPA is an estrogenic compound [12]. It has a similar structure as the highly potent estrogen 

receptor (ER) agonist, diethylstilbestrol (DES), and binds classical nuclear ER alpha and 

beta, as well as membrane-associated GPR30, (Figure 1) albeit with lower affinity [13]. 

Thus, BPA is expected to have effects on ER function in addition to other nuclear hormone 

receptors and most of the studies on BPA action have focused on hormone sensitive tissues. 

The ubiquitous presence of BPA in the environment, concomitant with the increased 

prevalence of endocrine-related cancers, has led to numerous studies evaluating the role of 

BPA in carcinogenesis. In 1982, the National Toxicology Program (NTP) conducted a 

toxicology analysis and concluded that while pharmacological doses of BPA induced some 

cancers in both male and female adult rodents, it was not a robust carcinogen at doses 

relevant to human exposure [14, 15]. Hence, the EPA and the U.S. Food and Drug 

Administration established a safe reference dose (RfD) for humans at 50 μg/kg/day, based 

on a 1,000-fold reduction of the dose used in the NTP study (www.epa.gov/iris/subst/

0356.htm). While dose scaling is valid for agents that follow linear dose-response 

relationships, many endocrine-disruptors, like their endogenous hormonal counterparts, 

demonstrate a non-monotonic dose-response curve. In this case, lower doses are as relevant 

as higher doses [16-18]. In addition, cancer susceptibility may be established during fetal 

and postnatal organ development and exposure during these times was not assessed by the 

NTP study. During various developmental windows, tissues are finely attuned to endocrine 

input for establishing tissue architecture. Altering this milieu can predispose individuals to 

diseases manifested later in life (reviewed in [19]). BPA has been measured in maternal 

serum and ovarian follicular fluid, as well as in amniotic fluid and fetal plasma, indicating 

passage across the placenta during pregnancy [20, 21]. Furthermore, studies in primate and 

rodent fetuses and newborns suggest that the liver has a limited ability to metabolize BPA, 

creating the potential for BPA to be detrimental during critical developmental stages [22, 

23]. Given these limitations, the impact of BPA on sex-steroid responsive organs required 

additional study beyond the NTP analysis.

RTI International conducted a study sponsored by the Polycarbonate/BPA Global Group, an 

organization that promotes the interests and welfare of the major manufacturers of 

polycarbonate plastic and BPA, to evaluate the effects of early life BPA exposures on 

multiple reproductive parameters utilizing the rat strain, Crl:CD(SD), derived from Sprague-
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Dawley by Charles River Laboratories. [24]. The three-generation study revealed no 

increase in cancer of any organ system examined with chronic BPA exposure from gestation 

through adulthood at both low (0.001-5 mg/kg/day) and high doses (50-500 mg/kg/day) 

[24]. While these data suggest that fetal BPA exposure does not increase cancer incidence, 

limitations of the study included use of an animal model that is resistant to endocrine 

disruption and a narrow selection of organs analyzed. Additionally, animals were examined 

in young adulthood (3-4 months of age) prior to when cancer endpoints are typically 

observed without a carcinogenic challenge [17, 25]. In an attempt to address some of these 

concerns, RTI conducted a subsequent two-generation study utilizing CD-1 mice, estrogen 

treatment as a positive control, and low-doses of BPA (0.003-600 mg/kg/day) from gestation 

through adulthood [26]. While histopathological analysis revealed no cancer in any tissue 

examined, animals were only aged ∼15-20 weeks, a time point too early for most cancers to 

become evident. Further, the mice displayed a relative insensitivity to estrogen compared to 

other studies as well as other strains, diminishing the ability to make strong conclusions 

regarding the effects of low doses of BPA [26, 27]. Indeed, many studies on the 

reproductive effects of BPA exposure continue to report dichotomous results due to 

disparity in the use of animal models, dose, timing, and route of exposure [28-30].

The debate over the health risk of BPA exposure spurred the National Institutes of Health 

(NIEHS, NIDCR) and the EPA to assemble a panel of experts in endocrine-disruption to 

review the literature and compile a consensus report evaluating the association between 

BPA exposure and human health risk. As a result of this meeting, we extensively reviewed 

the weight of evidence for the carcinogenicity of BPA in 2007. Based on the scientific 

evidence at that time, we were confident that BPA displayed estrogenic properties and acted 

as an endocrine-disruptor [28]. We also concluded that BPA was likely to be associated with 

increased malignancies of the testes and hematopoietic system and increased susceptibility 

to neoplastic lesions in mammary and prostate glands following early-life exposures. 

However, insufficient data on tumor formation in response to BPA in vivo, coupled with 

vastly varying experimental designs, precluded conclusions specifically on the carcinogenic 

impact of BPA. The review panel then established guidelines to address these discrepancies 

with the purpose of firmly addressing BPA-induced health risks using environmentally 

relevant doses, often referred to as ‘low doses’ or doses below the LOAEL (50mg/kg/day). 

These guidelines have since been followed by numerous groups evaluating the carcinogenic 

impact of BPA, resulting in an expansion of our understanding of the effects of this 

endocrine disruptor.

Herein, we present an updated analysis of the weight of evidence for the carcinogenicity of 

BPA. Studies using BPA doses at or below the RfD (50 μg/kg/day) are given greater weight 

and are considered here as ‘low dose’ because they more closely model the most 

conservative estimates of environmentally relevant BPA exposures and the RfD is the dose 

considered “safe” by the EPA and the U.S. Food and Drug Administration. While we refer 

to all other BPA doses as “high doses”, the actual extent of human exposure to BPA, as well 

as the route of exposure, is under debate as bio-monitoring studies suggest that human-

relevant exposures are indeed higher than the RfD [31, 32]. While critical, accurate 

approaches for measuring the BPA exposome (i.e. the total human life-time exposure of 
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BPA) have not yet been developed and validated; hence we consider examining doses below 

the RfD as the most conservative approach for assessing the potential impact of BPA on 

establishing cancer risk.

While the NTP study conducted in 1982 concluded that BPA exposure could increase the 

incidence of hematopoietic malignancies in Fischer 344 rats, no further analyses of this 

malignancy have been reported. Due to the estrogenic action of BPA, this review primarily 

focuses on in vivo assessments of carcinogenesis in the male and female reproductive tracts 

as well as other proposed estrogen target tissues (a summary of studies is presented in Table 

1). However, we do not exclude any non-reproductive tissues from this analysis as the list of 

estrogen target tissues continues to expand [33-35]. Similar to the NTP and the International 

Agency on Research on Cancer (IARC), we evaluate the strength of the evidence to gauge 

the carcinogenicity of BPA and not the potency of its carcinogenic activity. Further, we note 

that negative studies do not necessarily indicate that BPA is not a carcinogen, as these 

experiments are conducted under a specific set of conditions; standards also exercised by the 

NTP. Lastly, we include a series of conclusions regarding the current state of this field and 

areas requiring further study.

2. Methods

A search for published manuscripts analyzing the effects of BPA treatment in in vivo 

mammalian models was performed utilizing Pubmed and Google Scholar search engines, 

among others. Principle searches were conducted using “cancer” and “bisphenol” as key 

words and subsequently refined with additional key words such as testes, brain, mammary, 

etc.

3. Epidemiological Data

In 2008, Lang, et al. reported the levels of urinary BPA in samples collected by the National 

Health and Nutrition Examination Survey (NHANES) of U.S. adults that had also completed 

a health survey [36]. No association between elevated BPA concentrations and cancer was 

evident. However, “cancer” was listed as a single category, potentially masking associations 

of BPA with specific malignancies. Indeed, the cross-sectional design of this study provides 

limited data regarding extent, timing and duration of BPA exposure as only a single time 

point was investigated. Further, patient cancer history was dependent on self-reporting and it 

is not known whether the subjects had occult tumors at the time of urine collection. While 

small studies have reported BPA concentrations in cancer patients with selected tumor types, 

large-scale epidemiological data is lacking. Such studies are necessary to obtain sufficient 

statistical power to identify concurrent low-dose exposures to BPA and associated cancers 

as well as patient outcomes from specific disease subtypes. Most importantly, large birth 

cohorts documenting fetal/early life BPA exposure with lifetime follow-up are needed to 

fully evaluate the impact of environmental BPA exposure during early life on cancer risk. 

While informative, data from such studies would not be available for decades due to the 

nature of the study design, the current inability to measure the timing and extent of 

exposure, and the lack of a funding mechanism to collect, analyze and house the data 
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generated by a life-time cohort. Thus, it is critical to focus on other data streams to assess 

the potential impact of BPA exposure on cancer risk.

4. Cancers of the female breast and reproductive tract

4.1 BPA and Breast Cancer Incidence

Other than skin cancer, breast cancer is the most common malignancy among American 

women, and the second leading cause of cancer death (ACS Statistics, 2012). Breast cancer 

incidence steadily increased from 1970-2000 (National Cancer Institute's Surveillance, 

Epidemiology and End Results Program), correlating with increased production of BPA 

[37]. The potential impact of BPA specifically on breast cancer in women has been 

evaluated in two studies. Yang, et al analyzed 167 blood samples collected between 1994 

and 1997 from Korean women, and measured the level of BPA in blood by HPLC/FD. 

Blood BPA levels were not associated with increased breast cancer risk [38]. However, 

given the large variability in BPA levels across the sample set, this study was likely to be 

underpowered to identify an association. It also did not assess exposures during breast 

development. Recently, a study was conducted analyzing the urinary BPA metabolite, BPA-

glucuronide (BPA-G), in postmenopausal Polish breast cancer patients at the time of 

diagnosis [39]. BPA-G measurement is reflective of BPA metabolism, thus reducing the 

potential of sample contamination with BPA during collection and analysis. Data on 575 

invasive breast cancer cases recruited from 2 sites (Warsaw or Lodz, Poland), including 384 

ER+ and 191 ER- cases, was collected as part of a previously described Polish Breast cancer 

study and compared to age and study-site matched controls. [40]. Overnight urine samples 

were collected in propylene tubes and creatinine-adjusted unconjugated and BPA-G 

measured by HPLC/MS/MS in the same laboratory by the same technician. No association 

between urinary BPA-G and breast cancer risk was noted, nor were there significant 

differences in urinary BPA-G between patients with ER+ versus ER- cancer. However, 

BPA-G levels were significantly elevated in women from Warsaw (n=420) compared to 

those from Lodz (n=155), possibly confounding risk estimates. Like the Korean breast 

cancer study, one-time, adult assessment of BPA levels is inadequate to accurately discern 

BPA exposure levels during the critical windows of mammary gland development or a 

cumulative life-time of BPA exposure.

Rat Models of BPA-induced mammary carcinogenesis—Throughout its 

development, the mammary gland undergoes hormonally-induced morphogenetic changes in 

the stromal and epithelial compartments. At the cellular level, mammotropic hormones 

regulate cell proliferation, apoptosis and the expression of specific genes and proteins. At 

the tissue level, hormones regulate ductal elongation, branching, lobuloalveolar 

development and post-weaning remodeling. All these phenomena involve stromal-epithelial 

interactions [41]. During these morphogenetic processes mammary tissue is exquisitely 

sensitive to neoplastic insults, as observed in women exposed to the synthetic estrogen 

diethylstilbestrol during pregnancy (mothers) and gestation (daughters), and may be highly 

susceptible to the presence of endocrine disrupting chemicals such as BPA [42-44]. It is 

noteworthy that dysregulated cell signaling, manifested as hyperplasia, is considered to be 

one of the first steps toward transformation and neoplasia [45].
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The majority of in vivo studies examining BPA effects on mammary gland carcinogenesis 

have used rat models. While multiple exposure time points have been examined, a consistent 

impact of BPA on mammary gland architecture has been revealed particularly when 

exposure occurs during embryogenesis. Fetal exposure of Wistar-Furth rats significantly 

increases intraductal hyperplasia at postnatal day (PND) 50 and PND95 when dams received 

2.5 μg/kg/day BPA by implanted osmotic pump [46]. Both Ki67 and ERα expression were 

significantly increased in the hyperplastic lesions compared to normal ducts in controls, 

indicating increased proliferation and estrogenic activity. During puberty, fetal exposure to 

BPA also results in an increase in the proliferation/apoptosis ratio in both the epithelial and 

stromal compartments. These changes translated to an increase in the number of hyperplastic 

ducts by post-natal day 110; the ducts were also surrounded by a more fibroblastic and dense 

stroma in the BPA-treated cohort, suggestive of a desmoplastic reaction.

When a range of doses (2.5-1,000 μg/kg/day) were used in an in utero exposure paradigm 

with Wistar-Furth rats that involved BPA delivery by mini-osmotic pumps implanted in the 

mothers on embryonic day 9, BPA caused comparable changes in the mammary gland, 

including a 3-4 fold increase in hyperplastic ducts and an increase in estrogen receptor (ER) 

positive cells. Of note, this study also revealed a BPA-associated incidence of mammary 

intraepithelial neoplasias (MIN), described as cribriform carcinoma in situ in 25-33% of 

adult rats following fetal exposure [46]. Further supporting the conclusion that BPA 

increases mammary tumor incidence in rats, Sprague Dawley rats exposed to a range of 

BPA doses (0.25, 2.5, 25, 250 μg BPA/kg/day) via osmotic pumps during gestation or 

during both gestation and post-natally through the mother's milk developed macroscopic 

tumors by PND90, at a rate of 3.5%. Although free BPA could only be measured in 100% of 

the dams and fetuses exposed to 250 μg BPA/kg/day, carcinomas appeared at doses as low 

as 0.25 μg/kg/day. These results suggest that BPA may have carcinogenic properties when 

administered perinatally [47].

An increase in the number of terminal end buds (TEB) and lobular structures of the 

mammary gland were also observed in 21 day old SD female rats exposed in utero to a high 

dose of BPA (250 μg/kg/day) but not to a low dose (25 μg/kg/day) delivered by oral gavage 

to the mother. Although early morphological changes were consistent between all studies 

using different rat strains, no change in proliferation was observed at any dose or stage of 

development in SD rats [48]. At 100 days, in utero exposure (250 μg/kg/day) also resulted in 

variations in gene expression of differentiation genes that may modify gland development in 

SD rats [48]. However, the specific role of these expression changes on BPA response and 

cancer susceptibility is not yet known.

Using similar dosing protocols, the impact of BPA on susceptibility to mammary tumor 

formation in rats has been assessed following carcinogenic insults with N-nitroso-N-

methylurea (NMU) or 7,12-Dimethylbenz(a)anthracene (DMBA). During postnatal 

development, the mammary gland contains a large number of TEBs. As indicated above, 

these structures are highly sensitive to carcinogens due to their high rate of proliferation and 

undifferentiated state [49, 50]. The surrounding stroma is also susceptible to insult and can 

contribute to the subsequent formation of cancers [51, 52]. As indicated above, fetal BPA 

exposure (25 μg/kg/day, osmotic pump beginning E8 to E23) to Wistar rats increased the 
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number of hyperplastic ducts at PND110 and PND180 and these were associated with 

desmoplastic stroma and increased mast cells [53]. To further investigate the likelihood of a 

susceptibility effect on mammary tumorigenesis, another cohort was treated in utero from 

E8 to E23, with low dose BPA (25 μg/kg/day), and additionally administered a 

subcarcinogenic dose of NMU (25 mg/kg) at 50 days of age. BPA-exposed animals had an 

increase of 2.8 and 2.3 fold in the number of preneoplastic lesions in response to NMU at 

PND 110 and PND180; respectively. In addition, 2 of 15 mice had cribriform ductal 

carcinoma in situ [53]. This study complements those demonstrating an increase in 

neoplastic lesions with BPA exposure, suggesting that BPA can also increase susceptibility 

to an NMU-induced carcinogenic event later in life.

Several studies utilizing DMBA as the carcinogenic insult in Sprague-Dawley CD rats offer 

similar evidence that BPA can increase mammary cancer susceptibility. Jenkins, et al 

presented the first evidence that delivery of high dose (250 μg/kg/day) BPA by oral gavage 

to lactating SD dams from PND2 through PND20, can significantly increase susceptibility 

of the offspring to DMBA-induced mammary tumors. A similar trend was observed for low 

dose (25 μg/kg/day) exposure [54]. The higher dose cohort also had a shorter tumor latency 

and increased multiplicity. Similarly, in utero exposure to BPA beginning on embryonic day 

10 (E10) through embryonic day 21 (E21), also increased mammary tumor susceptibility to 

DMBA in SD-CD rats, but this was dependent upon the timing of carcinogenic insult [55]. 

When DMBA was given at PND50, there was no difference in tumor latency or in tumor 

multiplicity in either the low (25 μg/kg/day) or high (250 μg/kg/day) dose cohorts compared 

to controls. However, when DMBA was administered at PND100, a significant increase in 

tumor incidence was observed in the high dose BPA cohort (250 μg/kg/day). In addition to 

tumors, rats exposed in utero to high dose BPA and PND100 DMBA treatment also 

displayed an increase in proliferation and significant upregulation of ERa as well as its 

downstream targets, progesterone receptor (PR) and Bcl-2 in the mammary gland, 

suggesting that BPA may change the gland's sensitivity to circulating estrogens. A similar 

shift in the window of DMBA susceptibility was observed with in utero exposure (E2 

through PND21) of SD-CD rats to BPA at low (25 μg/kg/day) or high (250 μg/kg/day) 

doses. DMBA failed to induce tumor formation when given at PND50, while increased 

tumor formation was observed when DMBA exposure occurred at PND100 following high 

dose (250 μg/kg/day) fetal administration of BPA [56]. Together, these studies indicated that 

the timing of a carcinogenic event is critical to observe an effect of BPA exposure on 

mammary tumor susceptibility (Table 1). Importantly, windows of breast cancer 

susceptibility also exist in women. Exposure of pubertal girls to radiation from the atomic 

bombs in Japan increased their risk for developing breast cancer later in life whereas 

exposure of older women did not alter their breast cancer incidence [57].

In addition to prenatal BPA exposure, the impact of early postnatal exposures on mammary 

cancer susceptibility has been evaluated. SD-CD female rats were exposed to low (25 μg/kg/

day) and high (250 μg/kg/day) doses of BPA by oral gavage of the mother, delivering BPA 

to the pups through the milk from PND2-21. This was followed by treatment with DMBA at 

PND50. BPA had a dose-dependent effect on mammary tumor formation with a significant 

increase in the number of tumors observed in the high dose cohort (250 μg/kg/day). Tumor 
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latency was also significantly decreased for BPA-treated rats compared to controls for both 

doses. BPA exposure led to an age-dependent increase in mammary epithelial cell 

proliferation, decreased apoptosis, up-regulation of several proteins involved in cell growth, 

and an increase in AKT signaling [56]. Similar outcomes were observed with pre-pubertal 

exposure to BPA followed by DMBA where administration of high dose BPA (250 μg/kg/

day) to pre-pubertal SD-CD rats, and subsequent exposure to DMBA at PND50, 

significantly increased the number of mammary tumors compared to controls [58]. In 

addition to the increase in tumor formation, Betancourt, et al. also observed differential 

expression of several proteins crucial to extracellular matrix composition, indicating a 

potential effect of BPA on both stromal and epithelial cells, both of which may contribute to 

the increased susceptibility to carcinogenic insults.

As a whole, these studies using distinct rat strains indicate that low dose exposures to BPA 

(25 μg/kg/day) in utero or pre-pubertally cause a range of mammary gland changes 

including increased proliferation, decreased apoptosis, hyperplasia, and increased 

proliferative structures such as TEBs. These results were obtained in the majority of reports 

for BPA exposure of female rats at a low dose. When BPA exposure is coupled with either 

NMU or DMBA treatment, several studies reported an increase in mammary tumor 

formation, a decrease in latency, and an increase in multiplicity. The most reported effects 

occurred upon exposure to high doses of BPA (250 μg/kg/day) either in utero or pre-

pubertally. In addition to the high dose results, two different labs also reported a statistically 

significant increase in tumor susceptibility with low dose BPA (25 μg/kg/day). Differences 

in the dosing/timing of susceptibility may be explained by the presence or absence of tumor-

susceptible terminal end buds and terminal ducts during the time of treatment with 

carcinogen, or an effect of BPA on stromal susceptibility. Based on these findings we 

conclude that BPA increases the susceptibility of the adult mammary gland to subsequent 

exposures to chemical carcinogens. Importantly, BPA exposure resulted in some neoplasias 

in multiple studies in the absence of a NMU or DMBA challenge, suggesting that BPA can 

act as a carcinogen.

Mouse models of BPA-induced mammary carcinogenesis—The effects of BPA 

exposure on the mammary gland have also been investigated in various murine models using 

several genetic strains and transgenic mice. Studies in CD-1 mice revealed that in utero or 

perinatal exposure to BPA caused intraductal mammary epithelial hyperplasias [59]. 

Vandenberg, et al., reported that in utero exposure from E8 to E18 to 0.25 μg/kg/day BPA 

by osmotic pumps in outbred CD-1 mice significantly increased adipose differentiation of 

the stroma, altered the organization of the extracellular matrix (ECM), increased ductal area 

and length and inhibited lumen formation in mammary glands at E18 indicating that BPA 

exposure during fetal development can alter normal mammary gland morphogenesis [60]. 

Subsequently, Wadia, et al. examined the transcriptome of the stroma and epithelium of 

C57BL/6 female mice at E19, showing that 0.025 μg BPA/kg/day, osmotic pump beginning 

at E8, induced comparable changes to those obtained with ethinylestradiol [61]. Moreover, 

the transcriptome patterns were consistent with the morphological changes reported by 

Vandenberg, et al. [60], supporting the postulate that BPA acts through ERs located in the 

stroma and affects stromal-epithelial interactions. Using the same protocol in CD-1 mice, a 
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series of publications have shown that 0.025μg and 25μg BPA/kg/day administered 

gestationally (osmotic pumps) results in morphological alterations at puberty, increased 

sensitivity to estradiol, earlier expression of progesterone receptor (PR) positive epithelial 

cells, increased lateral branching, increased lobuloalveolar development and intraductal 

hyperplasias [59-62].

Addition of BPA (0.6 μg-1.2 mg/kg/day) to the drinking water of C57BL/6 breeding pairs 

exposes the pregnant dam as well offspring to BPA from gestation through lactation [63]. 

The mammary glands of female offspring displayed a significantly increased number of 

terminal end buds at puberty when their mothers were given a 3 μg/kg/day dose. Adult 

female offspring also had an elevated number of mammary epithelial cells following a 6 

μg/kg/day or 12 μg/kg/day dose compared to controls. These increases were comparable to 

those seen in mice treated with diethylstilbestrol (DES), a positive-control estrogenic 

compound with established pro-tumorigenic effects in the mammary gland [63]. There were 

also an increased number of progesterone receptor positive cells in the luminal epithelium, 

indicating elevated estrogenic activity. The increase in PR expression provides a potential 

mechanism for the findings of Munoz de Toro, et al., 2005 where early exposure to BPA 

enhanced sensitivity of the mammary gland to progesterone [43].

To determine if prenatal exposure to BPA could induce precocious puberty or alter 

mammary gland development of inbred FVB/N mice, pregnant dams were treated beginning 

on E8 through parturition with vehicle or low dose BPA (25 μg/kg/day, oral gavage). 

Female pups exposed to BPA in utero exhibited early puberty as demonstrated by 

accelerated vaginal opening. There were no changes in ductal length or notable qualitative 

morphological differences in mammary gland development at any of the stages examined 

including prepuberty, puberty, postpuberty, pregnancy, lactation, or involution [64]. These 

results contrast with previous studies and may be due to difference in strain, BPA delivery, 

dose or end point measured [43, 63]. Indeed, Soto and colleagues reported a non-monotonic 

effect when examining the impact of BPA on TEB number [65].

As in rats, the DMBA-induced mammary gland carcinogenesis model has been used to 

assess the impact of BPA on tumor susceptibility. Exposure of pregnant FVB/N dams to 

BPA (25 μg/kg/day or 250 μg/kg/day, oral gavage), followed by treatment of female 

offspring with DMBA during puberty at 5 and 6 weeks of age, revealed a dose-dependent 

increase in mammary tumor susceptibility compared to controls [64]. These results further 

support the conclusion that prenatal BPA exposure increases mammary tumor susceptibility 

later in life. Recently, Wang et al. examined the effect of postnatal exposure to low dose (25 

μg/kg/day) BPA with a subsequent DMBA challenge on the ability of mammary stem cells 

to recapitulate the mammary gland in a BALB/c xenograft model. Prepubertal (21 days old) 

females were orally gavaged with BPA for 3 weeks, followed by one oral dose of DMBA at 

8 weeks of age. Mammary stem cells were isolated at various ages and transplanted. Lateral 

branching, hyperplasia, and luminal progenitors were all increased by exposure to the 

combination of BPA and DMBA. In addition, glands reconstituted from mammary stem 

cells that were previously exposed to BPA during puberty formed neoplastic lesions similar 

to glands exposed to DMBA. This is the first report that exposure to BPA alters the function 

of mammary stem cells [66]. Given the proposed roles of stem cells in mammary 
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tumorigenesis, these studies provide a plausible mechanism for the ability of BPA to 

increase tumor susceptibility [67].

Low dose BPA also accelerated mammary tumorigenesis and increased metastasis in a 

transgenic mouse model of erbB2/HER2-induced breast cancer [68]. Beginning after 

puberty at 56 days of age, female MMTV-neuT mice were exposed to BPA via the drinking 

water until PND 252. Lower doses of BPA (2.5 μg/kg/day and 25 μg/kg/day) significantly 

reduced the time to initial tumor detection, increased tumor multiplicity and volume, and 

lung metastases. Interestingly, none of these effects were manifested with higher doses of 

BPA, indicating again that the effects of BPA can follow an inverted-U dose–response, with 

larger effects at lower doses. These data further indicate that exposure to BPA during 

adulthood can also increase susceptibility to mammary tumorigenesis, in this case induced 

by erbB2/HER2 overexpression.

In summary, several studies reported a significant impact of BPA on mouse mammary 

architecture and suggest that perinatal exposure to BPA increases the sensitivity of the gland 

to estradiol and progesterone, hormones that control cancer risk in this tissue. However, it is 

difficult to derive comprehensive and consistent conclusions on the effects that BPA has on 

the morphology of the mouse mammary gland due to lack of consistent use of strain, 

delivery methods, and end points studied (Table 1). Reports using distinct mouse breast 

cancer models and dosing paradigms have repeatedly found that BPA increases tumor 

susceptibility when using a variety of tumor models and the available mouse data support 

findings derived from rats. Thus, these data strongly support a carcinogenic role of BPA in 

the mammary gland.

Epigenetic effects of BPA on the mammary gland—The principal mechanism of 

action of BPA appears to be its estrogenic activity [61] (Figure 1), yet many of its effects are 

observed long past the duration of exposure. Thus, the impact of BPA must extend beyond 

immediate transcriptional regulation in both stromal and epithelial cells. Indeed, alterations 

of the transcriptomes of both tissue compartments observed during the period of exposure 

may explain the morphological and functional effects observed later in life ([61] and 

reviewed in [65]). Microarray analyses of rat mammary glands exposed to BPA in utero 

revealed a host of changes in gene expression in low (25μg/kg/day) and high (250μg/kg/day, 

oral gavage) dose cohorts [48]. While changes in gene expression were modest at PND21 

and 35; the number of differentially-regulated genes increased at both PND50 and PND100. 

Expression changes included genes involved in cell death, immune function, response to 

stress, and differentiation, among others [48]. Although not directly tested, it is likely that at 

least some of these changes impact mammary cancer susceptibility. The fact that many gene 

expression changes were delayed also supports the possibility that BPA may have an impact 

on the mammary epigenome or the systemic hormonal milieu. Supporting an epigenetic 

impact, Dhimolea, et al. examined the methylation profile of the DNA of mammary glands 

of WF rats exposed in utero (ED9 to PND1) to BPA at 250 μg/kg/day using osmotic pumps. 

Of the 58,207 genomic loci probed, 812 were hyper-methylated and 675 were hypo-

methylated at PND 4, 1,904 were hyper-methylated and 1,787 hypo-methylated at PND 21, 

and 1,072 were hyper-methylated and 1,162 hypo-methylated at PND 50 in the BPA-

exposed animals compared with vehicle controls. The methylation patterns induced by BPA 

Seachrist et al. Page 10

Reprod Toxicol. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



showed dynamic changes over time. Relatively few genomic DNA methylation differences 

between BPA- and vehicle-treated groups were maintained throughout the three time-points. 

This may suggest a time-dependent methylation change in the vehicle-treated group that did 

not occur in the BPA-treated group [69]. Of note, transcriptome changes were only observed 

at PND 50, i.e., the time at which increased incidence of intraductal hyperplasias and DCIS 

are observed in this rat strain. Genes whose expression was elevated in the BPA-treated 

group included those associated with cell cycle regulation (eg. JUN and CDKN1c). These 

changes appear to be a consequence of the developmental alterations caused by BPA rather 

than causal events that result in neoplastic development later in adulthood. Given their 

timing, they may reflect alterations in stromal-epithelial communication during gland 

morphogenesis rather than direct carcinogenic pathways within the epithelial cells and may 

reflect sustained effects on epithelial-stromal communication within the gland.

Together, animal modeling studies suggest that BPA increases breast cancer susceptibility. 

While no human data are currently available to confirm this postulate, one primate study has 

been reported. Female neonates born to rhesus monkeys exposed during pregnancy to orally-

delivered BPA (400 μg/kg/day BW, ED100 to ED165) exhibit a significantly increased 

density of mammary buds [70]. These data are consistent with those at E18 in CD-1 mice 

[60]. As a whole, studies using multiple animal models indicate that early life exposure to 

BPA increases mammary cancer risk. A new study in SD rats reported that low doses of 

BPA (0.25, 2.5, and 25 μg/kg BW from ED 9-birth and from ED 9-PND 21, osmotic pump) 

induce mammary carcinomas on their own, supporting the notion that BPA is a direct breast 

carcinogen [47]. With the addition of this study, the weight of evidence in rodent models 

reported by independent laboratories supports the conclusion that BPA at doses below the 

RfD increases the susceptibility of the mammary gland to develop cancer [47, 60, 64]. These 

findings and conclusions are summarized in the Overall Conclusions of this report.

4.2 Ovarian cancer

Low doses of BPA alter oocyte meiotic events [71-73], yet data demonstrating an 

association between BPA exposure and ovarian cancer is lacking. The study conducted by 

RTI discussed above concluded that there was no increase in cancer risk in many 

reproductive tissues, although detailed histological analysis of the ovary was not reported 

[24]. In separate studies, Eker rats and CD-1 mice treated with BPA pre-pubertally [50 

mg/kg/day subcutaneously (s.c.) PND10-12 and 10mg/kg/day s.c. PND15-18, respectively] 

also showed no histological ovarian abnormalities [74, 75]. In contrast to these analyses that 

utilized very high doses, Newbold et al treated CD-1 mice with lower doses of BPA 

(10-1000 μg/kg/day s.c.) during PND 1-5. By 18 months, mice receiving 100 μg/kg/day 

BPA had more ovarian cysts compared to controls, although cystic ovaries and progressive 

proliferative lesions of the oviduct were common in both treated and control groups [76]. 

The high incidence of lesions in the control group is likely due to exposure to environmental 

estrogens from housing materials. Most importantly, when in utero exposure (ED 9-16, s.c.) 

was assessed under BPA-free housing conditions, a significant increase in ovarian cysts 

occurred at a much lower BPA dose (1 μg/kg/day) compared to controls [77]. Other ovarian 

abnormalities included benign cystadenomas, although this was not statistically significant. 

Polycystic ovaries have also been noted in SD rats treated from PND 0-9 with 4 mg/kg/day 
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BPA s.c. [78] and PND 1-10 with ∼25mg/kg/day BPA s.c. [79] at ∼2.5 and 4-5months, 

respectively. While the studies using SD rats independently confirm that BPA induces cystic 

ovarian lesions, BPA was administered at levels well above the RfD (currently set at 50 

μg/kg/day) and higher than estimated human exposure levels. Given the non-monotonic 

effects observed in other tissues, additional studies using lower doses are necessary to 

determine if BPA exposure may impact ovarian cancer susceptibility in rodents.

While the animal studies remain incomplete, studies in women also suggest that BPA 

exposure may be associated with increased incidence of ovarian cysts. Circulating BPA 

levels were ∼46% higher in a cohort of 71 women with polycystic ovary syndrome (1.05 ± 

0.56 ng/ml) compared to 100 controls (0.72 ± .37 ng/ml) [80]. While intriguing, long term 

follow-up studies with large cohorts are necessary to determine if women with elevated BPA 

concomitant with PCOS have an increased risk of developing ovarian cancer. Ovarian 

cystadenomas have a significant impact on health, however these lesions have no association 

with increased risk of ovarian carcinoma [81, 82]. In contrast, women with polycystic ovary 

disease have a 2-3 fold increased risk of endometrial and ovarian cancers [83, 84]. Together, 

the human and rodent studies reveal that BPA exposure consistently induces ovarian 

pathologies that may ultimately be associated with increased cancer risk. However, the lack 

of overt tumor formation in the currently available reports suggests that BPA may not have 

carcinogenic activity in the ovary. Future studies focusing on the role of BPA in cancer 

progression utilizing environmentally relevant dosing paradigms in accurate animal models 

of ovarian cancer are necessary to more fully elucidate its impact on ovarian cancer risk.

4.3 Uterine cancer

The uterus is exquisitely regulated by estrogens and progestins, which control growth of the 

endometrium. Like the ovary and breast, prolonged or elevated estrogenic exposure is 

associated with increased risk of endometrial cancer. Indeed, early life exposure to another 

endocrine disruptor, DES, induces leiomyoma and uterine cancer in mice [85]. In humans, it 

was reported that lower serum BPA levels were associated with endometrial hyperplasia 

with malignant potential as well as endometrial cancer in a small cohort of premenopausal 

Japanese women [86]. However, this study was limited to nine premenopausal women with 

hyperplasia and seven postmenopausal women with cancer. Furthermore, serum BPA was 

measured by enzyme-linked immunosorbent assay (ELISA), the use of which has been 

questioned due to the potential for cross reactivity with other compounds [87, 88]. A larger, 

more recent study found no association with urinary BPA and the odds of leiomyoma 

diagnosis in 495 women across 14 clinical sites in the United States [89]. Notably, only a 

single BPA measurement was performed at the time of examination or study enrollment in 

either study, a typical limitation of epidemiological studies examining the association of 

BPA with human disease. To fully discern the longitudinal impact of BPA on uterine 

physiology, animal models have been necessary.

It was expected that adult or gestational exposure to BPA, due to its endocrine disruptor 

properties, would increase the incidence of uterine anomalies in animal models. However, 

treatment of SD rats with high doses of BPA (0.1-50 mg/kg/day) in utero (ED 6-21) until 

weaning failed to increase the incidence of benign leiomyomas or uterine carcinomas when 
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examined at 4 months of age [90]. Spontaneous development of leiomyomas and uterine 

carcinomas is rare in SD rats and this strain is generally resistant to endocrine disruption in 

the vagina and uterus by estrogens [91-93]. In fact, in utero exposure to the powerful 

synthetic estrogen, DES, only induces benign uterine lesions at the extended age of 14 

months in SD rats, suggesting evaluation after only 4 months would be insufficient to 

observe any BPA-induced pathology [94]. Nevertheless, this study did find that BPA 

decreased uterine epithelial wall thickness and caused a two-fold increase in the 

accumulation of pronounced nuclei with condensed chromatin [90].

A similar lack of impact on the uterus was observed when adult female ovariectomized 

Wistar rats were treated with high BPA doses (0.5-50 mg/kg/day, s.c.) for 5 days [95]. 

However, studies in rodents have shown that the uterus is less sensitive to the proliferative 

effects of estrogen during adulthood when compared to neonatal exposure, with PND 3-12 

being the most sensitive window to induce developmental reprogramming [74, 96]. 

Consistently, no evidence of uterine pathologies was found in outbred CD-1 mice after 

being treated at 14-18 days of age with high-dose BPA (10 mg/kg/day, s.c.) and then 

analyzed at 24 weeks [75]. Again, this is an earlier time point than the observation of uterine 

pathologies induced by DES in this strain (∼13months of age) and doses well above the RfD 

were used [97].

In contrast to the above studies, when using a neonatal exposure protocol (PND 1-5) of 100 

μg/kg/day of BPA administered s.c. to CD-1 mice, a significant seven-fold increase in cystic 

endometrial hyperplasia (CEH) was observed when the mice reached 18 months of age. 

Leiomyoma was observed at each BPA dose (10, 100 and 1000 μg/kg/day) and not in 

controls, although the increased incidence of leiomyoma did not reach statistical 

significance [76]. In the same mouse strain, gestational exposures (0.1-1000 μg/kg/day) on 

embryonic days 9-16 yielded no increase in incidence of CEH in the offspring at 18 months 

of age in exposed versus control animals and evidence of leiomyoma was not reported [77]. 

This may be due to BPA exposure occurring prior to the developmental window when the 

uterus is most sensitive (PND 3-12) to reprogramming by xenoestrogens [74, 96].

BPA effects have also been studied using rodent models that are susceptible to adverse 

effects of endocrine disruption in the uterus, including the genetically-predisposed Eker rats 

as well as Donryu rats treated with the carcinogen N-ethyl-N′-nitro-N-nitrosoguanidine 

(ENNG) [98-100]. A 2-day treatment of neonatal Eker rats with high doses of BPA s.c. 

(PND10-12 at 50 mg/kg/day) failed to increase frequency or multiplicity of leiomyomas by 

16 months of age despite observing increased pathologies with DES treatment, a key 

positive control [74]. Early life exposure to low doses of BPA (6 μg/kg/day, ED2-PND20) in 

Donryu rats with the additional carcinogenic insult of ENNG also did not increase the 

incidence of uterine malignancies over controls at 15 months of age [101]. These data 

suggest that early life exposure to BPA does not induce neoplastic changes in the uterus. 

However, each of these studies has significant shortcomings that preclude definitive 

conclusions. Neonatal BPA treatment for two days at the end of the developmental window, 

as in the 2012 Greathouse study [74], may be insufficient to induce uterine pathologies with 

age and, as mentioned previously, higher BPA doses may be less effective and are less 

environmentally relevant. While the study in Donyru rats utilized conservative estimates of 
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environmentally relevant doses of BPA, serum and tissue analyses revealed detectable BPA 

levels in all study animals, including the controls. This is likely due to the BPA 

contamination reported by the authors in the drinking water and pellet diet [101].

Given the limitations of the current studies, it remains unclear whether BPA can increase the 

risk of developing uterine cancer or benign leiomyomas. Rodent studies examining BPA are 

confounded by strain-specific differences in uterine sensitivity to estrogenic input, including 

the dose and timing of BPA exposure. Additionally, while morphological changes have been 

reported in the vagina with BPA treatment, studies are limited and no evidence of overt 

tumors has been reported [74, 75, 77, 102].

5. Cancers of the Male Reproductive Tract

5.1 Prostate Cancer

The first clinical evidence that BPA exposure may be associated with prostate cancer has 

recently been reported. In a cohort of 60 urologic patients, urinary BPA levels were 

normalized to creatinine content to adjust for variability of urine dilution. This study 

revealed that there were significantly higher urinary BPA levels in biopsy-confirmed 

prostate cancer patients than those without prostate cancer and this difference was even 

more profound in prostate cancer patients less than 65 years of age [103]. In these younger 

patients, serum prostate specific antigen (PSA) levels were negatively associated with urine 

BPA measurements, suggesting that urinary BPA may be a better diagnostic biomarker of 

prostate cancer than the traditional PSA analysis. Although a single urine sample with 

elevated BPA represents only a snap-shot in the patient's lifetime, it may be indicative of a 

lifestyle that sustains higher levels of BPA exposure. The preliminary association between 

elevated BPA levels and prostate cancer is remarkable particularly in light of a growing 

body of evidence supporting a cancer promoting potential of BPA in animal models as 

described below.

Dysregulation of the temporal pattern of estrogen exposure impairs prostate morphogenesis 

in rodents [104]. While estrogens are not required for prostate budding [105], sustained 

estrogen or estrogen mimetics, such as DES, predispose the gland to prominent dysplasia 

analogous to prostatic intraepithelial neoplasms (PINs) in humans. In adult rodents, 

prolonged 17β-estradiol and testosterone treatment (E+T) also induces PINs as well as 

invasive prostate adenocarcinomas [106]. Moreover, adult men with chronically elevated 

estrogens are at an increased risk of prostate cancer [107]. A novel mouse model has been 

developed to assess the effects of estrogenic compounds on human prostate morphogenesis 

[108]. This model uses human prostate stem-progenitor cells from young, disease-free 

human organ donors mixed with rat embryonic mesenchyme to generate chimeric prostate-

like humanized tissues when grown under the renal capsule of host mice. Exposure of the 

PSA-expressing, human prostate epithelium to elevated estradiol in an androgen-supported 

milieu for 2-4 months in vivo transforms the epithelium and induces prostate cancer albeit at 

a low incidence of 11% [108]. Nonetheless, this model provided direct evidence that 

estradiol is a carcinogen for human prostatic epithelium. This leads to the question of 

whether estrogenic compounds such as BPA may also be carcinogenic in the prostate.
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Prior to 2007, studies examining the impact of early-life BPA exposures on prostate cancer 

risk yielded conflicting results, likely due to differences in experimental design and dosing 

regimens. Fisher 344 rats exposed to BPA (0.05-120 mg/kg/day from E1 through lactation, 

orally to dams) and subsequently treated at 5 weeks of age with DMBA had the same 

incidence of PIN or prostate cancer as controls at 65 weeks of age [109]. The equivalent 

incidence of pathologies between the treatment groups may be explained by the failure to 

control for exposures to environmental estrogens leached from the caging, water bottles and 

diet, thus exposing all animals in this study to BPA. No serum BPA measurements were 

reported, making it difficult to reach definitive conclusions from these data. In a separate 

evaluation, exposures to 0.001-500 mg/kg/day BPA from ED 0 throughout adulthood also 

failed to induce prostate cancer in SD rats when examined at 15 weeks of age [24]. Analysis 

at 15 weeks is likely too early to observe pathological changes associated with BPA 

treatment, as epithelial hyperplasia and dysplasia is not even evident until at least 6 months 

of age with neonatal DES treatment [110]. It is also noteworthy that circulating BPA 

measurements were also not reported and no positive controls were utilized in this study.

Since these studies were reported, evidence has been accumulating that supports a cancer-

promoting effect of BPA on the prostatic epithelium. BPA treatment of adult SD rats (10 

μg/kg/day; i.p. for 4 weeks) potentiates testosterone-induced benign prostate hyperplasia and 

increases prostate weight in SD rats. These effects decreased with increasing doses of BPA, 

indicative of a non-monotonic dose response [111]. Recently, a study evaluating low and 

high doses of BPA (25 or 250 μg/kg/day) administered in utero (ED 10-21) to SD rats 

(orally to the dams) was conducted to determine whether gestational exposure to indole-3-

carbinol (I3C), a bioactive compound found in cruciferous vegetables, could reverse the 

harmful effects of BPA on the prostate. At the lower doses, BPA alone was sufficient to 

induce a significant increase in hyperplasia/dysplasia of the ventral prostate at PND180 (0% 

incidence in controls vs 62% incidence with BPA treatment) which was reversed with I3C 

[112]. While this study did not report overt cancers induced by BPA, it did reveal that doses 

of BPA below the RfD initiate precancerous events in the prostate epithelium. Moreover, 

when a carcinogenic regimen that mimics the rising estrogen:testosterone ratio observed in 

aging men was used in another report, BPA (10 μg/kg/day, s.c. on PND 1, 3 and 5) treated 

neonatal rats developed significantly more PIN lesions at 28 weeks of age than animals that 

did not receive BPA [113]. To address concerns regarding subcutaneous administration of 

BPA, Prins and colleagues have dosed neonatal rats with 10 μg/kg/day BPA s.c. or orally to 

compare susceptibilities to (E+T)-induced prostate cancer [114]. While free plasma BPA 

was modestly higher within the 30 min. immediately following s.c injection versus oral 

ingestion, values of free BPA for both routes of exposure were within the range observed in 

humans (0.2-20 ng/ml serum) [115]. Notably, BPA exposure by either route (10 μg/kg/day 

on PND 1,3 and 5), followed by the E+T regimen, caused a similar increase in PIN lesions, 

prostatic epithelial hyperplasia and chronic inflammation when compared to controls 

receiving E+T alone. Thus, despite higher circulating BPA levels during the first hour of 

exposure, subcutaneous delivery of BPA in neonatal rodents results in environmentally 

relevant doses of free BPA with physiological outcomes that phenocopy those induced with 

oral administration. Most recently, a dose-response analysis examined neonatal (PND 1, 3 

and 5) exposure to BPA at 0.1, 1, 10, 100 or 5,000 μg/kg/day delivered s.c. in oil (Prins and 
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Ho, 2013, unpublished data). Serum levels of free and glucuronidated BPA were measured 

by HPLC-MS-MS 1 hour post-exposure in PND 3 pups and although free BPA was 

undetectable in oil controls and the 0.1 and 1.0 μg BPA dose, the 10 μg/kg/day dose resulted 

in 0.72 ng/ml serum levels. Levels then rose linearly with dose thereafter. Neonatal BPA 

exposure alone did not produce PIN lesions in any prostate lobe at any dose when assessed 

at 7 months. However, with adult T+E exposure, all doses of neonatal BPA, including those 

with undetectable free BPA, resulted in a significant increase in PIN incidence in the lateral 

prostate lobe compared to controls given T+E alone. Further, an inverted U-shaped dose-

response in PIN incidence was noted in the dorsal and ventral lobes given adult T+E with a 

peak in PIN lesions occurring with 100 μg BPA/kg/day.

Recently, this approach was repeated by an independent group [116]). In that study, SD rats 

were treated neonatally with oil or BPA (s.c. at 10 μg/kg/day or oral at 2, 10 or 50 μg/kg/

day), then given T+E as adults and assessed for pathology at 1 year. Pharmacokinetic 

analysis by HPLC-MS-MS showed similar free BPA levels in serum between the s.c. 10 

μg/kg/day and oral 50 μg/kg/day BPA exposures at day 3. A low incidence of well-

differentiated adenocarcinoma was observed in the periurethral prostatic ducts as a function 

of prolonged adult T+E treatment, however, the incidence and severity of these lesions were 

not altered by neonatal BPA exposures at any dose. The principal prostatic lesions observed 

in 12 month-old rats exposed to BPA were lateral prostatic inflammation and PIN lesions. 

Compared to controls, overall PIN lesions were significantly increased in rats treated 

subcutaneously with 10 μg/kg/day of BPA. Further, greater than minimal PIN incidence was 

significantly higher in both the subcutaneous (10 μg/kg/day) and orally (50 μg/kg/day) 

exposed lateral prostates as compared to controls. This provides additional support that 

early-life BPA exposures increase susceptibility to estrogen-driven carcinogenesis. PIN 

lesions have been classified by the Mouse Models of Human Cancer Consortium as focal, 

atypical and progressive lesions, and are frequently, but not always, associated with 

progression to cancer with age [117]. Whether PINs induced by early life BPA exposure will 

progress to invasive carcinoma is unknown and remains to be established. It is notable that 

s.c. BPA delivery (25-600μg/kg/day) for four days in adult Wistar rats increases the plasma 

E:T ratios in a dose dependent manner [118]. Correspondingly, levels of 5α-reductase type 

3, a proposed biomarker for malignant prostate epithelial cells in humans, were also 

increased [119]. Additionally, fetal BPA exposure at the onset of prostatic budding (20 

μg/kg/day orally from ED13-16) elevated CYP19A1 activity and estradiol levels in the 

urogenital sinuses of PND1 C57BL/6 mice [120].

Several studies have identified plausible mechanisms of action of BPA on prostate cancer 

risk. On a molecular level, evidence for epigenetic alterations in the prostate with early life 

BPA exposure provides a potential mechanism of action for low dose BPA [121]. With 

normal aging, hypermethylation of the Pde4d4 and nucleosome-binding protein 1 (Nsbp1) 

genes is associated with decreased gene expression. However, subcutaneous BPA treatment 

(10 μg/kg/day) on neonatal days 1, 3 and 5 in SD rats reverses this trend, resulting in 

hypomethylation and aberrant expression of Pde4d4 and Nsbp1 later in life [122, 123]. 

Expression of both PDE4D4 and NSBP1 is associated with cancer cell proliferation [124, 

125]. Indeed, NSBP1 is required for growth of xenografted human prostate cancer cells and 
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its expression is upregulated in human prostate cancers compared to normal tissue [126, 

127]. Similarly, secretoglobin family 2A member 1 (Scgb2a1) expression is upregulated 

over 100-fold in the adult prostates of rats following neonatal BPA treatment [116]. 

Significant CpG hypomethylation was identified within 10kb upstream of the Scgb2a1 

promoter and associated with acetylation at H3K9, suggesting neonatal BPA exposure 

results in sustained epigenetic reprogramming that is maintained in the adult prostate. 

SCGB2A1 overexpression is also a marker of disseminated breast tumor cells and is 

predictive of resistance to chemo- and radiotherapy in colorectal cancer. It increases 

proliferation and cancer stem cell survival [128, 129]. Thus, these epigenetic changes are 

consistent with early life BPA increasing susceptibility to prostate cancer as well as response 

to chemotherapeutics later in life.

To determine whether the human prostate is similarly sensitive to BPA, a recent study 

utilized human prostate epithelial stem-like cells cultured from prostates of young, disease-

free human donors [130]. These cells express estrogen receptors ERα, ERβ and GPR30. 

Similar to 17β-estradiol (E2), BPA increased human prostate stem/progenitor cell self-

renewal and expression of stem-related genes in a dose-dependent manner, in vitro. Further, 

10 nM BPA or E2 possessed equimolar membrane-initiated signaling with robust induction 

of phosphorylated Akt and Erk at 15 min. Subsequent studies determined that 7 days of 10, 

200 or 1000 nM BPA exposure altered the transcriptome of the human prostate progenitor 

cells with an overrepresentation for multiple SNORDS, a class of non-coding RNAs [131]. 

Furthermore, BPA-induced repression of several SNORDs was associated with specific 

histone modifications (H3K4me3 and H3K27me3 loss and gain of H3K9me3) at their 

promoter regions, thus identifying an epigenetic basis for prostate progenitor cell 

reprogramming.

To assess in vivo carcinogenicity, human prostate stem/progenitor cells combined with rat 

mesenchyme were grown as renal grafts in nude mice, forming histologically normal human 

prostate epithelium at 1 month. Developmental BPA exposure was achieved through oral 

administration of 100 μg or 250 μg/kg/day to hosts for 2 weeks post-grafting, producing 

free-BPA levels of 0.39 and 1.35 ng/ml serum, respectively. Carcinogenesis was driven by E

+T treatment for 2-4 months to model rising E2 levels in aging men. The incidence of 

prostate intraepithelial neoplasia (HG-PIN) and adenocarcinoma markedly increased from 

13% in oil-fed controls to 33-36% in grafts exposed in vivo to either BPA dose. Continuous 

developmental BPA exposure to prostate stem/progenitors in vitro (200 nM) plus in vivo 

BPA treatment to engrafted mice (250 μg/kg/day) significantly increased HG-PIN/cancer 

incidence to 45%. These findings demonstrate that human prostate stem/progenitor cells are 

direct BPA targets and that developmental exposure to BPA at low-doses increases steroid 

hormone-dependent cancer risk in the human prostatic epithelium. In total, these new 

findings suggest that the effects of BPA in rodent prostates are translatable to the human 

gland and that developmental exposures may increase risk of adult-onset prostate cancers in 

humans.

Together, these data indicate that early life BPA exposure induces/increases prostate lesions 

in rodent prostate cancer models as well as in human xenografts. Moreover, elevated urinary 

BPA levels are associated with prostate cancer in humans [103]. While mounting evidence 
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indicates that BPA likely has carcinogenic activity in the prostate, further studies from 

independent investigators replicating some of the above findings are necessary to determine 

if BPA is a bona fide carcinogen in human prostate epithelial cells.

5.2 Testicular cancer

The NTP study of 1982 reported that pharmacological doses of BPA increased the incidence 

of testicular interstitial cancers in mice and rats, although the controls also had an elevated 

baseline of tumor incidence compared to historical controls [14]. In contrast, an analysis 

sponsored by the plastics industry determined that BPA exposure [0.001-500 mg/kg/day 

BPA (in food from gestation throughout adulthood)] alone was insufficient to induce 

testicular cancer in SD rats when examined at 15weeks of age [24]. While no effects were 

observed in the second study, circulating BPA levels were not described and no positive 

controls were included in the report. An independent analysis also failed to detect 

histological anomalies of the testes in adult SD rats fed BPA (285.4 ppm) for 3 months 

[132]. Additionally, treatment of C57BL/6 mice with BPA (50-1000μg/kg/day, oral gavage) 

in utero yielded no significant changes in sperm production, seminiferous tubule histology, 

germ cell apoptosis, or serum testosterone [133]. These results are tempered by a recent 

study examining BPA-induced alterations in testicular meiotic events in 3 mouse strains. 

While CD-1 and C3H/HeJ mice that were orally exposed to 20 or 500 μg/kg/day BPA 

(PND1-12) had reduced meiotic recombination events in the testicular meiocytes, no such 

changes were observed in the BPA-exposed C57BL/6 strain. These data indicate that the 

C57BL/6 strain may be resistant to BPA-induced changes in the testes [134]. Recent studies 

have also shown that low doses of BPA given postnatally (2.5-25 μg/kg/day, E12-weaning) 

may increase Leydig cell numbers in adult Long-Evans rats [135]; however, the 

development of testicular neoplasias is unknown. While these studies suggest that BPA is 

not carcinogenic in the testes, they are limited by the lack of measurements of serum BPA 

levels; failure to include an estrogenic positive control, such as DES; use of resistant animal 

models; and a lack of long-term follow-up with assessment of testis pathology. Furthermore, 

these studies primarily focused on the potential for BPA to induce nascent tumors. As with 

other cancers of the reproductive tract, low doses of BPA may promote testicular cancer 

progression, but not act as initiators of tumors. This possibility remains to be examined.

6. Cancers in Non-reproductive Estrogen Target Tissues

6.1 Hepatic Cancer

While free BPA levels range from undetectable to 0.38ng/g tissue in the adult human liver, 

greater than 70% of human fetal livers contain detectable levels of BPA (0.1-50.5 ng/g of 

free BPA and 0.1-49.5 ng/g conjugated BPA) and this is associated with increases in 

methylation of genes encoding xenobiotic metabolizing enzymes [136, 137]. Recently, 

increased incidence of hepatic tumors or preneoplastic lesions was reported for mice treated 

in utero with low-dose BPA [138]. Dams from a mixed genetic background of C3H/HeJ 

(6.25-25%) and C57BL/6J (75-93.75%) that were heterozygous for the viable yellow Agouti 

(Avy) allele were exposed to one of 4 doses of BPA (0μg, 0.05μg, 50μg or 50mg/kg/day in 

diet) two weeks prior to mating. Dams were maintained on a BPA-containing diet 

throughout pregnancy and weaning of litters at PND22. Pre-neoplastic or neoplastic lesions 
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(hepatocellular carcinomas or hepatic adenomas) were evident in ∼23% of combined male 

and female offspring receiving 50mg/kg/day BPA in the diet. This represented a statistically 

significant increase compared to controls, even when preneoplastic lesions were excluded 

from the analysis. It is also noteworthy that hepatic tumors occurred in the absence of 

additional carcinogenic insult even though this study used the C56BL/6 mouse strain, a 

model that is considered “relatively resistant” to hepatocellular carcinoma [139]. It should 

be noted, however, that the doses of BPA used to achieve significant induction of liver 

pathologies were above the RfD, yet female offspring exhibited a significant linear dose-

response for combined neoplastic and preneoplastic lesions [138]. In humans, females are at 

a lower risk of developing liver cancer than males, in part due to the protective effects of 

estrogen [140]. The analysis of BPA impact on murine livers revealed that early-life BPA 

exposure may eliminate that protective effect. While it is possible that BPA acts as a partial/

competitive agonist for estrogen during a critical window of fetal liver development, the 

specific mechanisms by which BPA exerts its actions in the liver requires further study.

7. Overall Conclusions

The pervasiveness of BPA exposure early in life combined with the complexities of adult 

exposure and BPA pharmacodynamics precludes the use of cross-sectional, short-term 

epidemiological studies to draw definitive conclusions on cancer risk. Instead, large-scale 

human studies examining cumulative life-time BPA exposure with long-term follow-up are 

needed. Unfortunately, such studies may not be feasible because most cancer cases occur in 

individuals over 50 years of age. In addition, the BPA exposome has not yet been 

elucidated. Defining accurate surrogate markers of life-long BPA exposure will be essential 

to facilitate completion of such studies. In contrast, monitoring of urine BPA levels in 

patients with newly diagnosed hormonally-responsive cancers followed by long-term 

follow-up should shed light onto the tumor promoting potential of environmental BPA 

exposures. Until such studies are possible, we must examine the weight of evidence for the 

carcinogenicity of conservative estimates of human-relevant BPA exposures (below the 

RfD) using animal models of disease.

There is substantial evidence in mice and rats generated by independent investigators 

indicating an increased susceptibility to cancer of the mammary gland following exposure to 

BPA at doses below the RfD [47, 55, 64]. Specifically, early life BPA exposure within the 

ranges observed in humans increases the number of mammary tumors with carcinogen 

treatment in 2 separate studies in rats [53]. Similarly, early life BPA exposure decreases 

tumor latency and increases tumor susceptibility in mice using similar treatment paradigms 

[64]. Another report demonstrated that BPA enhances tumor multiplicity, burden, and 

metastasis and decreases tumor latency in a mouse model of HER2 positive mammary 

cancer [68]. Lastly, two studies assessed the carcinogenicity of BPA alone (i.e, without 

secondary insult by a chemical carcinogen); one study showed that BPA-induced 

carcinomas in situ and the other macroscopic mammary tumors, both in rats [46, 47]. While 

the evidence is not as extensive for BPA-induced prostate cancer, three studies have found 

that cancer risk is enhanced with early-life BPA exposure in a rat model mimicking rising 

estrogen levels in aging men and one study found that BPA can induce dysplastic lesions 

without additional carcinogenic insults in rats [112-114]. Human prostatic epithelium 
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exhibits a similarly increased susceptibility to cancer with BPA exposure when evaluated in 

a xenografted tissue reconstitution model [130]. Moreover, elevated urinary BPA levels are 

associated with prostate cancer in humans [103].

The International Agency for Research on Cancer (IARC) states that chemical 

carcinogenesis is “…the induction by chemicals of neoplasms that are not usually observed, 

the earlier induction by chemicals of neoplasms that are usually observed, and/or the 

induction by chemicals of more neoplasms than are usually found…” [141]. Further, the 

IARC states that if sufficient evidence exists supporting carcinogenicity in experimental 

animals in the absence of conclusive epidemiological studies, then it is “biologically 

plausible that agents for which there is sufficient evidence of carcinogenicity in 

experimental animals also present a carcinogenic hazard to humans” as was the case for 

DES [142, 143] (http://monographs.iarc.fr/ENG/Preamble/

currentb3studiesanimals0706.php). Finally, the IARC categorizes agents into one of 5 

groups, all defined by the evidence for carcinogenicity in humans. With these guidelines in 

mind and considering the enhanced susceptibility to cancer with low-dose BPA exposure in 

multiple studies in mammary and prostate combined, we propose that BPA be classified as a 

chemical carcinogen in “Group 2A: The agent is probably carcinogenic to humans as there 

is inadequate evidence of carcinogenicity in humans, yet sufficient evidence of the 

carcinogenicity in experimental animals and strong evidence that the carcinogenesis is 

mediated by a mechanism that also operates in humans.” (http://monographs.iarc.fr/ENG/

Preamble/currentb6evalrationale0706.php)

The guidelines established by the NTP for defining a substance as “reasonably anticipated to 

be a human carcinogen” states that a substance can be listed as a carcinogen if “there is 

sufficient evidence of carcinogenicity from studies in experimental animals, which indicates 

there is an increased incidence of malignant and/or a combination of malignant and benign 

tumors (1) in multiple species or at multiple tissue sites, or (2) by multiple routes of 

exposure, or (3) to an unusual degree with regard to incidence, site, or type of tumor, or age 

at onset” (http://ntp.niehs.nih.gov/?objectid=47B37760-F1F6-975E-7C15022B9C93B5A6). 

By these standards, we submit that BPA may be presumed to be a human carcinogen due to 

its ability to enhance tumor susceptibility and promote tumorigenic properties in the breast 

and prostate glands. This notion is further strengthened by the fact that BPA is estrogenic 

[12] and that data gathered in humans have shown that the synthetic estrogen DES, a 

compound structurally related to BPA, induces clear cell adenocarcinoma of the vagina and 

increases the risk of breast cancer following fetal exposure [144, 145].

Based on the current weight of existing evidence for doses of BPA below the RfD, we are 

confident that:

1. BPA acts as an endocrine disruptor with estrogenic effects in the rodent mammary 

gland.

2. Prenatal exposure to low doses of BPA alters mammary gland morphogenesis, 

including proliferation and apoptotic pathways in the mammary glands of rodents, 

and increases risk of mammary cancer later in life at doses below the RfD.
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3. Early life BPA exposure alters methylation patterning of several genes expressed in 

the prostate and mammary glands of rodents.

4. BPA may be reasonably anticipated to be a human carcinogen in the breast 

independent of route of exposure.

Based on the weight of existing evidence, we believe the following to be likely, but 

requiring confirmation:

1. Pharmacological doses of BPA may be associated with increased malignancies of 

the hematopoietic system and testicular interstitial-cell tumors in rodents.

2. The human prostate epithelium may be significantly influenced by developmental 

BPA exposures resulting in increased susceptibility towards neoplasia and cancer 

with aging.

3. Elevated urinary BPA levels are associated with prostate cancer in humans and 

may be an independent diagnostic marker in prostate cancer patients.

4. Early life BPA exposure may elevate the incidence of simple ovarian cysts and 

polycystic ovaries in rodents at environmentally relevant doses.

5. BPA alone does not induce testicular malignancies at doses below the RfD.

Areas requiring further investigation:

1. Continued analyses of uterine, ovarian, prostate and hepatic pathologies in rodents 

and higher mammals with early life BPA exposure at environmentally relevant 

doses are necessary.

2. Evaluation of the cancer promoting potential of early-life BPA exposures when 

coupled with additional carcinogenic insults in prostate, uterus, ovary and testis is 

needed.

3. While difficult to accomplish, large, well-controlled human studies beginning 

during fetal development and including lifetime follow-up may be necessary to 

determine if early life BPA exposure correlates with any increase in tumor 

incidence.

4. As more estrogen target organs are identified, a focus on the effects of BPA_on 

cancer susceptibility in those tissues is necessary.

5. Evaluation of the effects of early-life BPA exposure on genomic stability, 

epigenome alterations and gene expression changes, particularly in non-

reproductive estrogen-target tissues such as the liver are warranted.
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Figure 1. 
While the mechanism of action of BPA in humans is largely unknown, in vitro BPA effects 

are primarily mediated through its binding to classical nuclear ERs or through membrane-

initiated non-genomic signaling by GRP30. In vivo, early life exposure to BPA rewrites the 

epigenetic code to stably alter gene expression in the breast, uterus and prostate. 

M=methylation.
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