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Endocrine-disrupting chemicals (EDCs) belong to a heterogeneous class of environmental pollutants widely diffused in

different aquatic and terrestrial habitats. This implies that humans and animals are continuously exposed to EDCs from

different matrices and sources. Moreover, pollution derived from anthropic and industrial activities leads to combined

exposure to substances with multiple mechanisms of action on the endocrine system and correlated cell and tissue

targets. For this reason, specific organs, such as the prostate gland, which physiologically are under the control of

hormones like androgens and estrogens, are particularly sensitive to EDC stimulation. It is now well known that an

imbalance in hormonal regulation can cause the onset of various prostate diseases, from benign prostate hyperplasia to

prostate cancer.
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1. Prostate Gland: Anatomy and Embryology

The prostate is an important accessory gland of the male reproductive system; it secretes a slightly alkaline fluid that in

humans usually constitutes roughly 30% of the volume of the semen . This gland develops from the pelvic part of the

urogenital sinus (UGS), located at the base of the developing urinary bladder . The UGS, responding to androgens,

particularly testosterone (T) secreted by fetal testes and 5α-dihydrotestosterone (DHT), branches to form the prostate,

due to a coordinated balance between different mechanisms as well as proliferation, adhesion, and migration . All

these phenomena are mediated by AR . In rats, the prostatic buds appear at embryonic day E18–E19, but most of the

prostate branching occurs after the birth . The rodent prostate has three lobes: anterior, dorsolateral, and ventral; the

last one has the most extensive branching . Different from rodents, in humans, the prostate morphogenesis develops

into a single organ formed by three different parts: the central, peripheral, and transitional zones . Although prostate

formation is completed at birth, its functional activity starts at puberty, when the prostate acquires its secretory ability .

It has been postulated that disease propensity of the prostate with respect to other accessory male organs can derive

from its unique embryologic origin , different from what happens with the seminal vesicle and vas deferens, which

arise from the mesodermal Wolffian ducts .

In adults, the prostate is formed by an epithelium that has low proliferation rates, which, in balance with the control of cell

death, allow for the maintenance of a constant size of the prostate, although there is a physiological and continuous

stimulation by androgens . Indeed, it is well known that a healthy prostate needs a constant amount of androgens, which

are essential throughout development . The prostate epithelium is formed by epithelial cells that present all the features

of secretory cells: a large endoplasmic reticulum, a well-developed Golgi apparatus, and many secretory granules widely

distributed in the cytoplasm. Epithelial cells, in fact, contribute secretions to semen . The prostate gland also contains

composite tubule-alveolar glands that are separated from each other through a stromal tissue . This, specifically, is an

interstitial tissue formed by different cell types as well as smooth muscle cells, fibroblasts, blood vessels, and nerves .

The stromal component, derived from mesenchyma, is equally important, since, working together with prostate epithelium,

it helps maintain prostate physiology and contributes to expel secretions to the semen . In addition, the proliferation

of stromal cells is under the control of high levels of T . It has been demonstrated that another important factor in the

maintenance and control of prostate size is the epithelial-stromal ratio . Although androgens are essential for prostate

growth and function , estrogens also play key roles in prostate development, homeostasis, and disease .

2. Localization and Expression of Estrogen and Androgen Receptors
inside the Prostate Gland

In the normal prostate, AR is the dominant steroid receptor. All the components of the prostate gland—stromal cells,

epithelium, and smooth muscle cells—express androgen receptors  (Figure 1). Interaction between AR and its ligand

can strongly guide morphogenesis. On the contrary, it has been shown that estrogens act through multiple ERs, including
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ERα, ERβ, and GPER, which are expressed in different cell types inside the prostate . During development, 17β-

estradiol (E2) plays a physiologic role in the modulation of branching morphogenesis through the activation of ERα and in

the differentiation of prostate epithelium through ERβ . In particular, lower levels of ERα than AR are

localized in stromal cells that surround the proximal ducts during early-life prostate morphogenesis . ERα significantly

declines with puberty as androgen levels rise, suggesting a specific role during development . Specifically, it has been

demonstrated that mouse ERα expressed by different cell types has different actions: fibroblast ERα modulates branching

morphogenesis; smooth muscle ERα regulates stromal cell proliferation and deposition of extracellular matrix . In

humans, ERα is expressed by stromal cells during fetal development , and it has been shown that when it is

expressed in the periurethral prostatic epithelium during the last gestational period, it is associated with squamous

metaplasia  (Figure 1). Moreover, recently it has been demonstrated that ERα also plays a role in prostatic epithelial

stem cells and has involvement in self-renewal and progenitor cell proliferation after estrogen induction .

Different from ERα, rodent ERβ is almost exclusively localized in prostate epithelial cells, and it is involved in

differentiation processes of the luminal epithelium . On the contrary, in humans, ERβ is widely expressed in epithelial

and stromal cells by gestational week seven, and it is activated during gestation and for several months after birth,

suggesting that ERβ plays a role in development regulation . Furthermore, ERβ is also localized in stem cells and

seems to be involved in progenitor cell differentiation . Many studies have focused on the central role of steroid

receptors in the onset of different prostate pathologies, since it has been shown that they lead to expression and

localization changes, initiate growth and differentiation defects during early development, and maintain these phenotypes

throughout life . Indeed, in rodents it has been demonstrated that after exposure to high levels of estrogens during the

neonatal critical window (post-natal day PND1-5), ERα and AR immediately change, directly driving the early estrogenized

phenotype. Specifically, AR protein is sharply downregulated in both stromal and epithelial cells and remains low

throughout life, leading to a reduced response to androgens  (Figure 1). On the contrary, ERα is upregulated in

periductal stromal cells, which in turn permits a transient induction of the prolactin receptor (PRLR) . Different from ERα

and AR, ERβ changes later in development or adulthood . Thus, the developing prostate is no longer under AR

regulation but is rather driven by several estrogens, through different receptors such as ERα and PRLR. The resulting

effect is that programming signals that normally guide development of the prostate are altered, leading to permanent

alterations in prostate structure and activity throughout life .

Figure 1. Localization and expression of steroid receptors in epithelial cells and fibroblasts. On the left is shown the role

of the receptors in the regulation of cell functions. On the right is shown the different expression of androgen receptors

(ARs) and estrogen receptors (ERs) after estrogen exposure during critical windows of exposure.

3. The Role of Estrogens in the Prostate Gland

The wide localization and expression of the main steroid receptors (AR, ERα, ERβ) highlight the relevant role of both

androgens and estrogens in the control of prostate function and physiology. Indeed, an imbalance in estrogen levels and

actions may contribute to aging-associated prostatic disease . Several studies have demonstrated that inappropriate

estrogen exposure, mainly E2 but also pharmaceutical estrogens and estrogenic EDCs, in terms of dose, type, and timing

during prostate development, result in predisposition to an increased disease susceptibility, a phenotype referred to as

estrogenic imprinting or developmental estrogenization . Specifically, an altered estrogenic exposure can lead to

abnormal growth of the human prostate, with predisposition to diseases such as benign prostatic hyperplasia (BPH) and

adenocarcinoma . A Swedish cohort study showed strong correlations between indicators of high levels of pregnancy

estradiol (E) and increased risk of prostate cancer . Moreover, African-American men have a twofold higher risk of
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developing prostate cancer with aging than Caucasian men, and it has been shown that there is a link with elevated

maternal estrogens during the first trimester of gestation . Estrogens can increase risk of prostate cancer later in life,

since estrogenic compounds are able to reprogram the gland, both structurally and epigenetically, driving differentiation

defects . Moreover, estrogen can render the prostate more susceptible to prostate cancer with aging , a

concept that reinforces the developmental basis of adult disease paradigm . For this reason, increased concern

regarding inappropriate estrogenic exposure has led to attention on EDCs due to their ability to mimic estrogens activating

different pathways in the prostate gland.

4. Prostate Diseases

Prostate diseases, such as prostatitis, enlarged prostate, BPH, and prostate cancer, become very common with age .

BPH is prevalent among older men and increases with age; it is found in approximately 70% of men over 60 and up to

90% of men over 80 . BPH develops in the transition zone of the prostate surrounding the proximal urethra, and with

the enlargement of the prostate, it may impede urine flow causing a bladder outlet obstruction (BOO), which can be

responsible for bothersome lower urinary tract symptoms (LUTS) . LUTS encompass a range of clinical complaints,

including weak stream, straining to urinate, incomplete bladder emptying, frequency and urgency of urination, nocturia,

and small voided volumes . In addition to LUTS, BPH can also lead to other urinary tract complications, such as

elevated postvoid residual, urinary retention, bladder diverticula, hydronephrosis, bladder calculi, and renal insufficiency

. These conditions significantly affect the quality of life of a substantial proportion of men, and the associated

healthcare costs are in the billions annually . Prostate cancer (PC) is the most common cancer and is the

second leading cause of death for Caucasian men . In Europe, about 2.6 million new cases per year are diagnosed;

in Italy, 35,000 new cases were estimated through an epidemiological study in 2015 . The Western lifestyle seems to

play a central role in the etiology of prostate cancer; in fact, western men have an incidence rate up to 15 times greater

than Asian men . Moreover, during the last 15 years, the annual incidence rate increased in Korea as well . The

most well-known risk factors are age, race, family history of prostate cancer, inflammation, and diet, but biologic and

experimental evidence support the hypothesis that environmental pollution, particularly the presence of EDCs, can

strongly contribute to this increase .

Androgens physiologically control growth and functions of the prostate during, but it has been shown that they can also be

involved in carcinogenesis . The interaction among androgens and AR promotes prostate cell proliferation by activating

AR-responsive genes and pathways in androgen-dependent adult prostate growth . For this reason, AR has a major

drug target in BPH  and PC . Moreover, it has been demonstrated that estrogens play an important role in male

sex hormone secretion as well as in the growth, differentiation, and homeostasis of both normal and cancer prostate cells

. Estrogens have a crucial role in prostate hyperplasia in aging . In vivo studies have suggested that the

combined administration of estrogen and androgen synergistically induce BPH . Specifically, it has been shown that

when Wistar rats were treated with T and E2, prostate weight increased at a higher rate than with T treatment alone,

together with a higher DNA synthesis index . Moreover, it has been demonstrated that in Noble rats, the long-term

administration of combined T and E2 induces prostatic carcinoma . Furthermore, even if mouse prostate is less

sensitive to T and E2, it has been observed that combined administration of both T and E2 causes significant glandular

prostatic growth accompanied by bladder outlet obstruction in C57BL mice . The administration of T + E2

synergistically promoted prostatic growth, and interestingly, this was accompanied by an extremely enlarged bladder,

probably due to bladder outlet obstruction . Indeed, it is not important to consider the single amount of androgens or

estrogens, but it is necessary to evaluate the ratio of the circulating and intra-prostatic E/T ratio. In elderly men, the E/T

ratio is higher than younger men, and it is accompanied by an increase of ER expression, particularly in the stromal

compartment . The decrease of T is due to a lower production by the testes together with an increase of sex

hormone binding globulin levels . Moreover, in elderly men there is an increase of free circulating estrogens in the

blood. The change of E/T ratio in favor of E may be responsible for the reactivation of cell growth and can induce a

subsequent neoplastic transformation . It has been proposed that estrogen could promote prostate epithelial

proliferation through the activation of ERα, a key mediator of cell proliferation . An autopsy study revealed that the

prevalence of pathological benign lesions, such as hyperplasia, increased markedly in 90% of men older than 80,

probably due to ER overexpression .

5. EDCs and Prostate Disease

Although risk assessments have been historically conducted on a chemical-by-chemical basis, regulatory agencies are

beginning to consider the cumulative risk of chemicals. Moreover, it is now well known that humans ,

fish , and wildlife  are continuously exposed to multiple contaminants . In this view, it is
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essential to study the effect of combined multicomponent mixtures on prostate diseases rather than individual substances

in order to highlight the involvement of multiple compounds acting simultaneously in prostate pathologies .

Exposure to various EDCs may disrupt the normal androgen and estrogen balance in animals and humans, potentially

leading to sex-hormone-sensitive diseases/disorders . The “something from nothing” principle proposes

that exposure to a single chemical may have no observed effects, but exposure to several of these chemicals in a mixture,

due to synergistic or additive effects, may be significant . These mixtures may even have significant effects at lower

concentrations than the “no observed adverse effect levels” (NOAELS) reported for individual chemicals . The

combined toxicological effects of two or more compounds can take one of three forms: independent action, dose addition,

or interaction  (Figure 2). In a mixture, individual compounds may have a single/specific effect due to a separate

mechanism of action; in this case we speak of independent action, also known as response addition . In this case,

compounds that exhibit dissimilar modes of action can produce different, non-overlapping toxic effects in different organs

and systems; thus, it is difficult to identify a combination effect . In the case of simultaneous exposure to several

chemicals with different modes of action, the principle of independence of effects is only applicable when all the chemicals

in the mixture act through strictly dissimilar modes by affecting strictly different targets (simple dissimilar action). The

EFSA expert panel states the simple dissimilar action “occurs where the modes of action and possibly, but not necessarily,
the nature and sites of toxic effects differ between the chemicals in a mixture, and one chemical does not influence the
toxicity of another” . Based on the concept that toxic effects resulting from response addition would not be expected if

no toxicity would occur from any of the single components of the mixture and given the low levels of pesticide residues in

food, it was assumed that “… response-additive toxicity will rarely if ever occur from pesticide residues in food”. In

contrast, when in a mixture, individual chemicals share the same mechanism of action, differing only in their potencies; we

refer to this as dose addition, also known as simple similar action . Finally, when one or more compounds interact in a

mixture, we speak of interaction. The mechanistic basis of the interaction can be at the chemical, physico-chemical, or

biological level. Thus, we can observe an interaction between two chemicals in a mixture or an interaction in either the

toxicokinetic or toxicodynamic phase in a living organism. However, we need to distinguish between two types of

interaction: synergistic (also referred as synergy, potentiation, or supra-additivity), when the combined effects of two or

more interacting chemicals is either greater than that predicted based on dose addition or response addition; antagonistic

(also called sub-additivity or inhibition), when the combined effects are lower than the individual chemical effect . The

basic assumption for the cumulative/combined risk assessment is dose addition, which considers compounds with similar

mechanisms of action, or the same target organ . Dose additivity has also been found for compounds with

different mechanisms of action but displaying similar downstream in vivo effects, often indicated by “having effects on the

same target organ” . For this reason, the dose additivity assumption can be considered protective for human

health assessments .

Figure 2. Possible mechanisms of action of combined exposure of different compounds.

Many chemicals with anti-androgenic actions have been shown to act together in combination, producing effects at doses

that individually are not associated with any observable responses . Anti-androgens are compounds

that can act on male sexual development but with different modes of action, such as the inhibition of androgen hormone

biosynthesis or blocking of receptor-mediated signaling . Chemicals with estrogenic action can also disturb the

development of male reproductive organs , but little is known about the effects of mixtures of

estrogenic and anti-androgenic chemicals .
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