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Abstract

Environment chemicals can interfere with the endocrine axis hence they are classified as endocrine 

disrupting chemicals (EDCs). Bisphenol S (BPS) is used in the manufacture of consumer products 

because of its superior thermal stability and is thought to be a safe replacement chemical for 

its analog bisphenol A (BPA). However, the safety profile of these compounds alone or in 

the presence of other EDCs is yet to be fully investigated. Also, the estrogenic chemical 17α-

ethinyl estradiol (EE2) and a constituent of female oral contraceptives for women is present 

in water supplies. To simulate concurrent exposure of the population to chemical mixtures, we 

investigated the effects of BPA, BPS, EE2, and their combinations on sex steroid secretion in 

the growing male rat gonad. Prepubertal and pubertal male rats at 21 and 35 days of age were 

provided test chemicals in drinking water (parts per billion) for 14 days. At termination of 

exposure, some individual chemical effects were modified by exposure to chemical combinations. 

Single chemical exposures markedly decreased androgen secretion but their combination (e.g., 

BPA+BPS+EE2) caused the opposite effect, i.e., increased Leydig cell T secretion. Also, the 

test chemicals acting alone or in combination increased testicular and Leydig cell 17β-estradiol 

(E2) secretion. Chemical-induced changes in T and E2 secretion were associated with altered 

testicular expression of the cholesterol side-chain cleavage (Cyp11a1) and 17 β-hydroxysteroid 

Correspondence: Benson T Akingbemi DVM, Ph.D., Department of Anatomy, Physiology and Pharmacology, College of Veterinary 
Medicine, Auburn University, Auburn AL 36849, USA., akingbt@auburn.edu; Tel: 334.844.4489.
Credit authorship contribution statement
Benson T. Akingbemi: Principal Investigator, Funding acquisition, Conceptualization, Methodology, Writing - original draft, Writing - 
review and editing, Project Supervision and administration, Corresponding Author.
Bamidele O. Jeminiwa: Conceptualization, Methodology, Investigation, Writing - original draft, Writing - review and editing, First 
Author.
Rachel C. Knight: Investigation.
Abbot KL: Investigation.
Pondugula SR: Conceptualization, Methodology, Investigation.

Financial Disclosure: Authors have nothing to disclose.
Declaration of competing interest: The authors have no conflicts of interest to declare.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Mol Cell Endocrinol. Author manuscript; available in PMC 2022 August 01.

Published in final edited form as:
Mol Cell Endocrinol. 2021 August 01; 533: 111332. doi:10.1016/j.mce.2021.111332.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dehydrogenase (Hsd17β) enzyme protein. Additional studies are warranted to understand the 

mechanisms by which single and chemical combinations impact function of testicular cells and 

disrupt their paracrine regulation.
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1.0 INTRODUCTION

Exposure of the population to chemicals in the environment has increased significantly 

in the past 100 years due to their use in the manufacture of plastic materials, pesticides, 

herbicides, medications and other industrial products (1,2). This is a public health concern 

because there is evidence that many chemicals have the capacity to interfere with the 

endocrine axis hence, they are designated endocrine disrupting chemicals (EDCs) (3). 

Xenoestrogens are chemicals that mimic the activity of endogenous estrogens and are 

among the most common EDCs (4). Importantly, the population is concurrently exposed to 

mixtures of compounds in food, air, and water (5) Thus, the growing concept of “chemical 

mixture effects” seems reasonable because individual chemical actions may underestimate 

the effects of combined chemical actions. In the present study, we have focused on singular 

and chemical mixture effects due to three environmentally relevant xenoestrogens, namely, 

bisphenol A (BPA), bisphenol S (BPS), and 17α-ethinyl estradiol (EE2) in the rodent male 

gonad.

Despite restrictions on use of BPA as constituent of infant products, BPA and its analogs 

are still used in the manufacture of many household and consumer items (6–8), including 

electronics, automobile parts, water storage tanks, thermal papers, and luggage tags (9,10). 

BPS (bis (4-hydroxyphenyl) sulfone) is considered to be a potential replacement chemical 

for BPA as the anticorrosive agent in epoxy resins, infant feeding bottles and several 

household and industrial products (7,9–11). Exposure of the population through daily 

contact with products containing BPA and BPS is widespread (12). On the other hand, EE2 

is a synthetic estrogen used in the treatment of estrogen insufficiencies and as a constituent 

of oral contraceptives for women. A substantial amount of EE2 is excreted unchanged in 

urine and fecal matter (13). Although bacterial degradation and photodegradation in sewage 

treatment plants are used to remove EE2, significant amounts of EE2 remain in water 

supplies due to its high lipophilic capacity (12,14,15). Thus, EE2 is considered a potent 

estrogen contaminant of treated water and an EDC with public health implications (16–18).

Our previous studies showed that perinatal BPA exposures of female rats at 2.5 and 25 μg/kg 

body weight (bw) increased expression of Ar, Esr1, Esr2, Wnt4, beta-Catenin, and p-Erk in 

testes of pubertal and adult male offspring (19). We also demonstrated that perinatal BPA 

exposures disrupted seminiferous tubule development in male prepubertal rats (20). Other 

studies showed that gavage administration of BPS at 50 μg/kg/day for 28 days decreased 

daily sperm production and increased sperm DNA damage in adult rats (21). BPS was 

found to activate the GPR30 estrogen receptor, induced oxidative stress, and increased DNA 
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fragmentation in sperm cells and HepG2 cells in vitro (21,22). Similarly, exposures to EE2 

was associated with anomalies of sexual development (23,24), altered sexual maturation 

(25), reduced fecundity (26), disruption of spermatogenesis (27) and reproductive tract 

anomalies in aquatic animals (28). Perinatal exposures of male rats to EE2 at 5 μg/kg/bw 

from prenatal day seven to postnatal day 18 decreased testis and seminal vesicle weights 

in adult animals while exposure at a greater dose (50 μg/kg bw) reduced sperm production 

in adulthood (29). Therefore, BPA, BPS and EE2 are known to have the capacity to cause 

adverse effects in male reproductive tract tissues.

Assessment of chemical mixture effects is critical to risk assessment of the populations that 

are simultaneously exposed to multiple chemicals. Strategies for conducting mixture effects 

are the subject of continuing debate (30–34). However, there is a general agreement that 

combined EDC exposures could either alleviate or intensify effects due to single chemicals. 

For example, exposures of pregnant dams to mixtures of di (2-ethyhexyl) phthalate (DEHP), 

vinclozolin, prochloraz and finasteride at suboptimal doses caused malformation of the 

external genitalia greater than due to individual chemicals in male offspring (35). A 

multi-component mixture of ten xenoestrogens at below individual “no-observed-effect” 

concentrations enhanced activation of the Esr in an additive manner (32). Similarly, a 

mixture of five phthalates, [benzyl butyl phthalate (BBP), di (n) butyl phthalate (DBP), 

diethyl hexyl phthalate (DEHP), di isobutyl phthalate (DiBP), and dipentyl phthalate (DPP)], 

with a common mode of action but different active metabolites, decreased fetal T production 

in a cumulative dose-additive manner (36). Although health effects due to BPA have been 

studied extensively, studies of exposure effects due to BPS and EE2 in the mammalian male 

gonad are limited. Given that EE2 is a common contaminant of domestic water sources, 

it is perhaps reasonable to speculate that concurrent exposures of the population to EE2, 

BPA and its BPS analog are not uncommon. Additionally, many of the effects of BPA and 

BPS reported in the literature are associated with estrogen signaling pathways in a similar 

manner to EE2 (37). To address the lack of data on the combined effects of xenoestrogens, 

we performed experiments to determine the singular effects of BPA, BPS, EE2 and their 

combinations at environmentally relevant concentrations in the growing male rat gonad.

2.0 MATERIALS AND METHODS

2.1 Chemicals

Bisphenol A (Lot # 1065060 13706030), Bisphenol S (lot # BCBV2462), and 17α- 

ethinylestradiol (lot # WXBC6630V) were purchased from Sigma-Aldrich (St. Louis, MO). 

Trypsin inhibitor, EDTA, HEPES, BSA, bovine lipoprotein, sodium bicarbonate (NaHCO3), 

DMEM nutrient mixture [Ham’s F-12 (DMEM/F-12; 1:1 mixture without phenol red)], 

albumin, gentamicin were purchased from Sigma Chemical Company (St. Louis, MO). 

Dulbecco’s PBS, medium 199, and 10 × Hanks’ balanced salt solution were obtained from 

Life Technologies, Inc. (Grand Island, NY). Ovine luteinizing hormone (LH) was provided 

by the National Hormone and Pituitary Program (NIDDK, Bethesda, MD).
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2.2 Ethics Statement

All animal and euthanasia procedures were performed in accordance with a protocol 

approved by the Auburn University Institutional Animal Care and Use Committee (IACUC) 

and are based on recommendations of the panel on Euthanasia of the American Veterinary 

Medical Association.

2.3 Animal Studies

Male prepubertal (n=36) and pubertal (n=36) Long-Evans rats were obtained from Harlan- 

Teklad, (Madison WI). After acclimatization for three days at the College of Veterinary 

Medicine Division of Laboratory Animal Health (DLAH) Facility, animals were randomly 

placed in groups of 1–3 per cage (length, 0.47 m; width, 0.25 m; height, 0.22 m) (Snyder 

Manufacturing Company; Centennial, CO). Water was provided in glass water bottles ad 
libitum. The housing of animals in plastic cages and use of glass bottles were designed to 

minimize background exposure to estrogens and bisphenol compounds as may occur with 

resin- containing cages (38). Due to the presence of phytoestrogens in soybeans and their 

capacity to interfere with the male reproductive system (39,40), animals were fed a soy-free 

X2020 diet (Harlan-Teklad, Madison WI) throughout the experimental period. Animals were 

maintained under constant conditions of light (12L: 12D) and temperature (20–23.38°C) 

with free access to pelleted food.

Test chemical concentrations were selected based on their presence in the environment as 

reported in the literature (7,9,41,42). However, a major limitation is that small variations 

in composition or concentration of individual chemicals may lead to significant changes in 

observed effects (5,43). Thus, small differences in chemical concentrations may result in an 

exaggerated or diminished effect on biological parameters and thereby confound analysis of 

observed effects. To overcome this limitation, chemical concentrations were kept constant at 

5 μg/L of drinking water either alone or in combination. The administration of test chemicals 

in drinking was designed to mimic the natural route of exposure and minimize activation of 

the pituitary-adrenal axis (44).

In the first set of experiments, prepubertal and pubertal male rats at 21 and 35 days of 

age were randomly assigned by weight to six groups: Control, BPA, BPS, EE2, BPA+EE2, 

and BPS+EE2 (n=6 animals/group). Test chemicals were dissolved in 0.001% of DSMO 

in drinking water and fed to animals at 5 μg/L alone or in combination as appropriate for 

14 days. The control group was provided only with water containing 0.001% DSMO for 

the same period. In the second experiment designed to analyze chemical effects in Leydig 

cells which analysis was not included in the first experiment, we used prepubertal male rats 

constituted into control, BPA, BPS, EE2, BPA+BPS, BPA+BPS+EE2 groups (n=9 animals/

group). Single chemicals were fed in drinking water at 5 μg/L but dual and triple chemical 

mixtures were fed each at 2.5 μg/L and 1.7 μg/L for 14 days, i.e., from PND 21–35. 

In all cases, the control group was provided only with water containing 0.001% DSMO. 

At the end of each experiment, animals were sacrificed to obtain blood and testicular 

tissues for hormonal and protein expression analyses. Measurements of steroid hormone 

concentrations may be confounded differences in the numbers of androgen secreting Leydig 
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cells. Therefore, Leydig cells were isolated from testes pooled from animals in the same 

treatment group to measure steroid hormone secretion.

2.4 Measurement of Serum Hormones

Serum was separated from trunk blood collected at sacrifice. Testicular explants (~100 mg) 

were incubated in microcentrifuge tubes containing DMEM/F12 culture medium buffered 

with 14 mm NaHCO3, 15 mm HEPES, 0.1% BSA, and 0.5 mg/mL bovine lipoprotein. 

Incubations were conducted without (basal) and with a maximally stimulating dose of ovine 

LH (100 ng/mL, NIDDK; LH-stimulated) for 3 h at 34°C. Steroid hormone concentrations 

were assayed in aliquots of serum and spent media using a tritium-based RIA (45). Tritium-

labeled T and E2 were obtained from Perkin Elmer (Cat #s NET 370250UC and NET 

013250UC, Lot #s 2570512 and 2393224), T and E2 antibodies from the Andrology and 

Reproduction Laboratory at Colorado State University (Fort Collins, CO), and T and E2 

standards from Southeastern Biochemicals (Morristown, TN) and Sigma (St. Louis, MO; 

Cat # E2758–250, Lot # SLCF1943). The T-assay has a sensitivity of 270 pg/mL and 

inter-assay and intra-assay coefficients of variation range from 3.38% to 9.56% and 5.69% 

to 9.84%, respectively (46). The E2-assay has no cross-reactivity with EE2 and has a 

sensitivity of 10 pg/mL with inter- and intra-assay coefficients of variation from 1.38% 

to 2.56% and 3.8% to 7.24%, respectively (47). Hormone production was normalized to 

nanograms (ng) per ml for serum, ng/mg testes and ng/106 Leydig cells.

2.5 Procedure for Isolation of Leydig Cells

Animals were killed by CO2 asphyxiation after which testes were collected and digested in a 

dissociation buffer containing 0.25 mg/ml collagenase, 46 μg/ml dispase, and 6 μg/ml DNase 

for 1 h in a shaking water bath at 34°C. Seminiferous tubules were removed by passing 

testicular fractions through a nylon mesh with a pore size of 0.2 μm (Spectrum Laboratories, 

New Brunswick NJ). The supernatant was centrifuged at 2500 rpm for 15 min at 4°C. 

The cell fractions were loaded onto a Percoll gradient (Sigma-Aldrich) and centrifuged at 

13500 rpm for 60 min at 4°C. Leydig cells were isolated from the Percoll gradient tube at 

1.069–1.073 density (48–50). Leydig cell yields were estimated using a hemocytometer and 

the purity of Leydig cell fractions was assessed by histochemical staining for 3βHSD using 

0.4 mM etiocholan-3β-ol-17- one as the enzyme-substrate (Sigma-Aldrich) (50).

2.6 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) and 
Western Blot Analysis

Expression of key enzymes of the steroidogenic pathway was analyzed using western blot 

procedures. For example, Cyp11A1 catalyzes the conversion of cholesterol to pregnenolone 

which the rate-limiting step in steroidogenesis while Hsd17β mediates the final step in the 

conversion of androstenedione to T(51). For example, Cyp11A1 catalyzes the conversion 

of cholesterol to pregnenolone which is the rate-limiting step in steroidogenesis while 

the enzyme Hsd17β mediates the final step in the conversion of androstenedione to T 

(51). We assayed for steroidogenic enzyme protein expression which, unlike steady-state 

mRNA levels, directly correlates with enzyme activity and function (52). Furthermore, 

the Anti-Müllerian hormone (Amh) is a glycoprotein hormone secreted by Sertoli cells. 

Amh is a marker for Sertoli cell maturation (53) and is a regulator of the hypothalamic-
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pituitary-gonadal (HPG) axis and supports development of puberty in the male (54). The 

Desert hedgehog protein (Dhh), a signaling molecule also secreted by Sertoli cells, is 

supports germ cell maturation (55,56) and differentiation of Leydig cells and Sertoli cells 

(57). Both Amh and Dhh were analyzed in western blots of testes from all experimental 

groups. Briefly, tissues were homogenized in T- PER lysis buffer (Pierce Biotechnology, 

Rockford, IL) that was freshly supplemented with a protease inhibitor cocktail (Catalog 

#78410; Pierce Biotechnology). Tubes were centrifuged at 3000 rpm for 14 minutes at 

4°C to remove cellular debris. Protein concentrations were determined using the Bio-Rad 

protein assay with BSA as standard (Bio-Rad Laboratories, Hercules, CA). Aliquots (50 

μL) of whole-cell lysates were dissolved in an equal volume of Laemmli buffer containing 

5% β-mercaptoethanol and boiled for 5 min at 95°C. All samples were resolved on 

varying percentages of Tris-HCl acrylamide gels by SDS-PAGE. Proteins were transferred 

to nitrocellulose membranes (Catalog #1620147; Bio-Rad Laboratories) and subsequently 

incubated in blocking buffer (5% whole milk in 0.1% Tween 20 PBS) for 1 h at room 

temperature to reduce nonspecific binding by antibodies. Membranes were then incubated 

in a blocking buffer containing appropriate primary antibodies overnight at 4°C. Parameters 

of primary antibodies used in the present study are provided in Table 1. On the next 

day, blots were washed three times in 0.1% Tween 20 PBS to remove any unbound 

primary antibody before incubation with the appropriate horseradish peroxidase-conjugated 

secondary antibody. Afterward, membranes were washed four times with 0.1% Tween 20 

PBS and then scanned using a LI-COR Odyssey Infrared Scanner (Lincoln, NE). All protein 

measurements were normalized to β-actin.

2.6 Statistical Analysis

Analysis of data used the “whole mixture approach” i.e., each chemical mixture (BPA+EE2, 

BPS+EE2 and BPA+BPS+EE2) was treated as a single agent (5,31). Data are presented 

as the mean ± SEM. Within each expperiment, data were analyzed by one-way ANOVA 

followed by the Dunnett’s test for multiple group comparisons, (GraphPad Prism software. 

San Diego. Ca). Differences of p ≤ 0.05 were considered significant.

3.0 RESULTS

3.1 General Observations

No deaths were recorded from any treatment group in this study. Exposure of animals to 

xenoestrogens had no effects on body weights, paired testicular weights and gonadosomatic 

index (data not shown).

3.2 Effect of single and combined chemical exposures on serum and testicular steroid 
hormone concentrations

Results from the first experiment showed that exposure of prepubertal animals to BPA and 

its combination with EE2 (BPA+EE2) decreased (P<0.05) serum T concentrations (Fig. 

1A), whereas exposures to BPS, EE2, and BPS+EE2 had no effect (Fig. 1B) compared to 

control. Basal testicular T concentrations were decreased by individual chemicals and their 

combinations compared to control (Fig. 1C, D) and more so (P<0.0001) in BPA-, EE2- 

and BPA+EE2-treated animals (Fig. 1C) than in the BPS (P<0.001) and BPS+EE2 (P<0.05) 
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groups (Fig. 1D). Interestingly, LH-stimulated testicular T production was decreased (P 

< 0.05) only in animals treated with BPA and its combination with EE2 (Fig. 1E, F) 

compared to control. Interestingly, exposure of pubertal animals to test chemicals caused 

a similar pattern of effects on T concentrations as in prepubertal animals. For example, 

serum T concentrations and basal testicular T production were decreased only in BPA- 

and BPA+EE2-treated animals compared to control (P<0.05; Fig. 2A-D). LH-stimulated 

testicular T production was similar in all groups (Fig. 2E, F) as in prepubertal animals.

In general, E2 secretion was increased by exposure to test chemicals administered alone 

or in combination. For example, Serum E2 concentrations were increased (P<0.05) in 

prepubertal male rats in the BPS+EE2 treatment and was similar in control and other 

groups (Fig. 3A, B). On the other hand, basal (Figs. 3C, D) and LH-stimulated (Figs. 3E, F) 

testicular E2 production were increased (P<0.05) after exposure to BPS, EE2, BPA+EE2 and 

BPS+EE2 compared to control, but this effect was absent in BPA-exposed animals (P>0.05). 

Exposure of pubertal male rats to test chemicals had no effect on serum E2 concentrations 

(Figs. 4A, B). However, measurement of basal (Fig. 4C, D) and LH-stimulated (Fig. 4E, F) 

testicular E2 production were increased (P<0.05) in pubertal animals exposed to BPS, EE2, 

BPA+EE2, and BPS+EE2, but not BPA, compared to control (Figs. 4C-F).

In the second experiment, serum T concentrations were increased in the BPA+BPS treatment 

group (p<0.05) but basal testicular T secretion was decreased by BPA treatment as was LH-

stimulated testicular T secretion in the BPA and BPA+BPS+EE2 groups compared to control 

(p<0.05) (Figs. 4A-C). Both basal and LH-stimulated Leydig cell T secretion was decreased 

(p<0.05) in all treatment groups compared to control except that the BPA+BPS+EE2 

group showed increased (p<0.05) Leydig cell T secretion (Figs. 4D, E). On the other 

hand, elevated serum E2 concentrations (p<0.05) were measured only in the EE2 group 

(Fig. 5A). Similarly, basal testicular E2 secretion was increased to varying degrees in the 

EE2, BPA+BPS and BPA+BPS+EE2 treatment groups as was LH-stimulated testicular E2 

secretion in the BPA+BPS group compared to control (Figs. 5B-C). Basal Leydig cell 

E2 secretion was increased in all but the BPS treatment group and more so in the BPA 

(p<0.001), BPA+BPS (p<0.01) and BPA+BPS+EE2 groups (p<0.05) (Fig. 5D). The pattern 

of LH-stimulated Leydig cell E2 secretion was similar to basal secretion and was markedly 

increased (p<0.001) in the BPA and BPA+BPS treatment groups compared to control (Fig. 

5E).

3.3 Effect of single and combined chemical exposures on testicular protein gene 
expression

We attempted to validate observations on steroid hormone concentrations by evaluation 

of gonadal steroidogenic capacity in chemical-exposed animals. Pubertal male rats at 35 

days of age were used for these assays because they represent the intermediate stage of 

reproductive development and exhibit robust gonadal steroidogenic enzyme capacity for 

androgen secretion. We evaluated steroidogenic capacity by analysis of enzyme protein 

expression levels which reflect steroidogenic enzyme capacity better than measurements of 

steady-state mRNA levels (21). Analysis of western blots showed that testicular expression 

of the Cyp11A enzyme was subject to regulation by estrogenic chemicals and was decreased 
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in all treatment groups compared to control (P<0.05; Fig. 7A, B). However, expression of 

the Hsd17β enzyme was increased (P< 0.05) in BPA- and BPA+EE2-treated animals (Fig. 

7C) but decreased in EE2- and BPS-treated animals compared to control (P<0.05; Figs. 7C, 

D). Expression of the Sertoli cell- factor Amh was not affected by exposure to BPA (P>0.05) 

but was decreased (P<0.05) in the EE2, BPS, BPA+EE2, and BPS+EE2 groups compared 

to control (Figs. 8A, B). On the other hand, testicular expression of the Dhh protein was 

increased (P<0.05) after exposure to BPA, EE2, and BPS+EE2 while the BPA+EE2 group 

was similar (P>0.05) to control (Figs. 8C, D).

4.0 DISCUSSION

The results of the present study demonstrated that developmental exposures of male rats 

to environmentally relevant concentrations of estrogenic chemicals and their combinations 

alter sex steroid hormone production in the male rat gonad. Similar to the present findings, 

we reported previously that perinatal (20,58,59) and prepubertal (60) exposures to BPA 

decreased testicular T biosynthesis in male rats. The present findings also indicated that BPA 

is a more potent inhibitor of testicular T biosynthesis in prepubertal than in pubertal male 

rats. However, other studies have shown that BPS administered at 50 μg/kg/day for 28 days 

decreased intratesticular T biosynthesis in adult rats (61,62) but with a diminished capacity 

for Esr activation compared to BPA (63,64). Although BPS may exert lesser toxicity in the 

male gonad, it nevertheless has the capacity to regulate testicular cells. Therefore, exposure 

of the population to the BPS compound remains a public health concern (65). In addition, 

exposure to EE2 decreased serum T and intratesticular T concentrations to a lesser degree 

in pubertal animals than in prepubertal animals suggesting age-dependent sensitivity of male 

rats to EE2. These observations are similar to other reports of dose-dependent inhibition of 

Leydig cell T biosynthesis by EE2 (66). Although BPA, BPS, and EE2 each acting alone had 

an inhibitory effect on androgen biosynthesis and secretion, their combinations (BPS+EE2, 

BPA+BPS+EE2) had a diminished inhibitory effect on basal testicular T secretion, implying 

that interaction among chemicals in a mixture may influence their activity in testicular 

cells. Unlike measurements of testicular T concentrations which are based on unit mass, 

Leydig cell T secretion was normalized to Leydig cell numbers in order to remove any 

confounding effects arising from differences in Leydig cell numbers. Thus, our observation 

of increased Leydig cell T secretion in the BPA+BPS+EE2 treatment group compared to 

the inhibitory action of the individual chemicals suggests that interactions of chemicals 

in the mixture increased steroid hormone secretion capacity. Further studies are needed to 

investigate the androgen biosynthetic pathway in Leydig cells after exposure to single and 

chemical combinations.

The present data indicated that chemical inhibition of androgen biosynthesis was associated 

with decreased testicular expression of Cypllal similar to previous reports (67,68). We 

showed previously that perinatal exposures to BPA increased expression of Hsd17β in 

neonatal male offspring (20) but decreased expression in the adult testis (58,59). It is 

possible that BPA interferes with many steroidogenic enzymes because it affected Hsd17β, 

Cyp17a1, Hsd3β, and Cypllal in the rat as in the human testes (61). Reports on BPS effects 

are limited, but studies in mice showed that this compound inhibited T secretion with no 

effect on the CypllAl enzyme (65,69,70). On the other hand, decreased Hsd17β mRNA 
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levels were found in testes of Zebrafish exposed to BPS (71). In the present study, we 

observed that EE2 inhibition of androgen biosynthesis was related to a decrease in testicular 

expression of both CypllAl and Hsd17β protein. Our finding related to EE2 effects on 

Cypllal aligns with a previous report demonstrating that EE2 inhibited Cypllal activity in 

Leydig cells (66). Thus, it is likely that testicular Cypllal is a primary target for EDCs with 

estrogenic properties and may be a marker for xenoestrogen exposure.

Moreover, we reported previously that perinatal BPA exposures did not affect E2 

biosynthesis in adult male offspring (59) but in vitro assays demonstrated that E2 secretion 

was decreased after incubation of Leydig cells with BPA (60). In the present study, single 

and chemical combinations increased testicular E2 secretion in both prepubertal and pubertal 

male rats similar to previous studies in mice (69). Because BPA acting alone did not affect 

E2 biosynthesis, the effect of increased E2 secretion seen in the BPA+EE2, BPS+EE2 

and BPA+BPS+EE2 groups possibly result from the actions of EE2 and BPS and/or their 

interactions. Although differences in E2 secretion may be due to test chemical action in a 

variety of testicular cells, including Leydig cells, Sertoli cells (72,73) and germ cells (74), 

the present study confirmed that BPA and its combination with BPS and EE2 stimulated E2 

secretion by Leydig cells. However, it is to be noted that serum E2 may be contributed in 

part by extra-testicular sources, e.g., adipocytes (75). Because germ cells express ESRs (76), 

changes in intratesticular E2 concentrations have implications for germ cell development 

and sperm function. We and others reported previously that BPA (60,77), BPS (78) and EE2 

(79) regulated pituitary gonadotropin release and circulating LH concentration in male rats. 

Thus, the finding of increased circulating or testicular E2 concentrations has implications for 

E2-mediated feedback regulation of the HPG axis.

Chemical exposure effects on testicular development were evident in altered expression 

of Sertoli cell-produced factors. For example, Amh protein was decreased but Dhh was 

increased in all chemical-exposed animals. These are important observations because the 

Amh protein is a marker of Sertoli cell differentiation, whereas Dhh is required for 

progression of germ cells through the process of spermiogenesis (80). Male mice deficient 

in Dhh exhibited functionally immature sperm and a decrease in the number of Leydig 

cells (81). Other studies demonstrated that Dhh overexpression impaired Dhh signaling, 

affected Sertoli cell function, disrupted spermatogenesis and decreased the number of 

primary spermatocytes (82). Thus, the finding of decreased Amh expression and increased 

Dhh expression due to BPA, BPS, EE2, and BPS+EE2 implies that the test chemicals acting 

alone and in combination have the capacity to interfere with testicular development.

In summary, we observed that, in many instances, chemical combinations modified 

individual chemical effects on steroid hormone secretion at the low dose exposure 

paradigms. Altogether, our results demonstrated that single chemical exposures (BPA, 

BPS, or EE2) markedly decreased androgen secretion but their combination caused the 

opposite effect (i.e., increased Leydig cell T secretion), and test chemicals acting alone or in 

combination caused an increase in testicular and Leydig cell E2 secretion. Chemical-induced 

changes in androgen secretion were associated at least in part to altered steroidogenic 

enzyme protein. Although BPA increased but EE2 decreased testicular expression of the 

Hsd17β enzyme protein, their combined effect was similar to BPA’s stimulatory action. 
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Also, BPS and EE2 both decreased Hsd17β protein expression when acting alone but 

their combination removed this inhibitory effect. These results showed that environmentally 

relevant concentrations of BPA, BPS, and EE2 either acting alone or in combination 

regulated steroidogenic capacity in the rodent male gonad. Further studies are warranted 

to investigate mechanisms associated with differential effects of single and chemical 

mixtures in biological systems. Furthermore, chemical exposures in the present study were 

normalized to parts per billion of drinking water. Ongoing and future studies will validate 

these findings using equimolar chemical concentrations in in vitro assays.
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HIGHLIGHTS

• Single chemical exposures (BPA, BPS, EE2) markedly decreased androgen 

secretion but their combination caused the opposite effect, i.e., increased 

Leydig cell T secretion

• Chemicals, whether acting alone or as mixtures, increased testicular and 

Leydig cell E2 secretion

• BPA increased and EE2 decreased testicular expression of the Hsd17β 
enzyme but their combination increased enzyme protein

• BPA and EE2, when acting alone, increased testicular Dhh protein expression 

but this effect was abrogated by exposure to their combination
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Fig. 1: Effect of BPA, BPS, EE2 and their combinations on serum and testicular testosterone (T) 
concentrations in prepubertal rats.
Male Long-Evans rats at 21 days of age were fed drinking water containing BPA, BPS, EE2 

(5 μg/L) or their combinations (BPA+EE2, BPS+EE2, each at 2.5 μg/L) for 14 days. At 

sacrifice, blood was processed to obtain serum (A). Testicular explants were obtained and 

incubated in DMEM/Ham’s F-12 culture medium in triplicate without (basal, B) or with 100 

ηg/ml ovine LH (NIDDK, NIH) (LH-stimulated, C) for 3 h. Aliquots of serum and spent 

media were analyzed to measure T concentrations by RIA (n = 6; *p < 0.05, **p < 0.001, 
***p < 0.0001).
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Fig. 2: Effect of BPA, BPS, EE2 and their combinations on serum and testicular testosterone (T) 
concentrations in pubertal rats.
Male Long-Evans rats at 35 days of age were fed drinking water containing BPA, BPS, EE2 

(5 μg/L) or their combinations (BPA+EE2, BPS+EE2, each at 2.5 μg/L) for 14 days. At 

sacrifice, blood was processed to obtain serum (A). Testicular explants were obtained and 

incubated in DMEM/Ham’s F-12 culture medium in triplicate without (basal, B) or with 100 

ηg/ml ovine LH (NIDDK, NIH) (LH-stimulated, C) for 3 h. Aliquots of serum and spent 

media were analyzed to measure T concentrations by RIA (n = 6; *p < 0.05).
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Fig. 3: Effect of BPA, BPS, EE2 and their combinations on serum and testicular 17β-estradiol 
(E2) concentrations in prepubertal rats.
Male Long-Evans rats at 21 days of age were fed drinking water containing BPA, BPS, EE2 

(5 μg/L) or their combinations (BPA+EE2, BPS+EE2, each at 2.5 μg/L) for 14 days. At 

sacrifice, blood was processed to obtain serum (A). Testicular explants were obtained and 

incubated in DMEM/Ham’s F-12 culture medium in triplicate without (basal, B) or with 100 

ηg/ml ovine LH (NIDDK, NIH) (LH-stimulated, C) for 3 h. Aliquots of serum and spent 

media were analyzed to measure E2 concentrations by RIA (n = 6; *p < 0.05).
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Fig. 4: Effect of BPA, BPS, EE2 and their combinations on serum and testicular 17β-estradiol 
(E2) concentrations in pubertal rats.
Male Long-Evans rats at 35 days of age were fed drinking water containing BPA, BPS, EE2 

(5 μg/L) or their combinations (BPA+EE2, BPS+EE2, each at 2.5 μg/L) for 14 days. At 

sacrifice, blood was processed to obtain serum (A). Testicular explants were obtained and 

incubated in DMEM/Ham’s F-12 culture medium in triplicate without (basal, B) or with 100 

ηg/ml ovine LH (NIDDK, NIH) (LH-stimulated, C) for 3 h. Aliquots of serum and spent 

media were analyzed to measure E2 concentrations by RIA (n = 6; *p < 0.05).
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Fig. 5: Effect of BPA, BPS, EE2 and their combinations on serum, testicular and Leydig cell 
testosterone (T) concentrations in prepubertal male rats.
Long-Evans male rats at 21 days of age (n=48) were fed drinking water containing BPA, 

BPS, or EE2 (5 μg/L) or their combinations BPA+BPS (2.5 μg/L) each and BPA+BPS+EE2 

(1.7 μg/L) each for 14 days. At sacrifice, blood was processed to obtain serum (A). 

Testicular explants were obtained and incubated in DMEM/Ham’s F-12 culture medium in 

triplicate without (basal, B) or with 100 ηg/ml ovine LH (NIDDK, NIH) (LH-stimulated, C) 

for 3 h. In addition Leydig cells were isolated and incubated in DMEM/Ham’s F-12 culture 

medium without (basal, D) or with 100 ng/ml ovine LH (NIDDK, NIH) (LH-stimulated, E) 

for 3 h. Aliquots of serum and spent media were analyzed to measure T concentrations by 

RIA (n = 8; *p < 0.05, **p <0.001, ***p < 0.0001).
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Fig. 6: Effect of BPA, BPS, EE2 and their combinations on serum, testicular and Leydig cell 17β- 
estradiol (E2) concentrations in prepubertal male rats.
Long-Evans male rats at 21 days of age (n=48) were fed drinking water containing BPA, 

BPS, or EE2 (5 μg/L) or their combinations BPA+BPS (2.5 μg/L) each and BPA+BPS+EE2 

(1.7 μg/L) each for 14 days. At sacrifice, blood was processed to obtain serum (A). 

Testicular explants were obtained and incubated in DMEM/Ham’s F-12 culture medium 

in triplicate without (basal, B) or with 100 ηg/ml ovine LH (NIDDK, NIH) (LH-stimulated, 

C) for 3 h. Furthermore, Leydig cells were isolated and incubated in DMEM/Ham’s 

F-12 culture medium without (basal, D) or with 100 ng/ml ovine LH (NIDDK, NIH) 

(LH-stimulated, E) for 3 h. Aliquots of serum and spent media were analyzed to measure E2 

concentrations by RIA (n = 8; *p < 0.05, **p < 0.001, ***p < 0.0001).
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Fig. 7: Effect of BPA, BPS, EE2 and their combinations on testicular steroidogenic enzyme 
protein expression.
Testes were obtained from pubertal male Long-Evans rats (PND 34–49) fed drinking water 

containing BPA, BPS, EE2 (5 μg/L) or their combinations (BPA+EE2, BPS+EE2, each 

at 2.5 μg/L) for 14 days. Tissues were processed for western blot analysis to analyze 17β-

hydroxysteroid dehydrogenase (Hsd17β) and cytochrome P45011A1 (Cyp11A1). Proteins 

were normalized to actin (ACTB). Tissues were obtained from three animals per group 

and western blot was repeated at least three times. Hsd17β=35 kDa, Cyp11A1=55 kDa, 

ACTB=43 kDa *, P<0.05 vs. control.
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Fig. 8: Effect of BPA, BPS, EE2 and their combinations on testicular gene protein expression.
Testes were obtained from pubertal male Long-Evans rats (PND 34–49) fed drinking water 

containing BPA, BPS, EE2 (5 μg/L) or their combinations (BPA+EE2, BPS+EE2, each 

at 2.5 μg/L) for 14 days. Tissues were processed for western blot analysis to analyze Anti-

Mϋllerian hormone (Amh) and Dhh protein expression. Proteins were normalized to actin 

(ACTB). Tissues were obtained from three animals per group and western blot was repeated 

at least three times. Amh=74 kDa, Dhh=42 kDa, Actb=43 kDa *, P<0.05 vs. control.
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TABLE 1.

Characteristics of antibodies used

Target Antibody sequence Name of 
Antibody

Manufacturer, Catalog 
Number

Polyclonal or 
Monoclonal

Dilution 
Used

Amh (MIS) Genetic locus: AMH (human) 
mapping to 19 p13.3; AMH 
(mouse) mapping to 10C1

MIS (C-20) Santa Cruz Biotechnologies, 
Sc-6886 MW (AMH) 70/74 
kDa

Mouse 
monoclonal IgG

1:2000

Dhh Genetic locus: DHH (human) 
mapping to 12q13.12; Dhh 
(mouse) mapping to 15F1

Dhh (F9): 
sc-2711688

Santa Cruz Biotechnologies, 
sc-2711688 MW (Dhh) 42 
kDa

Mouse 
monoclonal IgG

1:1000

Cyp11A1 Recombinant full-length protein 
corresponding to Human 
CYP11A1 aa 40–320 mapping to 
10q24.32

Anti-Cypl 1A1 
antibody

Abcam, Ab175408 MW 
(Cyp11A1) 55 kDa

Rabbit polyclonal 
IgG

1:1000

17ßHSD Genetic locus: HSD17B1 (human) 
mapping to 17q21.2

17ß-HSD (A5) Santa Cruz Biotechnologies, 
Sc-376719 MW (17ß-HSD) 
35 kDa

Mouse 
monoclonal IgG

1:2000

ACTB Epitope mapping at the C\ 
terminus of actin of human origin

Beta Actin 
antibody 
(GT5512)

GeneTex, GTX629630 Mouse 
monoclonal IgG

1:2000

Abbreviations: ACTB= actin; Amh (MIS) = Mullerian inhibiting substance; CPY11A1 = Cytochrome P450 side cleavage enzyme; Dhh= Desert 
hedgehog; HSD= hydroxysteroid dehydrogenase; MW, molecular weight
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