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Abstract

Development and fate of the stem cell are regulated by extrinsic signals from the environment. 

Endocrine-disrupting chemicals which perturb hormonal signaling in utero and during early 

childhood may cause deregulation of multiple developmental processes, ranging from breakdown 

of stem cell niche architecture, developmental reprograming and altered stem cell fate to impaired 

organ and gonad development and sexual differentiation. Therefore, study of the environmental 

effects on stem cell integrity and normal development is a new and emerging focus for 

developmental biologists and cell toxicologists. When combined with new human and mouse stem 

cell-based models, stem cell differentiation dynamics can be studied in more biologically relevant 

ways. Inthisstudy, we reviewthe current statusof our understanding of the molecular mechanisms 

by which endocrine disruptors alter embryonic stem cell and adult stem/progenitor cell fate, organ 

development, cancer stem cell activity, and tumorigenesis.
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Introduction

Endocrine disruptors are naturally occurring or manmade compounds that interfere with 

normal hormonal function (Birnbaum 2013). Mounting evidence from epidemiological and 
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animal-based studies indicates that exposure to these chemicals in utero and during early 

life could result in birth defects, behavioral disorders, and cancer. Indeed, exposures to 

endocrine-disrupting chemicals (EDCs) during this critical time of growth and development 

could result in genetic modifications which are passed down to subsequent generations. 

To date, our knowledge on the mechanisms by which EDCs may cause these deleterious 

effects at the cellular level remains limited. In this study, we review cell-based studies which 

have investigated the mechanisms by which EDCs modulate embryonic and adult stem cell 

function and cancer stem cell (CSC) activity (summarized in Fig. 1).

Susceptibility of embryonic stem cells to EDC exposure

A number of human embryonic stem (hES) cell lines have been derived from the inner 

cell mass of blastocyst-stage human embryos. These cells are pluripotent, that is, capable 

of differentiating into the three primary germ layers, including ectoderm, endoderm, and 

mesoderm. Therefore, they have been considered as a source of various cell types for organ 

regeneration or tissue replacement after injury or disease (Odorico et al. 2001). It has also 

been postulated that hES cells could be used for reproductive toxicity screening in vitro 
(Krtolica & Giritharan 2010) as well as for drug discovery to minimize unexpected toxicity 

when entering a clinical trial (Jensen et al. 2009). Using undifferentiated hES cells in an in 
vitro screening assay, Kim et al. (2006) reported that exposure to the organic compounds 

such as nonylphenol (NP) and octylphenol (OP) decreased expression of Oct4 and Nanog 

in a dose-dependent manner. As Oct4 and Nanog are transcription factors required for 

maintaining stem cell pluripotency and self-renewal, it is likely that NP and OP decrease 

hES pluripotency. Furthermore, NP and OP were cytotoxic, inducing DNA fragmentation 

and hES cell death through Fas–Fas ligand interactions and caspase-3 and −8 activity (Kim 

et al. 2006). Interestingly, hES cell-derived neural progenitor cells showed greater sensitivity 

to NP and OP exposure, possibly through the downregulation of ATP-binding cassette 

transporters known to pump out toxicants (Kim et al. 2006).

Several other hES cell lines, H1, H9, and BGN1, show heterogeneity in that they consist 

of at least two distinct cell types; a large cell type which differentiates in response to 

retinoic acid and a small cell type which retains its stem cell characteristics (Annab et 

al. 2012). Large and small cell types in both H1 and H9 hES cells exhibited differential 

responses when exposed to estrogenic EDCs. Tamoxifen and kaempferol decreased SSEA-3 

expression in the large cell type only, suggesting that they promoted hES differentiation. 

Kepone decreased SSEA-3 expression in both large and small cell types, implying that 

Kepone promoted differentiation in large cells and inhibited pluripotency in small cells. 

In contrast, apigenin increased SSEA-3 expression in both cell types, suggesting that this 

toxicant promoted pluripotency (Annab et al. 2012).

Collectively, these studies indicate that exposure to endocrine disruptors alters the stem cell 

characteristics of hES cells at multiple levels. EDCs could induce hES cell differentiation, 

thereby impairing the developmental process. Alternatively, they could maintain the 

expression of stem cell proteins to promote pluripotency (Annab et al. 2012). Furthermore, 

the degree of responsiveness to EDC exposure is dependent on developmental stage. 

These observations offer new perspectives for understanding the fundamental mechanisms 
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underlying the EDC-induced effects on hES cells. Furthermore, they could contribute to the 

development of new predictive screening assays for the hazard assessment of developmental 

toxicity.

Susceptibility of germ cells to EDC exposure

Sex determination and sexual differentiation in humans are preset to follow the female 

pathway of development (Sharpe 2006). Development into a phenotypic male is hormone-

dependent, in which hormones divert development from the female pathway, resulting in 

masculinization and sexual differentiation. Thus it appears that male development would 

inherently be more susceptible to endocrine disruption through exposure to exogenous 

chemicals with hormonal properties (Sharpe 2006). Epidemiological studies suggest 

that disruption of the hormonal microenvironment during gonad differentiation could 

result in developmental deficiencies and problems later in life, including cryptorchidism, 

hypospadias, decreased spermatogenesis, hypogonadism, and testicular germ cell cancer. 

Germ cells reside within a microenvironment or ‘niche’ composed of Sertoli cells, Leydig 

cells, and peritubular myoid cells which produce hormonal and paracrine factors required for 

germ cell growth and maturation (Kristensen et al. 2008). Disruption of the niche could have 

profound effects on sperm development and it is likely that the niche cells would serve as 

targets for the activity of endocrine disruptors (Fig. 2).

The germ cell niche is created through the formation of tight junctions between germ 

cells and Sertoli cells of the testicular seminiferous epithelium (Yao et al. 2010). These 

actin filament-based anchoring junctions are important for the maintenance of physical 

contact between Sertoli and germ cells as well as for regulating the release of mature 

spermatids into the lumen (Yao et al. 2010). Di(2-ethylhexyl)phthalate (DEHP) could disrupt 

the physical association between Sertoli and germ cells, resulting in premature loss of germ 

cells from the seminiferous epithelium (Erkekoglu et al. 2012). Similarly, the active DEHP 

metabolite mono-(2-ethylhexyl) phthalate (MEHP) disrupted Sertoli–germ cell contact. In 

this process, the expression of occludin was decreased in the tight junctions between Sertoli 

cells and expression of laminin-γ3 and β1-integrin was decreased in the apical ectoplasmic 

specializations between Sertoli and germ cells (Yao et al. 2010). Furthermore, exposure to 

MEHP induced expression of the matrix metalloproteinase protein MMP2 and decreased 

expression of tissue inhibitor of metalloproteinase 2 (TIMP2) in a time-dependent manner. 

While these activities disrupted Sertoli–germ cell contact, cell detachment was independent 

of the process of apoptosis (Yao et al. 2009, 2010).

Within the niche, Leydig cells produce testosterone for the developing germ cells (Zhang 

et al. 2008, Hu et al. 2009). DEHP exposure of both fetal and adult Leydig cells resulted 

in a biphasic effect. At lower doses, DEHP increased testosterone production either directly 

by stimulating testosterone production or by increasing the number of Leydig cells. At 

higher doses, DEHP inhibited testosterone production (Zhang et al. 2008). The fungicide 

Vinclozolin is an antiandrogenic compound that has been shown to cause Leydig cell tumors 

(Kavlock & Cummings 2005). The peritubular cells produce leukemia inhibitory factor 

(LIF), a member of the interleukin 6 cytokine family known to mediate self-renewal of 

stem cells, including primordial germ cells and gonocytes (Piquet-Pellorce et al. 2000). LIF 
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promotes proliferation of immature germ cells (Piquet-Pellorce et al. 2000). Whether LIF 

production is modulated by EDCs is not clear.

The common endocrine disruptor bisphenol A (BPA) adversely affects germ cell self-

renewal. Using an in vitro embryoid body assay, Aoki & Takada (2012) reported that 

exposure of undifferentiated mouse ES cells to BPA upregulated the expression of numerous 

germ cell markers (Stra8, Dmrt1, Vasa, Dazl, Sycp3, and Dmc1). Similarly, treatment 

with retinoic acid also induced germ cell differentiation; albeit by inducing Hoxa1, Rarb, 

and Cyp26b1 expression and not Sycp3 and Dmc1 expression (Aoki & Takada 2012). 

In addition, expression of the testicular somatic cell markers Sox9 and Fgf9 decreased 

whereas expression of the ovarian somatic cell markers Foxl2 and Wnt4 increased (Aoki 

& Takada 2012). Together, these observations suggest that environmental BPA could 

function as a morphogen which promotes germ cell differentiation through alternate 

mechanisms. Furthermore, the ability of BPA to alter the expression of genes related to 

gonad development suggests that BPA exposure could cause feminization of the developing 

gonads or male to female sex reversal.

In isolated mouse spermatogenic cells, exposure to the organophosphate compound tri-

ortho-cresyl phosphate (TOCP) inhibited neuropathy target esterase (NTE) activity as 

measured by phenyl valerate hydrolysis (Chen et al. 2012). Furthermore, spermatogonial 

cell proliferation was inhibited by exposure to the active TOCP metabolite, saligenin cyclic-

o-tolyl phosphate (SCOTP), as well as by NTE knockdown using shRNA technology. These 

results suggested that NTE regulated spermatogenesis and that exposure to TOCP could 

decrease the sperm count in mouse testes (Chen et al. 2012). The sperm genome may 

be furthermore modified through the transgenerational inheritance of epigenetic changes 

induced by EDC exposure. Transient exposure of F0 generation mothers to Vinclozolin 

resulted in the differential methylation of specific DNA promoter regions in the F3 

generation sperm epigenome. Interestingly, these changes appeared to be species-specific, 

being observed in the outbred CD-1 strain, but not the inbred 129 mouse strain (Guerrero-

Bosagna et al. 2012).

Recently, parabens have been shown to act as xenoestrogens in the ovary (Ahn et al. 

2012). Exposure to high doses of butyl p-hydroxybenzoate (butyl-paraben) and propyl 

p-hydroxybenziate (propyl-paraben) increased the number of primordial follicles while 

decreasing the number of early primary follicles. Paraben activity increased anti-Müllerian 

hormone levels and expression of the transcription factor Foxl2; however, paraben decreased 

the expression of Star and Cyp11a1, thereby inhibiting the early phase of folliculogenesis in 

the ovaries of neonatal female rat. Similarly, estradiol (E2)-regulated Star and Cyp11a1 
expression; however E2 did not affect Amh and Foxl2 expression. Thus in the ovary, 

parabens appear to regulate folliculogenic and steroidogenic genes through different 

estrogenic and nonestrogenic pathways (Ahn et al. 2012).

Together, these studies imply that all the cell types which comprise the germ cell niche, 

including the germ cells themselves, are susceptible to environmental chemicals which 

disrupt the hormonal equilibrium within the niche. Disruption of the niche has deleterious 

effects ranging from loss of Sertoli–germ cell contact and breakdown of the niche 
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architecture, to deregulation of multiple processes including testosterone production, germ 

cell proliferation and differentiation, gonad development, and sexual differentiation.

Susceptibility of progenitor cells to EDC exposure

Progenitor cells are descendants of embryonic stem cells (ESCs) that are capable of 

differentiating into specific lineages (e.g., endocrine and neural) but do not express 

differentiated markers. Unlike that of stem cells, progenitor cells cannot divide 

indefinitely. However, progenitor cells remain susceptible to endocrine disruptors (Fig. 

1); and altering progenitor cell number or function could modify many developmental 

and metabolic processes. The consequences of progenitor cells exposed to EDCs 

during neural development, skeletal formation, and bone remodeling, immune cell 

differentiation, cardiovascular tissue generation, mammary and prostate gland development, 

and adipogenesis are discussed below.

Disruption of neural development

During neurogenesis, neuroepithelial cells go through symmetric and asymmetric cell 

divisions to generate stem-like neuroepithelial cells in addition to radial glial cells, neurons, 

and potentially basal progenitors as cellular intermediates (reviewed in detail by Gotz 

& Huttner (2005)). Thyroid hormone (TH) is required for normal brain development 

throughout fetal life and early childhood. TH insufficiency during these developmental 

stages is known to influence cerebellum, neocortex, hippocampus, and corpus callosum 

development through mechanisms which reduce cell number, synaptogenesis, and dendritic 

arborization; to alter gene expression and cell migration patterns; and to decrease axonal 

myelination (reviewed in detail by Gilbert et al. (2012)). Thus changes in circulating TH or 

thyroid-stimulating hormone (TSH) could have profound effects on subsequent learning and 

memory function in the newborn and early childhood as well as in adult life (Gilbert et al. 

2012). This has raised concern over the potential long-range effects of EDCs, which disrupt 

the thyroid/pituitary axis and cause decreased circulating TH levels.

Normal human neural progenitor (NHNP) cells were used to determine whether the 

polychlorinated biphenyl (PCB) compounds 2,3′,4,4′,5-pentachlorobiphenyl (PCB-118) 

and 3,3′,4,4′,5-pentachlorobiphenyl (PCB-126) interfered with TH-dependent neural 

differentiation (Fritsche et al. 2005). The three-dimensional neurosphere assay was 

used to evaluate PCB-118, PCB-126, and tri-iodothyronine (T3) activity. Similar to T3 

treatment, NHNP cells cultured on non-adherent culture plates formed floating neurospheres 

which contained an increased number of oligodendrocytes when exposed to PCB-118. 

Furthermore, the PCB-mediated effect on oligodendrocyte differentiation was inhibited 

by retinoic acid and by the TH-receptor antagonist NH-3 similar to that observed 

with T3 treatment. In contrast, PBC-126 was ineffective in promoting oligodendrocyte 

differentiation. Thus, these observations implied that PCB-118 mimicked T3 action via the 

TH pathway (Fritsche et al. 2005).

The activity of TH receptor (TR) can be inhibited by exposure to flame retardants (FRs). 

Exposure to 1,2,5,6,9,10-α-hexabromocyclododecane (HBCD) suppressed TRβ1-mediated 

transcription by 55% in CV-1 cells transfected with a F2-TRE-luciferase reporter gene 
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(Ibhazehiebo et al. 2011a,b,c,d). Furthermore, HBCD inhibited dendrite development 

and arborization of primary Purkinje cells (Ibhazehiebo et al. 2011a,b,c,d). HBCD also 

suppressed TH-mediated neurite extension in isolated postnatal day 7 granule cells. 

This suppression could be rescued by brain-derived neurotrophic factor (BDNF), a TH-

regulated protein which promoted granule cell development, suggesting that HBCD could 

disrupt TH-mediated brain development in part by inhibiting the T3-stimulated increase in 

BDNF expression (Ibhazehiebo et al. 2011a,b,c,d). Similarly, the polybrominated biphenyl 

mixture BP-6 could inhibit TH-induced dendrite arborization of Purkinje cells and neurite 

extension in granule cells (Ibhazehiebo et al. 2011a,b,c,d). Hydroxylated metabolites of 

polybrominated diphenyl ether were also shown to bind TR and inhibit transcription 

(Schriks et al. 2007, Kojima et al. 2009, Ibhazehiebo et al. 2011a,b,c,d).

The aryl hydrocarbon receptor (AhR) agonist BAP did not induce oligodendrite formation 

in NHNP-derived neurospheres, implying that AhR signaling did not disrupt neural 

differentiation (Fritsche et al. 2005). However, in human cord blood hematopoietic stem 

cells (hUCBSCs), exposure to the polycyclic aromatic hydrocarbon 3-methylcholanthrene 

(MC) upregulated AhR expression and signaling while downregulating the expression of the 

neurogenesis-related transcription factor, cAMP response element-binding protein (CREB; 

Fritsche et al. 2005). Consequently, expression of stage-specific neuronal markers including 

nestin, neural cell adhesion molecule (NCAM), synaptophysin (SYP), 2-amino-3-(3-

hydroxy-5-methyl-isoxazol-4-yl)propanoic acid (AMPA), and N-methyl-D-aspartate receptor 

subunit 2A (NR2A) were downregulated. However, neuronal marker expression could 

be rescued by knocking down AhR expression (Singh et al. 2013). Collectively, these 

observations suggest that AhR disrupts neurogenesis in a cell-specific and/or stage-specific 

manner. Exposure to high doses of BPA inhibited C17.2 neural progenitor cell proliferation 

and induced apoptosis (Kim et al. 2009). In contrast, low-dose exposure to BPA increased 

the number and length of neurites, suggesting that BPA could decrease the neural progenitor 

cell pool by promoting their differentiation (Kim et al. 2009).

The EDC 4-NP also regulated neural stem cell (NSC) survival and proliferation (Kudo 

et al. 2004). 4-NP exposure inhibited murine NSC proliferation in a dose-dependent 

manner by inducing G2/M phase arrest, downregulating cyclin A and B1 expression 

and promoting apoptosis. Furthermore, 4-NP inhibited the growth of NSCs at a lower 

concentration when compared with BPA, butyl benzyl phthalate (BBP), di-n-butyl phthalate 

(DBP), and DEHP (Kudo et al. 2004). Interestingly, BPA promoted neurosphere formation 

and immature neuron cell growth, suggesting that its activity could maintain in part 

the stem cell characteristics of NSCs. This study suggested that modulation of NSC 

‘stemness’, growth, and differentiation was EDC dependent. Furthermore, NSCs in the early 

stages of differentiation were more sensitive to endocrine disruption than undifferentiated 

neurospheres or differentiated neurons (Kudo et al. 2004).

Primary cerebral cortical neurons cultured from 1 dayold rats born from mothers exposed 

to the organic pollutant 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) showed decreased 

cell viability, increased apoptosis, and decreased dendrite outgrowth as compared with 

control cells (Tomasini et al. 2012). These changes were associated with impairment 

in cortical glutamate transmission and resulted in decreased [3H]glutamate uptake that 
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persisted into adult life (Tomasini et al. 2012). Primary neuronal cultures obtained from 

cerebral cortex of neonatal rats born to dams treated with methylmercury also exhibited 

decreased cell viability, increased apoptosis or necrosis, and abnormal neurite outgrowth. 

Long-term memory in the offspring was impaired (Ferraro et al. 2009). Taken together, 

these results suggest that prenatal exposure to EDCs such as TCDD or methylmercury alters 

cortical neuron development and promotes long-term glutamate and cognitive dysfunction 

respectively.

Skeletal formation and bone remodeling

Bone is an endocrine target tissue that is sensitive to numerous EDCs. Exposure to 

tributyltin chloride (TBT) in utero caused inhibition of calcification of the supraoccipital 

bone in embryonic day 17.5 fetuses. In vitro analysis suggested that TBT reduced 

alkaline phosphatase (ALPase) activity, the rate of calcium deposition, and expression of 

differentiation markers ALPase and osteocalcin in rat calvarial osteoblast-like cells (ROB 

cells). The TBT metabolite monobutyltin trichloride (MBT) did not affect fetal skeleton 

development or osteoblast differentiation of ROB cells (Tsukamoto et al. 2004). In mouse 

embryonic molar development, TBT impaired dentin mineralization and enamel formation, 

thereby reducing tooth size (Salmela et al. 2008). Furthermore, TBT differentially 

modulated genes associated with mineralization, e.g., decreasing osteocalcin expression in 

odontoblasts but increasing osteopontin in the epithelial cells of the enamel organ (Salmela 

et al. 2012). These observations indicate that TBT, not MBT, can disrupt the process of bone 

deposition and remodeling.

Trabecular bone mineral density in the female rat developing tibia decreased upon exposure 

to the brominated FR HBCD (van der Ven et al. 2009). HBCD exposure also decreased 

bone length in males and females, and decreased total mineral content, total area, cortical 

area, and cortical thickness in males (van der Ven et al. 2009). TH-related effects included 

decreased circulating thyroxine (T4) and increased TSH levels (van der Ven et al. 2009). 

Although in utero exposure to the brominated FR tetrabromobisphenol-A exhibited similar 

effects in decreasing circulating T4 levels, bone development was not disrupted (Van der Ven 

et al. 2008). These studies imply that the effects of FR exposure on bone development are 

gender- and flame-retardant specific.

Bone development is also responsive to the agricultural fungicide triphenyltin-hydroxide 

(TPTH) and alkylphenols. In a toxicity study, exposure of TPTH was not overtly toxic to 

pregnant mouse females (Sarpa et al. 2007). However, TPTH was considerably toxic to 

the developing pups as seen in the increased rate of embryo lethality. In those pups which 

did survive, developmental abnormalities included skeletal defects, e.g., increased incidence 

of cleft palate, palatine bone defects, and fetal skeleton variations (poorly ossified and 

misshapen skull bones) as well as malformations of the first (ossified cartilage and bent 

Atlas) and the second (misshapen Axis) cervical vertebrae (Sarpa et al. 2007). Alkylphenols 

are EDCs which exhibit estrogenic effects. NP and OP inhibited the formation of osteoclast 

cells in osteogenic stromal ST2 cells when cocultured with mouse spleen cells or mouse 

bone marrow cells, but did not affect the proliferation and differentiation of rat calvarial 

osteoblast-like cells (Hagiwara et al. 2008). In utero, exposure to NP or OP increased 
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ossification in the pup sternebrae. In contrast, β-estradiol at did not affect osteoclast cell 

formation, suggesting that alkylphenols affected bone formation through non-estrogenic 

mechanisms (Hagiwara et al. 2008). Collectively, FR, TPTH, and alkylphenols disrupt the 

systemic hormonal regulation of skeleton formation and bone remodeling, suggesting that 

their target cells are bone stem/progenitor cells. The mechanisms by which these EDCs 

disrupt bone stem/progenitor cell proliferation, differentiation, and function remain to be 

investigated.

Immune cell differentiation

Indoor phthalate exposure has been correlated to increased incidence and severity of 

asthma in children and adults. To evaluate the effects of MEPH exposure on immune 

cell differentiation, the partially differentiated monocyte-macrophage cell line RAW264.7 

was treated with increasing concentrations of MEHP. Exposure to MEHP increased 

tumor necrosis factor α (TNF-α) release, promoted a change in cellular morphology 

to an elongated spindle-like appearance, and increased expression of the macrophage 

differentiation marker CD163. Western blot analysis indicated that MEHP induced p38 

and Akt phosphorylation. Blocking these activities with specific inhibitors revealed that 

both p38 and phosphoinositide-3 (PI3) kinase/Akt signaling were involved in the release 

of TNF-α, whereas only PI3 kinase promoted differentiation. Furthermore, PPARα and 

b inhibitors decreased differentiation but did not affect TNF-α release. Thus, MEHP 

promoted differentiation of RAW264.7 cells into M2-like macrophages through modulation 

of multiple signaling pathways (Bolling et al. 2012).

Generation of cardiovascular tissue

Acute ischemic injury and chronic cardiomyopathies can cause irreversible loss of normally 

functioning cardiac tissue (Schoenhard & Hatzopoulos 2010). Treatment of heart disease 

using cellular therapy could improve ventricular function after injury. The pool of ES 

cell-derived cardiac cells available for transplant could be enriched by culturing embryoid 

bodies with specific growth factors or small molecules which directed differentiation 

toward cardiovascular phenotypes (Schoenhard & Hatzopoulos 2010). Using this approach, 

xenoestrogens such as 4-tert-OP and 4-NP inhibited ES cell differentiation state by inducing 

Oct4 expression (Jung et al. 2010). TCDD–aryl hydrocarbons receptor (AhR) interactions 

also inhibited differentiation by downregulating the expression of the cardiomyocyte marker 

cTn-T and inhibiting the cardiac beating phenotype (Wang et al. 2010). These EDCs were 

therefore capable of directing differentiation toward a cardiovascular phenotype.

Mammary gland development

In vivo studies have shown that normal mammary gland development occurs through the 

reciprocal interactions between mesenchyme and epithelium. BPA is reported to activate 

estrogen receptor (ER) signaling in the primary mesenchyme, thereby inducing adipocyte 

differentiation in periductal stroma and fat pad and promoting ductal elongation and 

branching (reviewed in detail by Soto et al. (2013)). To determine the mechanisms by which 

BPA exposure modulates mammary gland morphogenesis at the cellular level, the human ES 

cells X-01 were cultured in the three-dimensional mammosphere assay in the presence of 

differentiation medium and increasing concentrations of BPA (Yang et al. 2013). Exposure 
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to BPA upregulated the expression of Oct4 and Nanog in a dose-dependent manner. 

Furthermore, BPA, but not estradiol, downregulated E-cadherin expression, suggesting that 

regulation of E-cadherin expression occurred through an estrogen-independent mechanism 

(Yang et al. 2013). Together, these observations suggest that BPA disrupts differentiation by 

promoting a stem cell phenotype.

Embryonic prostate gland development

Exposure to endocrine disruptors is thought to influence the development of the embryonic 

prostate gland. In an animal study, it was shown that the fungicide Vinclozolin caused 

male reproductive tract atrophy in adult rodents through its antiandrogenic activity (Kavlock 

& Cummings 2005). However, there remains a significant gap in our knowledge on the 

effects of EDCs on prostate development at the cellular level. For example, the effects of 

environmental EDCs on the hierarchy of transcriptional controls and signaling cascades 

which determine prostate organ development as well as commitment of progenitor cells to 

produce differentiated prostatic epithelial cells are unknown.

Developmental programing of adipogenesis and obesity

Adipose tissue is an endocrine organ which secretes protein hormones, e.g., leptin, and 

plays a central role in the regulation of metabolism (Kershaw & Flier 2004). Altering the 

natural hormonal microenvironment during development could have profound effects on 

adipocyte cell specification, function, and the development of obesity (Wu et al. 2012). 

Clinical, epidemiological, and biological studies indicate that obesity is programed during 

the intrauterine period and in early life. These observations have brought about the obesogen 

hypothesis, which states that EDCs function as obesogens to promote adipogenesis thereby 

increasing the number of adipocytes before the establishment of the adipocyte compartment 

and adulthood (Grun & Blumberg 2006).

Several endocrine disruptors are known to modulate the mechanisms by which multipotent 

mesenchymal stem cells (MSCs) differentiate into adipocytes. The organic TBT compounds 

are used in biocides to control a broad spectrum of organisms. Exposure of C57BL/6 

mouse pups to TBT in utero increased adipose tissues in mammary and inguinal glands 

and epididymal fat pads (Grun et al. 2006). Exposure of Xenopus laevis tadpoles to TBT 

at environmentally low doses (1–10 nM) increased ectopic adipocyte formation posterior to 

the fat bodies in and around the gonads of males and females. At the highest TBT dose 

tested (10 nM), testicular tissue was interspersed or replaced by adipocytes, suggesting 

that TBT could induce adipogenesis at the expense of other cell types (Grun et al. 2006). 

Similarly, exposure to the retinoid X receptor (RXR) and peroxisome proliferator-activated 

receptor γ (PPARγ) ligands AGN195203 and troglitazone, respectively, also increased 

ectopic adipocyte formation, suggesting that TBT modulated MSC programing through 

RXR:PPARγ activation (Grun et al. 2006).

Other studies report that adipocyte differentiation is regulated by PPARγ signaling. 

Multipotent adipose-derived stromal stem cells (ADSCs) isolated from white adipose tissue 

of mice exposed to TBT in utero showed enhanced lipid accumulation and increased 

expression of PPARγ target genes, e.g., fatty acid-binding protein 4 (Fapb4; Kirchner et 
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al. 2010). In vitro exposure of human and mouse ADSCs to TBT or the PPARγ activator 

rosiglitazone increased adipogenesis, cellular lipid content, and expression of adipogenic 

genes. These effects were inhibited by the addition of the PPARγ antagonist T0070907, 

suggesting that PPARγ promoted the TBT and rosiglitazone-mediated effects on adipocyte 

differentiation (Kirchner et al. 2010). In addition, TBT directed differentiation of 3T3-L1 

embryonic murine preadipocyte fibroblast cells into adipocytes through PPARγ:RXRα 
signaling (Grun et al. 2006). Thus, TBT could regulate the stem cell compartment by 

directing MSC differentiation.

Adipogenesis is regulated by exposure to numerous EDCs, including BPA, bis(2-ethyl-

hexyl)phthalate (DEHP), parabens, and FRs. The Biemann study investigated the effects of 

BPA, DEHP, and TBT during early adipogenic commitment and differentiation using the 

pluripotent CGR8 ESC and murine MSC C3H/10T1/2 cell lines (Biemann et al. 2011). 

Exposure to BPA, DEHP, and TBT did not affect adipogenesis in ESCs. However, during 

the undifferentiated MSC growth phase, exposure to BPA (10 μM) reduced adipocyte 

differentiation and decreased expression of the adipogenic markers, FABP4, PPARγ2, 

LPL, and adiponectin. In contrast, TBT increased the number of adipocytes, TG content, 

and expression of adipocyte-specific gene. Exposure to DEHP had no effect. During the 

induction interval, BPA remained ineffective while TBT and DEHP increased the number 

of adipocytes, triglyceride content, and adipocyte-specific mRNA expression. Finally during 

terminal differentiation, only TBT promoted adipogenic differentiation while BPA or DEHP 

remained ineffective (Biemann et al. 2011). This study demonstrated that EDCs can 

cooperate in a temporal manner to direct adipocyte differentiation. Chamorro-Garcia et 

al. (2012) reported that while BPA failed to promote adipogenesis in MSCs, BPA could 

induce adipogenesis in 3T3-L1 cells. Furthermore, the BPA derivate BPA diglyceraldyl ether 

(BADGE) was capable of inducing adipogenesis in human and mouse MSCs as well as 

in mouse 3T3-L1 preadipocytes. Interestingly, neither BPA nor BADGE activity could be 

blocked by PPARγ antagonists, nor did BPA or BADGE induce or antagonize RXR or 

PPARγ activity in transient transfection assays. Collectively, these observations indicate that 

BPA, TBT and DEHP, and TBT modulate adipogenic commitment and differentiation in a 

stage- and compound-specific manner through PPARγ-dependent/independent signaling.

Parabens are alkyl esters of p-hydroxybenzoic acid that are used primarily for their 

bactericidal and fungicidal properties in cosmetics, toiletries, pharmaceuticals, and food. 

Parabens (butylparaben and benzylparaben in particular) promoted adipogenesis in human 

ADSCs. In murine 3T3-L1 cells, parabens induced adipocyte differentiation through PPARγ 
as well as glucocorticoid receptor-like signaling (Hu et al. 2013). In contrast, the paraben 

metabolite 4-hydroxybenzoic acid was inactive in the promotion of 3T3-L1 adipocyte 

differentiation (Hu et al. 2013).

While transcriptional regulation of MSCs appears to be a major driving force in the initiation 

of in utero and perinatal development of obesity, MSCs could also be biased toward 

differentiation into an adipocyte lineage through epigenetic modifications of the genome. 

Prenatal exposure of mouse ADSCs to TBT resulted in hypomethylation of the promoter/

enhancer region of the Fapb4 locus and consequently overexpression of Fapb4 (Kirchner et 

al. 2010).
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Endocrine-disrupting activity and adult stem/progenitor cell function

Adult stem/progenitor cells are thought to reside in niches within a tissue or organ. Their 

primary role is to maintain and repair the tissues in which they are found. Thus adult stem/

progenitor cells are undifferentiated cells which differentiate into all, or a limited number, of 

the major specialized cell types of a given tissue or organ. While ESCs are defined by their 

derivation from the preimplantation-stage embryo, the origin of adult stem/progenitor cells 

in different mature tissues is still under investigation.

Cell-sorting strategies to isolate the side fractions containing adult stem/progenitor cells 

commonly use cell surface markers expressed in ES or ES-derived progenitor cells. For 

example, Trop2, CD44, and CD49f have been used to isolate enriched stem cell-like 

populations from normal primary human prostate epithelial cells (Hu et al. 2012). Exposure 

of these cells to BPA, dioxin, or E2 increased the percentage of prostate stem/progenitor 

cells in the side population, suggesting that these EDCs promoted self-renewal (Hu et 

al. 2012). In contrast, sodium arsenite markedly decreased prostasphere number and size 

(Hu et al. 2012). Similarly, treatment of mouse adult stem/progenitor cells with cadmium 

inhibited cell growth and sphere formation (Jiang et al. 2011). Thus sodium arsenite and 

cadmium appeared to inhibit self-renewal. Other EDCs including TCDD and pesticide 

mixtures disrupted differentiation in hematopoietic stem cells and bone marrow progenitor 

cells respectively (Sakai et al. 2003, Chatterjee et al. 2013).

EDCs also dysregulate the sequential differentiation program in adult stem/progenitor 

cells. Exposure to TCDD inhibited oligodendroglial lineage potential, resulting in a lower 

percentage of glial fibrillary acid protein-positive cells (Fernandez et al. 2010). Furthermore, 

oligodendroglial maturation was inhibited as indicated by a decrease in CNPase-positive 

oligodendrocytes (Fernandez et al. 2010). Exposure to the FR BDE-209 compromised 

adult NSC differentiation by inhibiting neurite outgrowth and neuron differentiation, but 

promoting glial cell differentiation (Zhang et al. 2010).

In summary, the activities of EDCs, e.g., BPA, dioxin, E2, TCDD and FRs can modify 

the self-renewal and differentiation programs in tissue-derived adult stem/progenitor cells. 

These mechanisms parallel those observed in ESC-derived progenitor cells. Disruption of 

the adult stem/progenitor cell self-renewal and differentiation could impact normal cell 

replacement, tissue repair following injury, and initiation of tumorigenesis.

Endocrine disruptors and CSCs

CSCs are a subpopulation of cancer cells which can initiate tumorigenesis by undergoing 

self-renewal and differentiation, similar to that observed in normal stem cells (Kasper 2008). 

The majority of cancer cells, however, exhibits limited proliferation potential and appears 

more differentiated (Rosen & Jordan 2009). Epidemiological and experimental studies 

support the hypothesis that EDCs increase the risk of developing cancer, especially in organs 

that are highly sensitive to endocrine regulation. Yet few studies have addressed the potential 

effects of EDCs on CSCs.
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Phthalates are associated with breast cancer risk (Lopez-Carrillo et al. 2010, Hsieh et al. 

2012a,b). BBP and DBP induced EMT in R2d cells, an estrogen-responsive breast stem cell 

line. In addition, phthalate-mediated EMT, cell migration, and cell invasion required ER and 

histone deacetylase 6 (HDAC6) activities (Hsieh et al. 2012a,b). These observations indicate 

that phthalates promote a metastatic phenotype.

A further mechanism by which EDCs could increase breast cancer risk is through heritable 

silencing. Methylation screening demonstrated that pre-exposure of progenitor-derived 

epithelial cells to estrogen caused DNA hypermethylation and transcriptional silencing of 

tumor suppressor genes, e.g., RUNX3 (Cheng et al. 2008). Furthermore, estrogen-induced 

hypermethylation of RUNX3 was observed in breast tumors as well as in adjacent tissues 

which appeared histologically normal.

Estrogens may exert endocrine disruption activities that reprogram normal adult prostate 

stem/progenitor cells (Hu et al. 2012). Cultured prostaspheres composed of prostate stem/

progenitor cells expressing ERα, ERβ, and GPR30 (GPER1) proliferated in response 

to low-dose estradiol and BPA, increasing the number of stem-like cells in the side 

populations. Prostasphere cells also expressed RARs, RXRs, and AHR. Low-dose retinoic 

acid stimulated prostasphere cell differentiation. In contrast, arsenic and dioxin perturbed 

their growth (Hu et al. 2012).

Exposure to arsenic is reported to transform normal prostate stem cells into CSCs to 

promote tumor growth (Tokar et al. 2011). The Xu study demonstrated that arsenic-

transformed prostate epithelial cells (termed MEC) could impart a cancer phenotype on 

nearby WPE-stem cells (termed NSCs) during noncontact coculture (Xu et al. 2012). 

NSC transformation was observed through increased MMP activity and cell invasion and 

downregulation of PTEN expression. This mechanism was thought to amplify CSC number 

(Xu et al. 2012). Similarly, CD34-positive cells isolated from a human skin keratinocyte line 

and exposed to inorganic arsenic appeared to contain proportionally more putative CSCs 

than normal stem cells isolated from control cells (Sun et al. 2012).

Together, this limited number of studies suggests that CSCs derived from human breast, 

prostate, and skin are direct targets for EDC activity.

Concluding remarks

Maternal and early childhood exposures to EDCs have been shown to impair physical 

and cognitive development, organogenesis, and sexual differentiation. Pluripotent ESCs 

may be manipulated to produce progenitor cell types which differentiate into specific cell 

lineages. The ES cell-derived cardiac cell model was used to investigate xenoestrogen (Jung 

et al. 2010) and dioxin (Wang et al. 2010, Chatterjee et al. 2013) activities in disrupting 

cardiomyocyte differentiation. Multipotent MSCs were used to study the underlying 

processes which regulate the developmental programing of adipogenesis and obesity (Grun 

et al. 2006, Kirchner et al. 2010, Biemann et al. 2011). Thus, embryonic cells exhibiting 

stem cell-like properties could be utilized to study the processes which are dysregulated by 

EDCs in utero and during early childhood. Adult stem cells could be applied to study the 
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chronic effects of EDC exposure on normal cell turnover and tissue repair following injury. 

Furthermore, cancer cells exhibiting stem cell-like properties could be used to investigate 

the role of EDC exposure on promoting expansion of stem cell-like cancer cells which drive 

tumorigenesis, cancer progression, metastasis, and therapeutic resistance.

Despite advances in cell culture technology, relatively little attention has been paid to the 

cell types which are direct targets of EDC exposure. In vitro models such as embryoid 

bodies, sphere formation, three-dimensional cell culture systems, and engineered tissues 

allow more in-depth analysis of physiological processes that range from early stages of 

embryogenesis to a functioning tissue. Therefore, these approaches could be employed to 

study the mechanisms underlying the effects of EDC exposure. Furthermore, they could be 

used to identify pathways which are activated or inhibited by exposure to EDCs. These cells 

could also be developed into rapid in vitro screening assays for toxicity testing. In summary, 

developing systems for studying the molecular mechanisms that regulate self-renewal and 

differentiation of normal stem cells, progenitor cells, and CSCs could be powerful models 

for assessing the effects of environmental EDCs.
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Figure 1. 
Schematic representation of stem, progenitor, and cancer stem cells and the primary organ 

systems which are susceptible to EDC exposure. Abbreviations for the specific endocrine 

disruptors modulating each cell type and organ system are listed as indicated. The chemical 

names for these abbreviations are provided in the text of the manuscript.
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Figure 2. 
EDCs which disrupt germ cell niche homeostasis. Production of androgens by Leydig 

cells is downregulated by plasticizers (DEHP) (Zhang et al. 2008). The process of 

spermatogenesis is disrupted by estrogenic compounds (BPA, E2), preservatives (paraben), 

and organophosphates (TOCP, SCOTP) (Ahn et al. 2012, Aoki & Takada 2012, Chen et al. 

2012). The physical contacts between Sertoli cells and germ cells are broken by exposure 

to plasticizers (DEHP, MEHP), resulting in premature loss of germ cells (Yao et al. 2010, 

Erkekoglu et al. 2012). The dicarboximide fungicide Vinclozolin is reported to induce 

epigenetic transgenerational changes in the sperm epigenome and to cause Leydig cell 

tumors in rats (Kavlock & Cummings 2005, Guerrero-Bosagna et al. 2012).
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