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ABSTRACT : Bisphenol A (BPA) is an estrogenic endocrine disrupter. However, depending on a way of treatment, the 

harmful effects of BPA have not been confirmed. Also, trans-generational effects of BPA on male reproduction are still 

controversial. Because the reabsorption of testicular fluid in the efferent ductules (ED) and initial segment (IS) is important 

for sperm maturation, the present study was designed to determine trans-generational effect of BPA administrated orally on 

expression of water transport-related molecules in the mouse ED and IS. Ethanol-dissolved BPA was diluted in water to be 

100 ng (low), 10 ㎍ (medium), and 1 ㎎/㎖ water (high). BPA-containing water was provided for two generations. Expression 

of ion transporters and water channels in the ED and IS were measured by relative real-time PCR analysis. In the ED, BPA 

treatment caused expressional increases of carbonic anhydrase II, cystic fibrosis transmembrane regulator, Na+/K+ ATPase 

α1 subunit, and aquaporin (AQP) 1. No change of Na+/H+ exchange (NHE) 3 expression was detected. BPA treatment at 

medium dose resulted in an increase of AQP9 expression. In the IS, the highest expressional levels of all molecules tested 

were observed in medium-dose BPA treatment. Generally, high-dose BPA treatment resulted in a decrease or no change of 

gene expression. Fluctuation of NHE3 gene expression by BPA treatment at different concentrations was detected. These 

findings suggest that trans-generational exposure to BPA, even at low dose, could affect gene expression of water-transport 

related molecules. However, such effects of BPA would be differentially occurred in the ED and IS.
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INTRODUCTION 

Bisphenol A (BPA) is an environmental endocrine disrupter 

which possesses estrogenic activity (Rubin, 2011). Detri-

mental effects of BPA on health and reproduction have 

been extensively described (Rubin, 2011; Wong & Cheng, 

2011). The unfavorable effects of BPA on male repro-

duction include decreases of sperm production and quality 

(vom Saal et al., 1998), reduction of epididymal weight 

(Gupta, 2000), and suppression of expression of testicular 

steroidogenic enzymes (Nanjappa et al., 2012). It has been 

widely considered that BPA can exert its activity through 

classical estrogen receptor (ER) signaling pathway, with 

binding to the estrogen receptor element site in the target 

DNA (Sheeler et al., 2000). However, a growing body of 

evidence indicates that BPA can elicit cellular responses 

via non-classical estrogen triggered mechanisms (Alonso- 

Magdelena et al., 2012).
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BPA is commonly found in daily consuming products, 

including food and beverage containers, baby bottles, and 

an additive in other plastics. Also, BPA is a component 

of dental sealants, coating of CDs and DVDs, and other 

electronic materials (Welshons et al., 2006). Thus, human 

exposure to BPA can be achieved through ingestion, 

inhalation, and direct skin contact, and ingestion is con-

sidered the major route of BPA consumption in human 

(Vandenberg et al., 2010). However, negative effects of 

BPA on the reproduction have been revealed from sub-

cutaneous or internal injection into experimental animals. 

In addition, a safe dose of BPA for human health has not 

been settled down because many studies have demonstrated 

BPA-related effects at very low doses, considered as a 

safe dose of BPA acceptable for daily intake by the U.S. 

Environmental Protection Agency (Richter et al., 2007; 

vom Saal and Hughes 2005). A small number of resear-

ches have been accomplished the effect of BPA ingested 

orally via BPA-containing food or drinking water. Some 

of these studies have shown inhibitory effects of BPA on 

male reproduction, including Leydig cell proliferation 

and steroidogenesis (Nanjappa et al., 2012), while others 

have suggested no BPA-induced reproductive abnormalities 

(LaRocca et al., 2011). Thus, there are discrepancies among 

the results of BPA-related researches, depending on method, 

doses, and even experimental model of BPA treatment. 

Transgenerational effects of environmental factors on 

epigenetic inheritance have been examined from several 

researches. Perinatal oral exposure to BPA at environ-

mentally relevant doses induces decreases of litter size, 

sperm count, and sperm motility in the male offspring (Salian 

et al., 2009). Ingestional BPA treatment for three generations 

results in an increase of spermatogenic cell apoptosis (Manikkam 

et al., 20120). However, Tyl et al. (2008) have demonstrated 

no significantly considerable transgenerational effect of 

dietary BPA on reproductive organ weight or histopathology, 

including the testis. In addition, exposure to BPA at relatively 

low doses during gestation doesn’t influence on offspring’s 

epididymal sperm count and testis weight (Howdeshell et 

al., 2008). Together, these inconsistent results indicate no 

conclusive transgenerational effect of orally exposed BPA 

on male reproductive tract.

Functions and development of the excurrent ducts of 

male reproductive tract are regulated by a number of 

intrinsic and/or extrinsic testicular factors. The effect of 

estrogen on regulation of fluid reabsorption in the efferent 

ductules (ED) has been demonstrated from several researches 

(Lee et al., 2001). Regulation of fluid reabsorption in the 

ED by estrogen is mediated by differential expressional 

control of ion transporters (Lee et al., 2001). Even though 

most of the testicular fluid is reabsorbed in the ED, fluid 

reabsorption occurs in the epididymis, especially in the 

head of epididymis (Clulow et al., 1998). Several researches 

have shown the presence of aquaporin (AQP) isoforms, water 

channel molecules, in the ED and initial segment (IS). AQP1 

and 9 are localized at apical compartment of the ED and 

IS epithelia (Badran & Hermo, 2002). Expression of AQP9 

in the IS is regulated by testicular factor(s), not androgen 

(Badran & Hermo, 2002). Picciarelli- Lima et al. (2006) have 

shown that estrogenic metabolite could influence expression 

of AQP9 in the ED. Differential regulation of AQP1 and 9 

in the ED and IS by estrogen has been reported by Oliveria 

et al. (2005). These findings suggest that expression of fluid 

reabsorption- relating molecules in the ED and IS could be 

modulated by estrogenic environmental toxicants, such as BPA.

Even though previous researches have suggested harmful 

effect of BPA on the testis, there is little information 

available on influence of BPA on the fluid reabsorption 

in the ED and epididymis. Thus, the present study was 

designed to find out the transgenerational effects of BPA 

on expression of ion transporters and AQPs in the mouse 

ED and IS. Expressional changes of ion transporters and 

AQPs were determined by relative real-time polymerase 

chain reactions. The findings from the current research 

would provide information about possible influence of 

BPA on the fluid reabsorption of the ED and IS.

MATERIALS AND METHODS

1. Experimental animals and BPA treatment
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Twelve male and twelve female ICR mice at 3 months 

of age were purchased from Samtako (O San, S. Korea) 

and randomly divided into 4 experimental groups, control, 

low, medium, or high-dose treatment group. Each group 

had 3 male and 3 female mice. Each animal was individually 

caged, and free access to food and drinking water were 

permitted to animals.

To prepare bisphenol A (BPA, Sigma, St. Louis, USA) 

containing drinking water, BPA was completely dissolved 

in 100% EtOH, and then diluted to 100 ng (low, equivalent 

to 0.1 ppm), 10 ㎍ (medium, equivalent to 10 ppm), and 

1 ㎎ (high, equivalent to 1,000 ppm)/㎖ of final concen-

trations by adding drinking water. These doses were 

ranged between the lowest does reporting BPA effect in 

the literature to the highest dose producing systematic 

toxicity (Tyl et al., 2008). Fresh BPA-containing drinking 

water was prepared every other day. Glass water bottles 

were used to prevent criticism of experimental misconduct 

by use of BPA-containing plastic bottles. Animal was 

supplied with BPA-containing drinking water at designed 

doses for 1 month. Then, a pair of male and female mice 

of same experimental group was permitted for mating. 

These pairs of animals were considered as F0 generation. 

Continuing a supply of BPA-containing water for entire 

experimental period, F1 generation was obtained from 

pregnant F0 female mice. Pairs of F1 male and female 

mice of same experimental group were allowed for mating 

to get F2 generation.

2. Tissue collection and total RNA isolation

When F2 male mice reached 3 months of age, the 

animals were anesthetized by CO2 stunning. An incision 

was made on lower abdominal area, and the testis and 

epididymis were exposed. The epididymal fat covering 

the efferent ductile (ED) was carefully dissected out in 

cold PBS, and the ED was separated from the testis and 

epididymis. The initial segment (IS) was separated from 

the head of epididymis. Tissues were quickly frozen in 

liquid nitrogen and stored in －80℃ for total RNA 

isolation. Because the ED or IS collected from a mouse 

was too small to collect enough amount of total RNA for 

relative real-time polymerase chain reaction (PCR), each 

tissue obtained from animals of same experimental group 

was pooled. At least, 10 male mice of F2 generation for 

each experimental group were used for the present study.

Frozen tissues were homogenized in easy-Blue total 

RNA extraction solution (iNtRON Biotech, Sungnam, S. 

Korea) with a polytron homogenizer (Fisher Scientific, 

Pittsburgh, PA). Applying phenol-c chloroform extraction 

method, total RNA was isolated and resuspended in RNA 

storage buffer (Ambion, Austin, TX). Quantitative and 

qualitative analyses of total RNA were carried out with 

an UV spectrophotometer (Eppendorf, New York, USA) 

and gel electrophoresis, respectively. Total RNA was either 

directly used for complementary DNA (cDNA) generation 

or stored in －80℃.  

 

3. Generation of cDNA and relative real-time PCR 

analysis

One microgram of total RNA was used to generate cDNA 

using ImProm-IITM reverse transcription system (Promega, 

Madison, USA). The reverse transcription (RT) reaction 

was carried out with oligo-dT primer. The RT reaction 

was performed at 25℃ for 5 min, 42℃ for 1 hr and 30 

min, and 70℃ for 15 min. The cDNA was directly utilized 

for relative real-time PCR. In the present study, relative 

real-time PCR was employed to determine BPA-induced 

expressional changes of 5 ion transporter and 2 aquaporin 

genes, including carbonic anhydrase II (CAII, Car2), Na+/ 

H+ exchanger 3 (NHE3, Slc9a3), cystic fibrosis transmembrane 

regulator (CFTR, Cftr), Na+/K+ ATPase α1 subunit (ATPase, 

Atp1a1), aquaporin (AQP, Aqp) 1, and AQP9. Table 1 shows 

information of oligonucleotide primers used for real-time 

PCR analysis.

The real-time PCR was carried out in a mixture of 1 ㎕ 

of cDNA, 10 pmol of primer set, 10 ㎕ of master mixture 

(Finnzymes, Espoo, Finland), and water to make a final volume 

of 20 ㎕. The PCR mixture was pre-denatured at 95℃ for 

5 min, and the PCR procedure was followed by cycles 

of denaturation at 95℃ for 30 sec, annealing at Tm for
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Table 1. List of oligonucleotide primers utilized for real-time PCR analysis 

Gene Primer sequence (5’ 3’) Tm (℃) PCR product size (bps)

CAII (Car2)

(K00811.1)

(F) CTCTCAGGACAATGCAGTGC

(R) ATCCAGGTCACACATTCCAG
56 391

NHE3 (Slc9a3) 

(NM_001081060.1)

(F) CCACACACTGCAACAGTACC

(R) ATAGGCAGTTTCCCATTAGG 
53 252

Cftr

(M69298.1)

(F) CATCTTTGGTGTTTCCTATGATG

(R) GTAAGGTCTCAGTTAGAATTGAA
58 418

ATPase (Atp1a1)

(NM_144900.2)

(F) TCCAGCAGGGAATGAAGAAC

(R) AAGGCACAGAACCACCATGT
55 142

Aqp1

(NM_007472.2)

(F) TAAAGTGGCAAGGAAGGGACAG

(R) CTGGAGGACCGAAATAAACATC
60 339

Aqp9

(BC024105.1)

(F) CCTTCTGAGAAGGACCGAGCC

(R) CTTGAACCACTCCATCCTTCC
60 300

Gapdh

(NM_008084.2)

(F) GACCACAGTCCATGACATCACTGC

(R) GCTGTTGAAGTCGCAGGAGACAAC
53 340

CAII (Car2) : carbonic anhydrase II; NHE3 (Slc9a3) : Na+/H+ exchanger 3; Cftr : cystic fibrosis transmembrane regulator; ATPase

(Atp1a1) : Na+/K+ ATPase α1 subunit; Aqp : aquaporin; and Gapdh : glyceraldehyde-3-phosphate dehydrogenase.

30 sec, and extension at 72℃ for 30 sec. An additional exten-

sion step at 72℃ for 10 min was added at the end of PCR. 

Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used 

as a PCR internal quantitative control. The sizes of all PCR 

products were confirmed by agarose gel electrophoresis.

4. Data presentation and statistical analysis

Independent quadruplicated RT reactions and PCR were 

conducted to obtain a mean and a standard error for each 

experimental group. Expression levels of target molecules 

were normalized to those of Gapdh, and results are 

present in relative ratios of expression between Gapdh 

and target molecule. Statistical significances of expression 

levels among experimental groups were determined by 

one-way ANOVA, followed by Duncan’ test, a post-hoc 

analysis. When P value was lower than 0.05, it is considered 

as statistically significant.   

RESULTS

1. Gene expression of CAII, NHE3, CFTR, and 

ATPase in the efferent ductules treated with BPA- 

containing drinking water for two generations

The BPA treatment resulted in expressional change of 

CAII gene in the efferent ductules (Fig. 1a). The expression 

Fig. 1. Effect of BPA administration through drinking water for 
two generations on expression of ion producer and trans-
porter genes in the efferent ductules of mouse. Animals 
were treated with drinking water containing no BPA (control),
100 ng (low), 10 ㎍ (medium), and 1 ㎎/㎖ water (high). 
Expressional changes of CAII (a), NHE3 (b), CFTR (c), 
and ATPase (d) genes are shown. Different letters indicate
statistically significant differences at p<0.05 level. 
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of CAII gene was significantly increased by BPA admini-

stration at medium dose, and further increase of CAII 

gene was detected in a BPA treatment at high dose (Fig. 

1a). Expression of NHE3 gene was not affected by BPA 

treatment (Fig. 1b). The treatment of BPA at low dose 

caused a significant increase of CFTR gene expression 

(Fig. 1c). The transcript level of CFTR was significantly 

increased by the treatment of BPA at medium dose, followed 

by a transient decrease of CFTR gene expression at a 

high-dose BPA treated group (Fig. 1c). The BPA treatment 

at low dose resulted in a significant increase of ATPase 

gene expression (Fig. 1d). Additional increases of ATPase 

gene expression were detected in the efferent ductules 

treated with BPA at medium and high doses (Fig. 1d).

2. Gene expression of AQP1 and AQP9 in the 

efferent ductules treated with BPA-containing drinking 

water for two generations

Expressional changes of AQP genes by BPA treatment 

are shown in Fig. 2. The treatment of BPA at low dose 

caused a significant increase of AQP1 gene (Fig. 2a). An 

additional increase of AQP1 gene expression was detected 

at medium-dose BPA treatment (Fig. 2a). However, the 

treatment of BPA at high dose did not result in further 

expressional change of AQP1 (Fig. 2a). Gene expression 

of AQP9 was only influenced by BPA treatment at medium 

dose, while other BPA treatment didn’t affect expression 

Fig. 2. Effect of BPA administration through drinking water for 
two generations on expression of aquaporin genes in the 
efferent ductules of mouse. Animals were treated with 
drinking water containing no BPA (control), 100 ng (low),
10 ㎍ (medium), and 1 ㎎/㎖ water (high). Expressional 
changes of AQP1 (a) and AQP9 (b) genes are shown. 
Different letters indicate statistically significant differences
at p<0.05 level.

of AQP9 gene (Fig. 2b). 

3. Gene expression of CAII, NHE3, CFTR, and 

ATPase in the initial segment treated with BPA-containing 

drinking water for two generations

Expression of CAII in the initial segment was significantly 

increased by BPA treatment at medium dose, followed 

by a decrease of CAII transcript level in high-dose BPA 

treated group (Fig. 3a). Treatments of BPA at low and 

high doses resulted in decreases of NHE3 gene expression, 

while expression of NHE3 gene was significantly increased 

by medium-dose BPA treatment (Fig. 3b). A change of 

CFTR transcript level was first detected at low-dose 

BPA treated group (Fig. 3c). BPA treatment at medium 

dose caused another increase of CFTR gene expression 

(Fig. 3c). However, high-dose BPA treatment didn’t give 

an influence on expressional change of CFTR gene (Fig. 

3c). Expressional pattern of ATPase by BPA treatment 

was similar with that of CFTR (Fig. 3d). Expression of 

Fig. 3. Effect of BPA administration through drinking water for 
two generations on expression of ion producer and trans-
porter genes in the initial segment of mouse. Animals 
were treated with drinking water containing no BPA 
(control), 100 ng (low), 10 ㎍ (medium), and 1 ㎎/㎖
water (high). Expressional changes of CAII (a), NHE3 
(b), CFTR (c), and ATPase (d) genes are shown. Diffe-
rent letters indicate statistically significant differences at 
p<0.05 level.
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ATPase gene was significantly increased by low-dose 

BPA treatment (Fig. 3d). Additional increase of ATPase 

transcript level was found at medium-dose BPA treated 

group, even though BPA treatment at high dose didn’t 

cause a change of ATPase gene expression (Fig. 3d).

4. Gene expression of AQP1 and AQP9 in the initial 

segment treated with BPA-containing drinking water 

for two generations

Transcript levels of AQP1 became significantly increased 

with low-dose BPA treatment (Fig. 4a). BPA treatment 

at medium dose led into additional increase of AQP1 

gene expression (Fig. 4a). However, treatment of BPA at 

high dose didn’t show expressional change of AQP1 

gene, compared to that of control (Fig. 4a). In case of 

AQP9, a significant change of transcript level was only 

detected in medium-dose BPA treated group, while BPA 

treatment at other doses didn’t result in change of AQP9 

gene expression (Fig. 4b).

DISCUSSION

The most common route to be exposed to BPA is oral 

intake of BPA-containing food and/or drink. Thus, ingestion 

of BPA via drinking source is one of most realistic methods 

to examine the effect of BPA in experimental animal. 

Results from the present research showed a possibility 

Fig. 4. Effect of BPA administration through drinking water for 
two generations on expression of aquaporin genes in the 
initial segment of mouse. Animals were treated with 
drinking water containing no BPA (control), 100 ng 
(low), 10 ㎍ (medium), and 1 ㎎/㎖ water (high). Ex-
pressional changes of AQP1 (a) and AQP9 (b) genes are 
shown. Different letters indicate statistically significant 
differences at p<0.05 level. 

of transgenerational detrimental effect of BPA on fluid 

reabsorptive function of the ED and IS. Expression of 

ion transporters and AQPs in the ED and IS was diffe-

rentially affected by BPA treatment for two generations. 

In the ED, except NHE3 and AQP9, it is generally stated 

that expression of ion transporters and AQP1 is increased 

along with a rise of BPA dose. Interestingly, treatment 

with 10 ㎍ of BPA/㎖ water resulted in increases of gene 

expression of all molecules in the IS. In most of cases, 

the highest dose of BPA treatment didn’t give any 

change of genes expression.

Information about the effect of BPA on the ED is not 

available yet. A number of researches have shown expre-

ssional regulation of ion transporters and AQPs by estrogen 

in the ED. Lee et al. (2001) have demonstrated that loss 

of estrogen receptor α (ERα) gives an influence on gene 

expression of CAII, NHE3, CFTR, and ATPase. Disruption 

of estrogen effect in the ED by loss of ERα or anti-

estrogen treatment results in a decrease of CAII gene 

expression and increases of CFTR and ATPase gene 

expression (Lee et al., 2001). These findings are in agree-

ment with expression changes of CFTR and ATPase by 

BPA treatment found in the present research. It is 

considered that expression of CFTR and ATPase genes 

in the ED is likely under regulation of estrogen and/or 

estrogenic components. Our present findings suggest that 

ingestion of BPA-containing water for two generations is 

probably sufficient to modulate expression of ion transporters 

involving in fluid reabsorption in the ED. A bulk of 

testicular fluid reabsorption in the ED is essential for 

proper sperm maturation in the epididymis (Turner, 1984). 

Thus, BPA-induced alternation of expression of ion transporter 

genes in the ED could affect the male fertility. Mating 

study with F2 generation progeny in a large scale is 

suggested to determine a relationship between long-term 

exposure to BPA and male fertility.        

Treatment of antiestrogen leads to a decrease of AQP9, 

not AQP1, expression in the ED, indicating estrogen- 

mediated AQP9 expression in the ED (Oliveira et al., 

2005). Expression of AQP9 in the ED is regulated by 
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3-betal-diol, an androgen metabolite with estrogenic property 

(Picciarelli-Lima et al., 2006). However, results from the 

present study showed an increase of AQP1 gene expression 

at high doses, while AQP9 gene expression is increased 

at only 10 ㎍ of BPA/㎖ dose. The discrepancy between 

previous and current results implies that BPA and estrogen 

would act on the ED in a different way even though the 

action of BPA is known to be mediated via ER. It is also 

possible that long-term exposure to a weak estrogenic 

compound, such as BPA, would lead to epigenetic modification 

of AQP genes in the ED. This would produce different 

results with acute treatment of estrogen for relatively short 

period.

A few researches have conducted to determine the 

effect of BPA exposure on the epididymis. A decrease of 

epididymal weight is found with subcutaneous or intra-

peritoneal BPA injection (Takahashi & Oishi, 2003). However, 

others have shown no significant effect of BPA exposure 

on the epididymis (Cagen et al., 1999). Such discrepancy 

among researches would be due to differences of treatment, 

animal model, and dose of BPA. Even though these 

researches have attempted to show the effect of BPA on 

the epididymis, their efforts have been restricted into 

examination of gross change in the epididymis. To date, 

there is no research conducted to determine the effect of 

BPA on function of the epididymis. To our knowledge, 

our present study is the first effort to investigate con-

sequence of BPA exposure in the IS. Expression changes 

of ion transporters and AQPs in the IS by BPA treatment 

were clearly different from those in the ED. It is noteworthy 

to pay a note on the highest increases of gene expression 

at 10 ㎍ of BPA/㎖ dose, not 1 ㎎ of BPA/㎖. Kendig et 

al. (2012) have reported that dietary treatment of BPA at 

lower doses, not higher dose, results in alterations of 

circulating testosterone levels and sperm counts. Even though 

evidence is not available to explain such paradoxical 

effect of BPA shown at higher dose, suppression of gene 

expression by high-dose BPA in indirect ways would be 

one of possible answers. Together, these findings suggest 

that exposure to BPA would not always produce the effects 

in dose-dependent manner. There is no conclusive information 

available on the effect of BPA on the functions of the 

epididymis. Detailed molecular approaches should be carried 

out to inspect transgenerational effects of BPA on the 

epididymis.

Transgenerational effects of environmental endocrine 

disrupters, including BPA, have been examined by several 

researches. A research shows unfavorable consequences 

in immune organs, such as spleens, after BPA exposure 

for two generations (Miao et al., 2008). However, others 

have exhibited no significant effect on the male repro-

ductive tract with exposure to BPA for two generations 

(Tyl et al., 2008). The findings from our present study 

indicate a possible transgenerational effect of BPA on 

the ED and IS. There is no clear answer to explain the 

inconsistency among experiments. However, it is reasonable 

to consider that different doses and/or methods of treat-

ments could cause the disagreement of experimental results. 

In addition, the use of different animal models would 

produce conflicting outcomes on the effect of BPA exposure. 

Indeed, there is a number of evidence demonstrating genetic 

variation of experimental animals in susceptibility to estrogen 

(Spearow et al., 1999). Therefore, to resolve transgenerational 

effects of BPA on the male reproductive tract, more careful 

management of experiments is required to avoid false 

positive and/or negative results. 
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