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ABSTRACT:  

The deterioration of male fertility during the last decade is of prime concern. One of the possible reasons could 

be environmental pollutants with endocrine-disrupting properties. These chemicals can able to mimic, block 

or interact with endogenous hormones and their cognate receptors; they can interfere with endocrine mediated 

reproductive functions. However, the mechanisms are unknown. Steroid hormones such as androgens, 

estrogens and glucocorticoids play a crucial role in the regulation of male fertility and they exert their genomic 

actions via steroid hormone receptors. In order to gain possible insights into the mechanism of action of 

endocrine disrupting chemicals (EDCs) on male reproductive health, we summarize the current understanding 

of the effects of EDCs that interfere with steroid hormone receptors in mammals. The knowledge gained could 

be helpful to develop strategies to mitigate the negative impacts of environmental pollutants on male 

reproductive health. 

 

Introduction: 

Published studies have shown that the fertility issues are 

a concern for many couples around the world and the 

estimates of World Health Organization indicated that 

around 8% to 12% of couples are affected by primary 

infertility, which translates to a range of 48 million to 186 

million individuals worldwide[1]. During the past five 

decades an increase in the congenital male reproductive 

disorders such as cryptorchidism, hypospadiasis, 

testicular cancer and testicular dysgenesis associated with 

reduced sperm density and quality has been reported[2-

18]. As a result of these male reproductive disorders there 

has been a decrease in the quality and quantity of sperms 

resulting in male infertility[19]. Though mechanisms 

have yet to be defined, a range of chemicals with diverse 

properties can have profound effects on human health 

including endocrine mediated functions[20]. It has been 

shown that humans and wildlife exposed to chemicals 

with endocrine disrupting properties resulted in 

reproductive and developmental abnormalities, cancer, 

immune system dysfunction, and failure of vital organs 

such as brain, liver, kidneys and lungs[21,22]. It is well 

known that some chemicals attain ability to a) behave like 

endogenous hormones and accordingly bind their cognate 

receptors, b) block the action or inhibit the synthesis of 

endogenous hormones and c) modify the production and 

function of receptors and d) inhibit the synthesis and 

secretion of endogenous hormones. Therefore, such 

substances with endocrine disrupting properties are 

termed as endocrine active agents or endocrine disrupting 

chemicals (EDCs). Studies indicated that the major routes 

for the EDCs seems to be sewage effluents and improper 

treatment of wastewater from pharmaceutical, metal, 

pesticide and cosmetic industries which eventually reach 

large aquatic bodies and contaminate potable water. 

Some common sources of EDCs include certain 

chemicals used in industry, such as certain plastics (e.g. 

bisphenol A or phthalates)[23,24] and flame retardants 

(e.g. polybrominated diphenyl ethers or PBDEs)[25], as 

well as pesticides used in agriculture (e.g. 

organochlorine, organophosphates, pyrethroids, and 

carbamates)[26-29].  Therefore, it is conceivable that 

EDCs can able to interfere with hormone-mediated 

processes thereby interfere with a broad array of 

physiological events. It is well established that the male 

reproduction is one of the endocrine controlled processes 

and thus, a susceptible target for EDCs[12,16-18].  

However, the exact underlying mechanism(s) of EDCs on 
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male reproductive health is not well defined and this 

could be ascribed to the fact that the male reproduction is 

regulated by multiple factors.  

The present review does not focus on the basics of the 

toxicants or is not intended to be exhaustive on their 

generally known mechanisms of action, since this 

information can be available in several recent reviews. 

Instead, we summarize the effects of several toxicants 

with endocrine disrupting properties on steroid hormone 

receptors and the consequences of their interactions on 

testicular functions and male fertility efficacy. The 

current information might be used as a tool to develop 

therapeutic strategies to protect male reproductive health 

against chemicals with endocrine disrupting 

properties[30,31].  

In view of the aforementioned data, the present review 

deals with the following aspects: 1) the first aspect deals 

with endocrine regulation of spermatogenesis and 

steroidogenesis; 2) the second aspect deals with 

endocrine disrupting chemicals that interfere with steroid 

hormones and their cognate receptors; 3) finally, we 

discuss the gaps and challenges that needs to be 

addressed.  

Endocrine regulation of male reproduction 

In mammals, the structural and functional integrity of 

male reproductive tract (a pair of testes, and other 

accessory sex components like epididymis, vas 

deference, seminal vesicles, prostate gland and a penis) is 

controlled and coordinated by a variety of exocrine and 

endocrine factors and proper functioning of these organs 

is crucial for fertility efficacy[32]. Male gamete is one of 

the determinants of fertility and thus, the main function 

of male reproductive system is to produce, store, nurture 

and transfer the sperm and protecting the seminal fluid. 

Testis is the major reproductive organ and performs two 

important functions: production of sperm (male gamete): 

spermatogenesis and production of androgens: 

steroidogenesis, while epididymis, an accessory sex 

organ is involved in post-testicular sperm maturation 

events, a key factor for a sperm to acquire fertilizing 

ability. A range of diverse endocrine factors, control and 

coordinate spermatogenesis, sperm maturation events 

and steroidogenesis in mammals. It is well established 

that the hormones produced and secreted by the 

hypothalamic-pituitary-testicular (HPG) axis regulate the 

male reproductive tract functions. Hypothalamus located 

beneath the thalamus synthesize a decapeptide known as 

gonadotropin releasing hormone (GnRH) which in turn 

stimulate the anterior part of the pituitary gland to 

produce gonadotropins. The pituitary gland is popularly 

known as master of endocrine glands as it regulates many 

of the biological functions of the body by its secretions 

produces two gonadotropins viz., follicle stimulating 

hormone (FSH) and luteinizing hormone (LH) which 

target the testicular Sertoli and Leydig cells, respectively. 

They exert their actions via leutinizing hormone 

chorionic gonadotropin receptor present on the Leydig 

cells and follicle stimulating hormone receptor present on 

the Sertoli cells[33]. The LH stimulation leads to the 

synthesis of testosterone production from its percussor, 

cholesterol from the Leydig cells and LH regulates 

Leydig cell steroidogenesis by its cognate receptor[34]. 

On the other hand, the interplay between the FSH, 

testosterone and the Sertoli cells is considered important 

for spermatogenesis[35,36]. Moreover, FSH sustains the 

Sertoli cell number via its differentiation and 

proliferation in the testis and most strikingly, FSH-

mediated regulation of structural genes of cell-cell 

junctions and genes that govern regulatory and nutritional 

factors from Sertoli to germ cells is well appreciated at 

the molecular level[33]. FSH is key player in the 

feedback mechanisms thereby regulation of testicular 

functions via HPT-axis[37]. The maturation of 

spermatogonia into mature spermatozoa is regulated by 

FSH via Sertoli cell functions. The number of Sertoli 

cells and their ability to support developing germ cells, 

thereby spermatogenesis is under the regulation of 

FSH[36]. In humans, fertility phenotypes in carriers of 

inactivating fshr mutations leads to reduction of 

spermatogenesis[38]. Therefore, an intact HPT axis is 

critical for testicular functions[33] and any disturbances 

may lead to infertility. For more information about the 

role of gonadotropins such as FSH and LH on male 

reproductive health[39-41].  

Apart from gonadotropins, steroid hormones such as 

androgens, estrogens and corticosteroids are another set 

of endocrine factors that occupied a strategic position in 

the regulation of male reproductive health thereby 

fertility potential. Androgenic effects in the testis occurs 

via the testosterone produced by the Leydig cells, while 

such effects in the male reproductive tract occurs via 

dihydrotestosterone (DHT), the reduced and more potent 

form of testosterone. Androgens are key for secondary 

sexual characters and play essential role in growth and 
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development of male reproductive tract functions like 

spermatogenesis and also involves in the feed-back 

regulation of secretion of pituitary hormones[42]. In 

response to testosterone and its metabolic product 

dihydrotestosterone mediate their genomic actions via 

androgen receptors and regulate the expression of target 

genes[43]. Estrogenic effects in testis occurs via 

estrogens and estradiol is believed to be one of the 

predominant forms of estrogens in men and is a key 

hormone in modulating libido, erectile function, and 

spermatogenesis. Studies have shown that both estrogen 

excess and estrogen deficiency influence male sexual 

development, testis function, the hypothalamic-pituitary-

testis axis, spermatogenesis and ultimately male 

fertility[44]. Studies also indicated that an equilibrium 

between estrogen to testosterone ratio is considered 

important for proper functioning of physiological events 

in men45. Interestingly, glucocorticoids and 

mineralocorticoids belong to corticosteroids which 

exhibit either positive or negative effects on the fertility 

efficacy and depends on the timing, dose, and 

glucocorticoid-responsiveness within a given tissue. It is 

believed that steroid hormones exert their effects at least 

in part via nuclear receptors. The genomic actions of 

androgens, estrogens and corticosteroids occurs via 

ligand-inducible transcriptional factors known as nuclear 

receptors. Androgens act as ligands for androgen 

receptors, estrogens via estrogen receptors (ER), and 

corticosteroids via glucocorticoid 

(GR)/mineralaocorticoid (MR) receptors respectively 

and exert their genomic effects. The classical genomic 

mechanism of steroid hormone signalling occurs when 

they diffuse into the cell and binds to their cognate steroid 

hormone receptor and eventually translocation of ligand–

receptor complex to the nucleus followed by their binding 

to response elements in the regulatory regions of genes to 

modify their translation.  

Published reports have shown that the EDCs can interfere 

with steroid hormone receptors thereby exert adverse 

effects on male reproductive health[46].  In the next 

section, we focus on an overview of structural aspects of 

NRs followed by steroid hormone receptors. 

Steroid hormone receptors 

Regulation of gene circuits is one of the major events in 

each and every cell and the response induced by the gene 

circuits differ from one tissue to another, wherein such 

genomic actions are mediated via ligand-induced 

transcriptional factors, known as nuclear receptors 

(NRs)47. NRs are a unique superfamily of 48 

transcription factors and in humans, they regulate a wide 

range of processes, including development, circadian 

rhythms, endocrine and metabolic fluxes, behavior, and 

also xenobiotic stress[48]. NR defined distinct regulatory 

decisions seems to be nuanced and comprise the allosteric 

transmission of ligand-induced conformational changes 

in the ligand-binding domain (LBD) to the closely 

juxtaposed DNA-binding domain (DBD). In each case, 

the allosteric signals are transmitted through a 

convergence zone formed between DBD and LBD 

interface. Studies have shown that the malfunctioning of 

NRs may cause a wide array of diseases and inherited 

disorders[49].  

Based on key characteristics, NR superfamily is broadly 

categorized into four major classes wherein class I NR 

family includes steroid receptors, class II NR family 

includes RXR heterodimers, class III family includes 

orphan receptors and class IV family includes monomeric 

orphan receptors. Though, they share certain Class I to III 

NRs require dimerization (class I and III NRs require 

homodimerization, while class II NR exert its actions via 

formation of heterodimers) for their signaling 

mechanisms, whereas dimerization process is not 

required for class IV NRs (Fig. 1). The structure of NRs 

comprised of A/B, C, D, E domains wherein A/B domain 

is located at N-terminal end, while D domain acts as a 

hinge region between C (DNA Binding domain: DBD) 

and E (Ligand Binding domain: LBD) domains. A/B 

domain of NRs is a  

 

Figure 1: The figure depicts four major classes of 

nuclear receptors: Class I, Steroid Receptors; Class II, 

retinoic acid x receptor (RXR) Heterodimers; Class III, 

Dimeric Orphan Receptors; and Class IV, Monomeric 
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Orphan Receptors. The classification of nuclear receptors 

is based on dimerization, DNA binding: direct or inverted 

repeats and Ligand specificity: required or not required. 

The illustration includes abbreviations for various 

domains: NTD (N-terminal domain), DBD (DNA-

binding domain), H (Hinge region), LBD (Ligand-

binding domain), C (Variable C-terminus), DR (Direct 

Repeat), and IR (Inverted Repeat). 

structurally diverse and often intrinsically disordered 

region and is typically composed of approximately 100-

400 amino acids. One of the key functions of the NTD is 

to mediate the transcriptional activity of the receptor 

through its activation function 1 (AF-1) region. The AF-

1 region is a transcriptional activation domain that 

recruits coactivator proteins, leading to the initiation of 

transcription of target genes. The AF-1 region interacts 

with various coactivators, such as p300/CBP, SRC-1, and 

GRIP-1, which contain LXXLL motifs[50-52]. The 

LXXLL motif is a protein-protein interaction motif that 

is conserved across several transcription factors and 

coactivators. It mediates the interaction of these proteins 

with the NTD of nuclear receptors, facilitating the 

recruitment of coactivators to the receptor, and the 

subsequent initiation of transcription. N-terminal domain 

of NR also contains the dimerization interface that 

facilitates the homodimerization and heterodimerization 

of nuclear receptors. The dimerization interface is 

involved in the formation of the active receptor complex, 

which binds to DNA response elements and regulates the 

transcription of target genes. The NTD also contains 

several protein-protein interaction motifs, such as 

FXXLF and LXXLL, which mediate the interaction of 

the receptor with other transcription factors and 

coactivator proteins. The FXXLF motif is a protein-

protein interaction motif that is involved in the interaction 

of the receptor with the steroid receptor coactivator-1 

(SRC-1) and other coactivators[53,54]. The proline-rich 

motif found in the NTD of nuclear receptors is known to 

interact with the SH3 domains of various signaling 

proteins. This interaction can serve as a molecular switch 

that regulates the activity of these proteins and 

contributes to diverse cellular processes, such as cell 

growth, differentiation, and survival[55].  

The DNA-binding domain (DBD) of NRs is typically 

composed of around 70-80 amino acids and is a 

structurally conserved region of the protein. The DBD is 

composed of two zinc fingers, each of which has an 

alpha-helix and a beta-sheet held together by four 

cysteine residues, which coordinate a zinc ion. The 

spacing between the cysteine residues in the zinc fingers 

allows them to interact with specific DNA sequences in 

the major groove of the DNA helix[56]. The first zinc 

finger of the DBD is known as the P-box, while the 

second zinc finger is known as the D-box. The P-box 

interacts with the first three base pairs of the hormone 

response element (HRE) sequence, while the D-box 

interacts with the next three base pairs, responsible for 

protein – protein interactions[57]. The specific sequence 

recognized by the DBD can vary depending on the 

specific nuclear hormone receptor, but it typically 

consists of a palindromic or semi-palindromic sequence 

of 6-8 base pairs[58]. NRs commonly control the 

expression of genes by binding to DNA response 

elements that are associated with their target genes and 

these response elements are made up of six nucleotides 

arranged as direct or inverted repeats and consist of half-

sites with the sequence 5′AGAACA3′ or 

5′AGGTCA3’[59]. 

The hinge region of NRs is a flexible and highly variable 

region that connects the DNA-binding domain (DBD) 

and the ligand-binding domain (LBD) of the 

receptor[60]. It is typically composed of approximately 

30-60 amino acids and has a low sequence conservation 

across the nuclear receptor family. Despite its low 

sequence conservation, the hinge region plays an 

important role in regulating NR function. It contains 

several phosphorylation sites that are regulated by 

various cellular signaling pathways and can modulate the 

interaction between the DBD and the LBD. 

Phosphorylation of the hinge region has been shown to 

regulate NR activity, stability, and subcellular 

localization[61] .  

The ligand-binding domain (LBD) of NRs is a 

structurally complex and highly conserved region of the 

protein that plays a critical role in regulating gene 

expression. The LBD is typically composed of around 

250-300 amino acids and is responsible for binding to 

specific ligands, such as hormones, and recruiting 

coactivator or corepressor proteins to the transcriptional 

complex. The LBD consists of 12 alpha-helices and 4 

beta-strands, which together form a three-dimensional 

structure known as a "folded-up helix." This folded-up 

helix is highly conserved across the nuclear receptor 

family and plays a critical role in ligand binding. The 
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LBD also contains a highly flexible loop region, which is 

referred to as the "AF-2 domain," that is important for 

mediating interactions with coactivator or corepressor 

proteins[62].  

The ligand-binding pocket of the LBD is composed of 

several hydrophobic amino acids and can accommodate 

a wide range of ligands, including small molecules, 

peptides, and lipids. The specificity of ligand binding is 

determined by the shape and size of the ligand-binding 

pocket, as well as by specific interactions between the 

ligand and amino acid residues within the pocket. Upon 

ligand binding, the LBD undergoes conformational 

changes that allow it to recruit coactivator or corepressor 

proteins to the transcriptional complex. Coactivator 

proteins interact with the LBD through a conserved 

LXXLL motif, which allows them to bind to the AF-2 

domain and stabilize the active conformation of the 

LBD[53]. Corepressor proteins, on the other hand, 

interact with the LBD through a conserved NR box motif, 

which allows them to bind to the AF-2 domain and 

stabilize the inactive conformation of the LBD[63].  

Despite of significant structural and functional 

differences, some structural components of NRs are 

preserved which seems to be permissive to exert their 

respective genomic actions. In the next section, we only 

emphasize on class I NRs (steroid hormone receptors) 

and for more information on NRs these excellent reviews 

may be referred[64,65].  

Steroid hormone receptors  

Steroid hormone receptors including androgen receptor 

(AR), estrogen receptor (ER), progesterone receptor 

(PR), glucocorticoid receptor (GR), and 

mineralocorticoid receptor (MR) are commonly referred 

to Class-1 NRs. All the class I steroid NRs exhibit 

common structural components of typical NRs domains: 

A/B, C, D, E domains with differences in their sequences 

and binding abilities to their respective ligands. The A/B, 

C (DBD) and E (LBD) domains of ER alpha (15%, 51% 

and 20%, respectively), ER beta (15%, 56% and 22%, 

respectively), PR alpha (15%, 80%, and 52%, 

respectively), PR beta (15%, 80% and 53%, 

respectively), GR (15%, 77% and 50%, respectively), and 

MR (15%, 77% and 52%, respectively) exhibit sequence 

similarity of 15 % against AR. These receptors are 

activated by specific steroid hormones, such as 

testosterone (AR), estrogen (ER), progesterone (PR), 

cortisol (GR), and aldosterone (MR), respectively. The 

ability of steroid hormone receptors to modulate gene 

expression in response to their respective steroid 

hormones is crucial for maintaining homeostasis and 

coordinating the body's response to changing 

environmental and physiological conditions. 

Dysregulation of steroid hormone receptor signaling can 

lead to a variety of diseases, including cancer, metabolic 

disorders, and reproductive disorders (Fig. 2). 

 
Figure 2:  A schematic illustration depicting the 

percent identity in primary sequence of steroid hormone 

receptors compared to the androgen receptor  

Androgen receptor (AR) 

Androgens including testosterone (T) and 

dihydrotestosterone (DHT) that are important for 

structural and functional integrity of male reproductive 

tract functions. It is well known that T can undergo a 

transformation into its more potent form, DHT, through a 

process known as 5α reductase conversion. It can also be 

converted into oestradiol by the enzyme aromatase. Both 

T and DHT exert their effects through the AR, a type of 

transcription factor that is activated by binding to its 

ligand[66,67]. Androgens, through their interaction with 

the androgen receptor (AR) located on the X 

chromosome, have been shown to impact a variety of 

bodily systems, including bone, muscle, prostate, adipose 

tissue, the reproductive system, cardiovascular system, 

immune system, nervous system, and blood system[68]. 

Expression of androgen receptors (ARs) has been 

observed in various male reproductive organs, such as 

efferent ductules, urogenital sinus, Wolffian ducts, 

epididymides, ductus deferens, seminal vesicles, 

coagulating glands, prostates, and bulbourethral glands, 

starting from embryonic Day 13 to Postnatal Day 

10[69,70. 

The AR is a protein that is encoded by the AR gene, and 

it is composed of 919 amino acids[71]. The AR protein is 
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composed of several functional domains including N-

terminal domain, DNA-binding domain (DBD), and the 

ligand-binding domain (LBD). The N-terminal domain, 

DNA-binding domain, and ligand-binding domain work 

together to allow the AR to bind to androgens, bind to 

androgen response elements in DNA, and regulate gene 

expression[72]. AR is expressed in various testis tissues 

and all types of somatic cells, but is absent from germ 

cells. This highlights the need for T, a crucial factor for 

sperm production, to be mediated by signaling in somatic 

cells. By selectively eliminating AR from specific 

somatic cell types, researchers were able to determine the 

role of AR signaling in each cell type. It was found that 

AR signaling in Sertoli cells plays a significant role in 

supporting postmeiotic germ cell development, as well as 

in regulating the size of the Leydig cell population. 

Additionally, AR signaling in Peritubular myoid cells 

was found to support all stages of spermatogenesis and 

Sertoli and Leydig cell function. Lastly, AR signaling in 

Leydig cells was found to be crucial for the maturation of 

the Leydig cell population and its function in 

adulthood[73]. 

Estrogen receptors:  

Estrogens are a type of steroid hormone that encompasses 

three hormones: estrone (E1), (E2, or 17β-estradiol), and 

estriol (E3). Among the estrogens, 17β-Estradiol, the 

most effective estrogen that control and coordinate 

various physiological processes including the growth and 

up keep of reproductive organs. Though primarily, 

estrogens are believed to be female hormones, the role of 

estrogens in male reproductive health has also been 

demonstrated74. Estrogens exert their actions via both 

nuclear and membrane receptors wherein ERα (estrogen 

receptor alpha) and ERβ (estrogen receptor beta) belongs 

to NRs and GPER1 (G protein-coupled estrogen receptor 

1), also known as GPR30 is categorized under membrane 

receptors[75]. ERα and ERβ are expressed in various 

tissues and cells in both males and females, but the 

expression levels can vary depending on the tissue type 

and sex. With regards to the male reproduction, the 

expression of ERs is commonly found in the testis, 

efferent ductules, and epididymis of most species. The 

expression of ERα in testicular Leydig cells in adult men 

has been documented, while ERβ has been documented 

in both Leydig and Sertoli cells and efferent ducts[76]. 

On the other hand, ERβ and aromatase are expressed in 

Sertoli, Leydig, and germ cells of male fetus[77,78]  but 

ERα is absent[79]. Studies also indicated that ERα has 

been detected in the nuclei of epithelial cells in the caput 

of the epididymis[80], while both ERα and ERβ have 

been identified in isolated immature germ cells[81] and 

also in human ejaculated spermatozoa[82]. In rodents, 

ERα is expressed primarily in the Leydig cells and in the 

proximal reproductive ducts and ERβ is expressed in both 

Leydig and Sertoli cells, as well as in the efferent ducts 

and some germ cells[83-85]. Published reports also 

indicated that ERβ is more highly expressed in the 

prostate, bladder, and immune system[86,87].  

The Erα (595 amino acids) and ERβ (530 amino acids) 

are encoded by ESR1 and ESR2 genes, respectively and 

is composed of 595 amino acids[88-90] . They ERα and 

ERβ can also form heterodimers on estrogen response 

elements (EREs). With regards to sequence similarity, 

ERβ has a high degree of homology to ERα in the DNA-

binding domain (DBD), with more than 95% of the amino 

acids being identical. The ligand-binding domain (LBD) 

of ERβ also has a moderate level of homology to ERα, 

with approximately 55% of the amino acids being similar. 

However, the N-terminal domain (NTD) of ERβ is 

shorter than that of ERα and has very limited similarity, 

with only around 15% of the amino acids similar to ERα's 

NTD[91-94]. The hinge regions of ERα and ERβ have 

limited homology, with only 36% of the amino acids 

being similar. On the other hand, the amino acids from 

223 to 343 in ERα and from 404 to 457 in ERβ exhibit a 

more significant similarity than the sequence located 

between 223 to 457 in ERα and 344 to 403 in Erβ.  

Progesterone receptor (PR) 

Progesterone is a vital hormone that plays a significant 

role in the female reproductive system, especially in the 

menstrual cycle and pregnancy. Its ability to bind with 

progesterone receptors within cells allows it to regulate a 

wide range of physiological processes, including 

ovulation, uterine and mammary gland growth, and 

sexual responsiveness[95,96] . PR is expressed various 

tissues including uterus, ovary, vagina, breast, 

hypothalamus, pituitary gland, and adrenal cortex, liver, 

kidney, lung, skeletal muscle, and fat tissues. PR 

expression has also been reported in various human 

tissues, including the prostate and testis[97]. Thus, wide 

expression of PR directly correlates to its diverse and 

complex functions of progesterone and its role in 

regulating a wide range of physiological processes in 

mammals[98-101]. PR comprised of 933 amino acids and 
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occurs in two forms: PRA and PRB[102]. Though, they 

share high sequence similarity, 164 amino acids present 

at the N-terminal end of PRB is missing in PRA[103] 

which in turn reflect in their differential transcriptional 

activation and repression functions. Further, 164 N-

terminal domain extra amino acids in PRB can able to 

inhibit PR's self-association[104]. Furthermore, the AF1 

region located in N terminal region of PRA exhibits a 

strong transactivation function and is capable of 

activating gene expression by interacting with co-

activators and chromatin remodeling enzymes, whereas, 

AF2 domain in PRB seems to be a potent repression 

function and can able to inhibit gene expression by 

recruiting corepressor proteins[105].  

Glucocorticoid receptor (GR) and Mineralocorticoid 

receptor (MR) 

Glucocorticoids are a class of steroid hormones and are 

believed to be stress response hormones and are 

orchestrated by the hypothalamic-pituitary-adrenal 

(HPA) axis[106-108] . They control and coordinate 

physiological events like metabolism, stress response, 

cell growth, inflammation, immunity, development, and 

reproduction[109]. They exert their genomic actions via 

GRs[110] which are expressed in almost all human 

tissues and organs[111]. In humans, there are two forms 

of GR: hGRα and hGRβ which comprised of 777 and 742 

amino acids respectively[112]. Studies have shown that 

GR in its unbound form to its ligand, heat-shock proteins 

(hsp90, hsp70, hsp90-binding protein p23), 

immunophilins ((eg, FKBP51, FKBP52, Cyp44, and 

PP5), bind GRs and protect it against degradation[113]. 

In the presence of ligand, the associated proteins are 

released from GRs thereby translocate to the nucleus, and 

interacts with co-regulators to enhance its transcriptional 

activity[114].  

MRs (984 amino acids) are widely expressed in kidneys, 

heart, brain, adipose tissue and reproductive organs. The 

role of MR in the regulation of blood pressure in response 

to its ligand, aldosterone is well acknowledged[115]. 

With regards to male reproduction, MR activation causes 

erectile dysfunction[116]. The expression of MR has 

been reported in the epithelial cells of the epididymis, 

with higher expression levels in the caput than in the 

cauda epididymis[117]. The glucocorticoid receptor 

(GR) has a close relationship with the mineralocorticoid 

receptor (MR), and these receptors exhibit some overlap 

in their functions. The MR can be activated by its own 

ligands, known as mineralocorticoids, as well as by 

glucocorticoids, while the GR is only activated by 

glucocorticoids[118]. 

Distribution and Expression Patterns of Nuclear 

Receptors: 

Steroid hormone receptors are mainly located in the 

cytoplasm and nucleus of target cells. In their inactive 

state, these receptors are usually present in the cytoplasm, 

bound to heat shock proteins[119]. When a specific 

hormone, like estrogen, testosterone, or cortisol, binds to 

the receptor, it undergoes a structural change, causing it 

to detach from the heat shock proteins and move into the 

nucleus. Once in the nucleus, the receptor attaches to 

specific DNA sequences known as hormone response 

elements, influencing the transcription of genes that 

regulate key physiological functions, including 

reproduction[120]. 

Androgen Receptors 

Androgens are vital for sperm production, but germ cells 

themselves do not express functional androgen receptors 

(AR)[121]. Instead, AR in surrounding somatic cells 

regulates sperm production. AR is expressed in 

peritubular and Leydig cells from early fetal stages and 

continues after birth. In Sertoli cells, AR appears in the 

nucleus by 4–5 days after birth in mice, increases by 7–9 

days, and remains active in adulthood[122]. While AR is 

strongly present in Sertoli cell nuclei, it is absent in germ 

cells like spermatogonia and spermatocytes[123]. 

Active AR localizes in the nucleus, while cytoplasmic 

AR is inactive[124]. In the classical pathway, androgens 

bind to AR, displace heat shock proteins, and move into 

the nucleus to regulate gene expression. In the non-

genomic pathway, AR activates signaling cascades at the 

cell membrane, influencing processes like MAPK and 

ERK[125,126]. AR is also found in male reproductive 

organs such as the epididymis, seminal vesicles, prostate, 

and bulbourethral glands[69]. 

Estrogen Receptors 

Estrogen receptors (ERs) are found at various stages of 

male reproductive development. In the fetal stage, ERβ 

and aromatase are expressed in Sertoli, Leydig, and germ 

cells[77,78], while ERα is absent[79]. 

After birth, in mice, ERβ expression peaks during 

postnatal days 1–5 and declines by day 12 [45]. In adult 

mice, ERβ is seen in Leydig and germ cells, but not in 
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Sertoli cells[78] . ERβ is most prominent in pachytene 

spermatocytes and also found in spermatogonia, 

preleptotene spermatocytes, and round 

spermatids[123].In human development, ERα is present 

in Sertoli cells from childhood through puberty[127]. 

However, during puberty in mice, ERα levels begin to 

decline[128]. 

In adulthood, ERα is expressed in Leydig cells in 

men[76], and ERβ remains in Leydig and Sertoli cells, as 

well as the efferent ducts[76]. In human testes, ERα is 

absent, but ERα has been detected in the nuclei of 

epithelial cells in the caput region of the epididymis, 

while both ERα and ERβ are present in immature germ 

cells[77,81]. In human ejaculated sperm, both ERα and 

ERβ are expressed[82]. 

Progesterone Receptors 

Research on progesterone receptor (PR) expression in 

male reproductive tissues shows mixed findings. In rats, 

PR-B, a specific isoform, is found in the testis at both the 

gene and protein levels[129]. In mice, PR knockout 

studies showed PR expression in Leydig cells when 

gonadotropin was suppressed, although this was based on 

a reporter line without immunohistochemistry 

confirmation[129]. In humans and primates, PR 

expression in the testis remains uncertain, with some 

studies showing widespread expression[130] and others 

indicating it is present in only a few cells[131]. 

Progesterone-binding sites have been observed in the 

testes of lower species, like immature rats[132]. PR is 

found in some peritubular and interstitial cells but not in 

germ cells. It is also expressed in the epididymis, 

prostate, and male mammary gland[131]. In human 

sperm, PR is located in the equatorial region of about 

50% of sperm heads[133]. Additionally, PR expression 

has been noted in human prostate and testis tissues[97]. 

Glucocorticoid Receptors 

Research on glucocorticoid receptor (GR) expression in 

the testis is less comprehensive compared to other tissues. 

In mice[134], GR expression has been detected in Leydig 

cells, peritubular cells, Sertoli cells, and early germ cells 

by postnatal day 20 . In adult mice, GR is present in the 

nuclei of spermatogonia and preleptotene spermatocytes 

but shows weak expression in pachytene spermatocytes 

and is absent in spermatids. In mature mice (70 days old), 

Sertoli cells do not express detectable levels of GR[134, 

135]. 

In adult human testis, GR is observed in peritubular 

cells[136], Leydig cells, weakly in Sertoli cells, and in 

spermatogonia, but it is not present in spermatids. In fetal 

human testis, GR shows a different pattern, with 

heterogeneous expression in Sertoli cells, no expression 

in gonocytes, weak expression in nascent peritubular 

cells, and detectable GR in some prospermatogonia[137]. 

  GR has also been detected in Leydig cells and 

germ cells of the testis[138,139] . Additionally, GR is 

present in the epithelial cells of the epididymis, seminal 

vesicles, vas deferens, and prostate gland[140,141].  

Mineralocorticoid receptor  

  MR is expressed in the epithelial cells of the 

epididymis, with higher levels in the caput compared to 

the cauda[117], and in the testicular Leydig cells of adult 

rats, where aldosterone influences stem Leydig cell 

proliferation and testosterone production[142]. 

Endocrine disruptors and nuclear receptor signalling 

Environmental pollutants that can mimic, inhibit, or 

block the synthesis of endogenous hormones or bind with 

their cognate receptors are classically known as 

endocrine-disrupting chemicals (EDCs). Reproduction in 

mammals largely depends on endocrine factors, and 

hence, any disturbances at this level could be detrimental 

to male fertility efficacy[13-18,143] . Some studies have 

shown that EDCs could modulate epigenetic signatures, 

thereby promoting even prostate cancer[25,144-146]. 

Here we present results pertaining to testicular toxicants 

and steroid hormone receptors in mammals, including 

human studies (Fig 3). 

Bisphenols 

Bisphenols are a group of chemicals structurally similar 

to bisphenol-A (BPA) which are used as the primary raw 

material in the production of polycarbonate and epoxy 

resins. Nowadays, there is major concern about the effect 

of bisphenol congeners on male reproductive health. In 

vitro studies indicated that bisphenol analogues bisphenol 

A (BPA), bisphenol F (BPF), bisphenol S (BPS), and 

brominated analogue flame retardant 

tetrabromobisphenol A (TBBPA) exhibit differential 

effects on steroidogenesis mediating human GR and AR 

in murine MA-10 Leydig cells[147]. The findings have 

shown that BPA, BPF, and TBBPA, but not BPS, showed 
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GR and AR antagonism with IC50 values of 67 μM, 60 

μM, and 22 nM for GR, and 39 μM, 20 μM, and 982 nM 

for AR, respectively. Interestingly, all bisphenol 

analogues and TBBPA altered testicular steroidogenesis 

wherein TBBPA was oriented towards induction of 

testosterone synthesis, while BPF and BPS were oriented 

towards progestagens which are formed at the initial steps 

of the steroidogenic pathway. In another study based on 

in vitro bioassays based on competitive binding assay, 

reporter gene expression, and cell proliferation 

assessment, the findings indicated that BPS, BPF, and 

BPA efficiently activated both human ERs, while 

TBBPA behaved as a weak hERα agonist and BPA, BPS 

were more active in the hERβ versus hERα assay[148]. 

With regards to hAR, BPF and BPA were full hAR 

antagonists, while BPS was a weak hAR agonist. The 

effect of bisphenol compounds could be pleiotropic in 

that they disrupt multiple steroid hormone receptors and 

may therefore interfere with the endocrine system[148]. 

Studies of Zhang et al. (2024) also indicated that BPA 

promotes cell proliferation and invasion ability of 

prostate cancer cells via regulating androgen 

receptor[25].  

 

Figure 3: An illustration depicting the 

mechanism of action of endocrine disruptors induced 

deterioration of male reproductive health and fertility via 

mediating steroid hormone receptor. Dotted line: 

mechanism is not fully elucidated; -/+: down or up 

regulation of genes modulated by endocrine disruptors 

interfering with endogenous hormone mediated genomic 

actions; AR: Androgen receptor; GR: Glucocorticoid 

receptor; ER: Estrogen receptor 

Pyrethroids 

  Pyrethroids like bifenthrin, cypermethrin, 

deltamethrin, fenvalerate, and permethrin are widely used 

to control pests. However, they exert adverse effects on 

male reproduction via their endocrine-disrupting 

properties[149,150]. These chemicals may act as 

antiandrogenic, estrogenic, and antiestrogenic in nature, 

thereby affecting hormone synthesis, metabolism, or 

transport of endogenous hormones. Studies by Wang et 

al. (2020) indicated that cypermethrin(CYP) can block 

AR and its co-regulators, such as SRC-1, SMRT, and 

NCoR, thereby causing improper transcriptional 

activation of downstream genes and interfering with the 

proper function of the male reproductive system[27]. 

Studies of Ding et al. (2020) reported that CYP can 

disrupt the interaction between AR and coactivators 

ARA70 and ARA55, leading to inhibition of AR 

signaling activation[151]. This novel aspect of 

toxicological mechanism contributes to the anti-

androgenic activity of CYP and consequently is 

associated with male reproductive disorders[152,153]. 

Studies also indicated that bifenthrin, cypermethrin, 

deltamethrin, fenvalerate, and permethrin may exhibit 

estrogenic or antiestrogenic activity, thereby interfering 

with the ER pathway in males, suggesting that they may 

also interfere with the estrogen receptor (ER) pathway in 

males[154-157]. It is well known that disruption at the 

level of ER signaling can lead to decreased sperm count 

and impaired male fertility efficacy[158].  

In contrast, a few studies also demonstrated that 

pyrethroids with either estrogenic or antiestrogenic 

effects may not affect male reproductive health[156,159], 

suggesting the type, dose, time point of exposure, animal 

model used, and most strikingly multifaceted effects of 

pyrethroids might be considered important in the 

assessment of their reproductive toxicity. 

Organochlorines 

  Organochlorines such as methoxychlor, kepone, 

DDT/DDE, and endosulfan can mimic estrogens and are 

thus known as xenoestrogens. They interact with ERs and 

interfere with male reproduction[45]. The impact of 

endosulfan, an organochlorine pesticide, on estrogen-

regulated genes. Endosulfan exposure modulated the 

expression of estrogen-dependent genes in a manner 

similar to a low, non-uterotrophic dose of 17β-estradiol. 

Although endosulfan did not induce uterine growth, a 

typical response to higher doses of estradiol, it influenced 

gene expression to mimic the hormone’s effects at lower 

levels[160]. This suggests that endosulfan disrupts 

endocrine function by interacting with estrogen 

receptors, potentially leading to altered reproductive 

outcomes.  
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Methoxychlor binds with low affinity to estrogen 

receptors α and β, disrupting normal development and 

function of male reproductive organs. This disruption 

affects steroidogenesis, leading to decreased testosterone 

levels, testicular atrophy, and impaired spermatogenesis. 

Methoxychlor’s estrogenic activity also results in 

hormonal imbalances and oxidative stress, contributing 

to long-term reproductive toxicity, including delayed 

puberty and reduced fertility, sometimes passed to future 

generations through epigenetic mechanisms[161]. 

Dieldrin, was evaluated for its ability to interfere with 

endocrine function. The findings indicated that dieldrin 

significantly reduced the binding of [3H]5α-

dihydrotestosterone (DHT) to the androgen receptor by 

around 30-40%.The mechanism underlying this effect 

involves dieldrin obstructing the normal interaction 

between steroid hormones and their receptors, 

particularly the androgen receptor. This disruption affects 

critical steroid hormone signaling pathways, which play 

a key role in regulating reproductive functions. By 

hindering the binding of natural hormones to their 

receptors, dieldrin may negatively affect androgen-

dependent processes, potentially leading to reproductive 

issues. The study identified dieldrin as one of several 

environmental chemicals that can interfere with 

hormone-receptor binding, contributing to endocrine 

system disruption[162]. 

In the study by Pavlíková et al., the authors investigated 

the enantioselective effects of different isomers of alpha-

hexachlorocyclohexane (HCH) on androgen receptor 

activity. Their research focused on how these isomers 

interact with androgen receptors in vitro.The study found 

that the various isomers of HCH exhibited different levels 

of activity in modulating androgen receptor function. 

Specifically, some isomers had a stronger effect on 

receptor activity than others. The researchers attributed 

these differences to the distinct molecular configurations 

of the HCH isomers, which influence their interaction 

with the androgen receptor. The findings suggest that the 

enantioselectivity of HCH isomers is a key factor in their 

endocrine-disrupting potential, impacting the androgen 

receptor's role in cellular processes[163]. 

Organophosphates 

  Organophosphates include pesticides such as 

chlorpyrifos (CPF) and fenitrothion. Studies on CPF 

indicated that exposure to males negatively affects 

fertility indicators like sperm quality and production and 

testosterone levels, and exhibits strong interactions with 

AR164. Molecular docking studies also indicated that 

CPF and its degradation products (chlorpyrifos-oxon 

[CPYO], desethyl chlorpyrifos [DEC], 

trichloromethoxypyridine [TMP], and trichloropyridinol 

[TCP]) showed potential interactions with AR. 

Therefore, CPF and its degradation products could be 

involved in the alteration of AR-LBD, thereby leading to 

dysfunction of the AR signaling[164].  

Fenitrothion, an organophosphate insecticide, was act as 

an androgen receptor antagonist. By obstructing the 

normal binding of androgens like testosterone, 

fenitrothion impedes androgen receptor activation, 

disrupting male reproductive functions and secondary 

sexual characteristics[165]. 

Another significant finding comes from Erthal, which 

showed that malathion exposure during critical 

developmental stages led to significant downregulation 

of both androgen receptor and 17-β-HSD gene expression 

in rats, resulting in deteriorated sperm quality. This 

disruption in androgen receptor signaling, crucial for 

spermatogenesis and overall testicular function, 

highlights the reproductive toxicity of malathion during 

critical developmental periods[166].  

Insecticides 

  Imidacloprid (IMI) is a neonicotinoid 

insecticide that targets the nervous system of insects. 

Studies have shown that IMI can interfere with the 

endocrine system in male animals[167,168]. The 

mechanism identified involves imidacloprid binding to 

the androgen receptor, which interferes with the 

receptor's normal function in regulating hormonal 

activity. This disruption impairs the androgen receptor's 

ability to properly bind testosterone, leading to 

disturbances in hormone signaling pathways. These 

alterations affect androgen-dependent processes, such as 

spermatogenesis and male reproductive development. 

The findings highlight that imidacloprid's interference 

with androgen receptor activity is a key factor in its 

endocrine-disrupting potential, potentially resulting in 

reproductive harm in male mice[169] Such disturbances 

affect processes reliant on androgens, including 

spermatogenesis and male reproductive development. 

The study emphasizes that imidacloprid's disruption of 

androgen receptor activity is a significant factor in its 

potential to disrupt the endocrine system, posing risks to 

male reproductive health in mice. 
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 Pyrifluquinazon (PFQ) is a commercialized insecticide 

that targets chordotonal receptor neuron function in 

insects. PFQ was shown to deteriorate testosterone levels, 

spermatogram properties associated with disruption of 

AR signaling pathway through altered testicular AR 

protein expression[170],. Interestingly, PFQ actions seem 

to be independent of ligand binding activity and could be 

ascribed to ligand-independent AR antagonist property of 

PFQ[170]. 

Fungicides 

  Prochloraz (PRZ) is an imidazole fungicide that 

is widely used to control fungus and protect agricultural 

crops. Studies have shown that PRZ can interact with ER 

and AR and also acts as an aromatase inhibitor, believed 

to suppress male reproductive tract functions via 

disruption of estrogen and androgen signaling on one 

hand and improper conversion of androgens to estrogens 

via inhibition of aromatase[171]. Vinclozolin (VIN) is a 

systemic dicarboximide fungicide used to protect various 

crops. Studies have shown that VIN and its metabolites, 

2-[[(3,5-dichlorophenyl)-carboxymoyl]-2-methyl-3-

butenoic acid (M1)] and 3′,5′-dichloro-2-hydroxy-2-

methylbut-3-enanilide (M2), are potent antagonists of 

AR and moderate agonists to PR and ER[172]. Studies 

have shown that exposure of mice during the embryonic 

period, particularly during embryonic days 15.5-17.5, to 

EDCs like vinclozolin can pose a threat to penis 

development and could be associated with disruption of 

androgen signaling[173]. It has been shown that VIN acts 

as an antiandrogen and negatively affects penis 

development and overall masculinization in mice[173]. 

olychlorinated Biphenyls (PCBs) 

Polychlorinated biphenyls (PCB) are used as additives in 

paints, plastics, printing inks, copying paper, and sealants 

and also used as a fluid in electrical transformers and 

capacitors, lubricating and cutting oils, hydraulic fluids, 

and heat transfer fluids. Studies have shown that Aroclor 

1254 is a commercial PCB and its exposure caused 

reduced AR expression, indicating defective expression 

of the AR gene[174]. Studies of Selvakumar et al.,(2011)  

reported that rats exposed to PCBs showed 

downregulation of AR and ERalpha mRNA and protein 

levels in the ventral prostate, while ERbeta mRNA and 

its protein expression were increased due to low 

availability of estrogens and testosterone[175]. 

Miscellaneous Chemicals 

Methoxyacetic acid (MAA) is a widely used industrial 

solvent and is a metabolite of ethylene glycol ether 2-

methoxyethanol (ME). MAA acts as a hormone sensitizer 

and enhances the NR-mediated transactivations without 

itself being a hormone mimic[176]. Male reproductive 

toxicity of MAA has been studied in rodent models[177]. 

Studies have shown that exposure of experimental rats to 

MAA causes increased prevalence of oligospermia and 

azoospermia, deterioration of sperm quality, and most 

strikingly apoptosis in pachytene spermatocytes[178]. 

Apoptosis of primary spermatocytes and testicular 

degradation associated with normal testosterone levels 

but can be indicative of androgen deprivation following 

MAA treatment. Based on their findings, they postulated 

that MAA-induced testicular toxicity, at least in part, 

mediates altered AR signaling leading to a change in the 

balance between androgenic and estrogenic activity, 

which is a prerequisite of normal testicular 

development[179]. Moreover, MAA can target several 

genes in the testes that are regulated by AR signaling 

pathways[180]. 

Titanium Dioxide Fine Particles (TiO2FPs) 

Recent examination of titanium dioxide fine particles 

(TiO2FPs) on male reproduction indicated that the oral 

administration of TiO2 FPs resulted in developmental 

toxicity at the level of reproductive organs like atrophy of 

the seminal vesicles[181]. Further, these authors also 

demonstrated that the mechanism of TiO2 action on the 

male reproductive system could be ascribed to its 

antiandrogenic property by suppressing AR expression, 

as evidenced by immunohistochemical examination and 

gene expression analysis. Due to blocking AR sites, the 

adequate supply of androgens to the seminal vesicles was 

blocked, which eventually caused developmental 

abnormalities[181]. 

Other Chemicals 

Zearalenone is a mycotoxin that acts primarily as an 

estrogenic disruptor by mimicking estrogen and binding 

to estrogen receptors. This mimicry affects sperm 

production, hormone levels, and reproductive organ 

function. Additionally, zearalenone's non-estrogenic 

effects, including influencing oxidative stress and 

inflammatory responses, further impair reproductive 

health[182]. 5,6-trichloro-2-pyridinol (TCP) was found 

to exacerbate the impact of chlorpyrifos by interfering 

with testosterone binding to the androgen receptor. This 

disruption impairs Sertoli cell functions, leading to 
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altered spermatogenesis and potential reproductive 

issues[183]. Low doses of carbendazim lead to 

significant disruptions in sperm production. The 

fungicide affects spermatogenesis through mechanisms 

involving estrogen receptors, altering epigenetic 

modifications crucial for gene regulation[184]. 

Conclusion  

To summate, it is fact that the current knowledge of the 

steroid hormone receptors has drastically expanded 

within the last decade due to advancements in both 

analytical and genome‐wide methodologies led to the 

identification of new co‐regulator proteins that modulate 

receptor activity and new signalling pathways. Moreover, 

as steroid hormone receptors upon binding to their 

ligands control the expression of diverse array of genes. 

Indeed, as hormones do not act in isolation but instead 

exhibit pleiotropic effects and hence, their crosstalk and 

interactions are of paramount importance. For example, 

the high affinity of progesterone for the MR which 

antagonizes activation of the MR by aldosterone in 

humans, rats, alligators and frogs[185]. On the other 

hand, EDCs are not explicitly specific for one receptor 

but instead their crosstalk with target NRs tend to have 

unwanted side effects on male 

reproduction[186]. Finally, given that humans are 

exposed to hundreds of chemicals, there is a need for 

screening tools that can aid in the risk assessment of 

potential EDCs. This notion needs to be carefully 

monitored in order to understand the mechanisms that 

guide NR regulation. Therefore, a systems biology 

approach integrating these multifactorial interactions is a 

key to understand the possible NR signalling mechanisms 

underlying EDCs on male reproductive health and the 

knowledge gained could be used to develop future 

therapeutics and might be helpful to protect male fertility 

efficacy among the population at reproductive age.  
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