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ABSTRACT
Objectives: The aim of the study was to investigate the influence of 17β-estradiol (main endogenous estrogen) and selected 
xenoestrogens (genistein, bisphenol-A), individually and in combination, on the mitochondrial function of human sper-
matozoa. In natural environment, human beings are exposed to multiple xenoestrogens, so their impact is combined with 
endogenous steroids.

Material and methods: The effects of ligands on human spermatozoa were assessed regarding the following phenomena: 
spermatozoa vitality (propidium iodide staining), phosphatidylserine membrane translocation (staining with annexin V 
marked with fluorescein), mitochondrial membrane potential (using JC-1 fluorochrome), and production of superoxide 
anion in mitochondria (using MitoSOX RED dye).

Results: Two-hour incubation of spermatozoa with 17β-estradiol, genistein, and bisphenol-A neither altered cell vitality nor 
stimulated phosphatidylserine membrane translocation. Incubation of spermatozoa with 17β-estradiol or bisphenol-A sepa-
rately, as well as incubation with the three ligands simultaneously, resulted in altered mitochondrial membrane potential. 
Spermatozoa incubation with the three ligands significantly increased the mitochondrial superoxide anion level.

Conclusions: It seems safe to conclude that human spermatozoa mitochondria are target cell structures for both, 
17β-estradiol and xenoestrogens. The reaction to the 17β-estradiol and xenoestrogens mixture suggests a synergistic 
mechanism of action. Xenoestrogens may increase the sensitivity of spermatozoa to 17β-estradiol. 
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INTRODUCTION
Infertility is a worldwide reproductive health problem, 

affecting about 15–20% of the reproductive-age population. 
According to various authors, the male factor may be the 
cause of 30–60% of infertility cases. Approximately 60–75% 
of infertile males do not receive any clear diagnosis so their 
infertility is referred to as idiopathic or unexplained. How-
ever, a steadily increasing number of reports have indicated 
that male exposure to environmental contaminants may 
impair human reproduction [1–3]. Some of these chemicals 
(natural or synthetic) can mimic natural hormones and are 
capable of modulating or disrupting the endocrine system. 
Endocrine disrupting chemicals can be grouped into three 

types: (1) synthetic hormones (e.g. 17α-ethinylestradiol), 
(2) natural compounds (e.g. genistein), and (3) man-made 
chemicals (e.g. bisphenol-A, BPA). 

Xenoestrogens probably exert their biological effects 
through involvement in the signal transduction pathways 
used by endogenous estrogens. Estrogens affect the target 
cells through the genomic and nongenomic mechanism via 
ESR1 and ESR2 estrogen receptors. In the classical genom-
ic mechanism, ESRS function as transcription factors. Fast 
effects observed within a number of cells, a few seconds 
after stimulation with estrogens, indicate a nongenomic 
mechanism of their action [4, 5].
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Experiments on somatic cells indicated that mitochon-
dria are target organelles for estrogen [6, 7]. It is postulated 
that mitochondria constitute a specific estrogen reservoir 
[8]. Moreover, expression of both, ESR1 and ESR2 was shown 
in the mitochondria of somatic cells [9]. It is suggested that 
ESR can serve as a transcription factor for mitochondrial DNA 
genes [10]. It has also been found that estrogens can stimu-
late the expression of genes encoding mitochondrial respir-
atory chain proteins [11, 12]. Estrogens have been suggested 
to inhibit sodium-dependent efflux of calcium ions from 
mitochondria. As a consequence of the increase in mito-
chondrial calcium ion concentration, enhanced synthesis 
of reactive oxygen species (ROS) such as superoxide anion 
(O2*–) occurs [13, 14]. Moreover, also estrogen-dependent 
tissues seem to be more susceptible to oxidative stress, 
resulting in DNA damage and, consequently, in higher mu-
tation rates [15]. 

It was postulated that spermatozoa are also target 
cells for estrogens. It has been indicated that both forms 
of ESRs are present in spermatozoa but reports concerning 
their localization remain ambiguous [16–19]. We observed 
that ESR1 and ESR2 expression in human spermatozoa was 
strong in the midpiece region [in press], which can lead to the 
assumption that estrogen receptors are present also in sper-
matozoal mitochondria, similarly to their proven presence 
in somatic cells. Results obtained by Solakidi et al., with the 
use of the CMX mitochondrial marker, seem to confirm this 
hypothesis [18]. It cannot be excluded that xenoestrogens 
can also affect the functions of these organelles.

BPA binds to both, ESR1 and ESR2, with approximately 
10-fold higher affinity to ESR2. BPA is observed to be a very 
weak environmental estrogen because of its low ESR affin-
ity (affinity of BPA for ESRs is 10,000–100,000-fold weaker 
than of E2). However, it was detected that BPA can stimulate 
cellular responses at very low concentrations (reviewed 
[20]).

Genistein, classified as isoflavone, can also influence 
gene transcription which depends on ESR activation. Various 
studies have shown that estrogenic potency of genistein 
for ESR2 is much higher (by 30-fold) than for ESR1. Despite 
that fact, genistein induces ESR1-mediated results more 
effectively [21, 22]. Binding affinity of genistein and other 
isoflavones is more significant than that of synthetic xenoes-
trogens, such as the abovementioned BPA [23].

In light of these observations, we aimed to investigate 
the influence of bisphenol-A and genistein on the mitochon-
drial function of human spermatozoa, based on the analysis 
of changes in mitochondrial membrane potential and de-
tection of mitochondrial superoxide anion. Due to the fact 
that in natural environment human beings are not exposed 
to a single chemical compound, but rather to a complex of 
them, mixtures of E2, genistein, and BPA were examined. 

MATERIAL AND METHODS
Preparation of human spermatozoa

Semen samples obtained from 15 normozoospermic 
men were analyzed according to the 2010 WHO criteria [24]. 
A 3–5-day period of sexual abstinence was required prior 
to obtaining the material. High-motility sperm cells were 
isolated with the use of the swim-up technique [25]. Ham’s 
F-10 medium served as sperm cell extender. 

Changes in different parameters of spermatozoa such as 
sperm vitality, phosphatidylserine membrane translocation, 
mitochondrial membrane potential, and mitochondrial super-
oxide anion level were then analyzed. The two-step model of 
analysis was applied in this study: (1) incubation of sperm cells 
with single entities at the following final concentrations: 10–10, 
10–8 or 10–6 mol/L, and (2) cell exposure to mixtures of endog-
enous estrogen and xenoestrogens (E2, genistein and BPA), 
each of those used at a concentration of 10–10 mol/L. Sperm 
cells stimulated by Ham’s F-10 medium were used as controls. 

Sperm vitality and phosphatidylserine 
membrane translocation

Annexin-V labeled with fluorescein (AnV-FLUOS) (Molec-
ular Diagnostics, Darmstadt, Germany) was used to deter-
mine membrane translocation of phosphatidylserine (PST) 
from the inner to the outer layer of plasma membrane. Viable 
and dead spermatozoa were distinguished by simultaneous 
staining with the use of propidium iodide (PI) at a final 
concentration of 0.125 μg/L (Sigma-Aldrich, St. Louis, MO). 
Double staining was conducted according to the manufac-
turer’s recommendations. 

Detection of mitochondrial membrane potential
5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolocar-

bocyanine iodide (JC-1; Molecular Probes, USA) was used 
to evaluate mitochondrial membrane potential (ΔΨm) of 
spermatozoa. Depending on either low (ΔΨm < 80–100 mV) 
or high (ΔΨm > 80–100 mV) mitochondrial potential of the 
cells, JC-1 forms monomers or aggregates and emits either 
green (wavelength of 525 to 530 nm) or red-orange (wave-
length of 590 nm) fluorescence, respectively. The excitation 
of fluorescence in both cases takes place at 488 nm. Prior 
to cell staining, the dilution of JC-1 was prepared with the 
use of DMSO at a final concentration of 1 µmol/L. This step 
was followed by incubation of cells in the dark for 30 min. 
at 37°C and by further washing procedure, performed twice 
(5 min. × 2400 rpm), using Ham’s F-10 medium. The results 
were expressed as the percentage of cells exhibiting a high 
mitochondrial membrane potential.

Detection of mitochondrial superoxide anion 
The amount of superoxide anion produced in the mito-

chondria of sperm cells was estimated with the use of Mi-
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toSOX Red fluorochrome (Molecular Probes Inc.), according 
to the method described by Koppers et al. [26]. The results 
were evaluated with the use of flow cytometer and confocal 
microscope. 5 mmol/L of MitoSOX Red were first diluted in 
DMSO in order to obtain stock solution, and then added 
to cell suspension (20 × 106 cells per mL) to obtain the 
final concentration of 2 μmol/L. This step was followed by 
a 15 minute-long cell incubation in the dark at 37°C. After 
incubation, the samples were washed two times with medi-
um F-10 (5 min. at 600 × g) in order to perform microscopic 
and cytometric observations, conducted with the use of LSM 
510 confocal microscope (Carl Zeiss GmbH, Germany). The 
fluorescence of MitoSOX Red was measured with the use of 
flow cytometer (Becton-Dickinson, USA). The results were 
expressed as the percentage of MitoSOX positive cells and 
as mean of fluorescence intensity of MitoSOX positive cells. 

Flow cytometry
Flow cytometer FACSCalibur (Becton-Dickinson, USA) 

was used to analyze fluorescence signals of the labeled sper-
matozoa. 10,000 cells were examined per each experiment. 
The excitation wavelength used for obtaining fluorescence 
of An-V-FLUOS and PI was emitted by argon laser (488 nm). 
The emission of the abovementioned dyes was then mea-
sured in either FL1 channel (515–545 nm, An-V-FLUOS, green 
fluorescence) or FL3 channel (650 nm, PI, red fluorescence). 
The FL2 channel (561–603 nm) served for analyzing the 
fluorescence of MitoSOX Red. Fluorescence emitted by 
monomers and aggregates of JC-1 was measured in the 
FL1 channel (515–545 nm) and FL2 channel (561–603 nm), 
respectively. All data were collected and analyzed using 
CellQuest Pro software (v.5.2.1) (Becton-Dickinson). 

Statistical analysis
Statistica 10 software (StatSoft Inc., Tulsa, OK, USA) was 

used for statistical analysis. The following tests were applied: 
nonparametric U-Mann-Whitney and Kruskal-Wallis test 
with Dunn’s post hoc tests. Data were considered statistically 
significant at p < 0.05 and presented as mean ± SD.

RESULTS
Sperm vitality and phosphatidylserine 

membrane translocation
Based on the microscopic analysis and flow cytometric 

data, four sperm cells fractions were distinguished from the 
semen: (1) An-V/PI — viable sperm without PST, (2) An-V+/PI 
— viable sperm with PST, (3) An-V/PI+ — dead sperm with-
out PST, and (4) An-V+/PI+ — dead sperm with PST. Translo-
cation of PS was most commonly observed within the cell 
membrane of the midpieces.

It has been shown that 2-hour sperm incubation with 
17β-estradiol, genistein, or bisphenol-A did not reveal any 
statistically significant changes in both, the percentage of 
sperm fractions separated and the topography of the oc-
currence of the PS membrane translocation, regardless of 
the dose. Incubation of sperm cells with combination of all 
compounds tested at final concentrations of 10–10 mol/L also 
did not significantly affect the viability or the PST (Table 1).

Mitochondrial membrane potential
Evaluation of 17β-estradiol, genistein, and bisphe-

nol-A on human sperm mitochondrial membrane potential 
(ΔΨm) with flow cytometry technique was performed on the 
basis of staining with JC-1 fluorochrome. The percentage of 
sperm cells with high ΔΨm in the isolated fraction ranged 
between 60–90%.

It has been shown that a two-hour incubation of sperm 
cells with E2 at a final concentration of 10–10 mol/L does 
not cause any statistically significant changes of sperma-
tozoa mitochondrial membrane ΔΨ. Incubation of sperm 
cells with E2 at a final concentration of 10–8 mol/L caused 
a statistically significant increase in the percentage of sperm 
cells with high mitochondrial membrane ΔΨ and a signifi-
cant decrease in the percentage of spermatozoa with high 
mitochondrial membrane ΔΨ at a final concentration of 
10–6 mol/L (Figure 1A).

Incubation of sperm cells with genistein, regardless of 
the dose used, did not cause statistically significant changes 
in sperm mitochondrial ΔΨ (Figure 1B). 

Table 1. Effect of 17β-estradiol on spermatozoa vitality and phosphatydylserine membrane translocation (N = 10)

Type of spermatozoa

An-V–/PI–

Mean ± SD (%)
An-V+/PI–

Mean ± SD (%)
An-V–/PI+

Mean ± SD (%)
An-V+/PI+

Mean ± SD (%)

Control 81.2 ± 6.1 0.4 ± 0.3 15.9 ± 5.5 2.4 ± 1.4

E2 [10–10 mol/L] 79.9 ± 9.1 1.2 ± 1.2 15 ± 9.4 3.8 ± 1.9

E2 [10–8 mol/L] 80.3 ± 7.9 0.8 ± 0.8 15.2 ± 4.5 3.6 ± 1.3

E2 [10–6 mol/L] 81.1 ± 7.5 0.7 ± 0.6 16.1 ± 6.8 2.2 ± 1.1

P > 0.05 > 0.05 > 0.05 > 0.05

E2 — 17β-estradiol, An-V–/PI– —viable sperm without PST, An-V+/PI– — viable sperm with PST, An-V–/PI+ — dead sperm without PST, An-V+/PI+ — dead sperm with PST, 
PST — phosphatydylserine membrane translocation, SD — standard deviation
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BPA, similarly to E2, at a final concentration of 10–10 did not 
cause a statistically significant change in sperm mitochondria 
ΔΨ, but at a final concentration of 10–8 mol/L resulted in a sta-
tistically significant increase of the percentage of sperm cells 
with high mitochondrial membrane ΔΨ (p = 0.01). At a con-
centration of 10–6 mol/L, a statistically significant decrease 
in the percentage of sperm cells with high mitochondrial 
membrane ΔΨ (p = 0.01) was observed (Figure 1C). 

Incubation of sperm cells with 17β-estradiol, genistein, 
and bisphenol-A at a final concentrations of 10–10 mol/L 
caused a statistically significant decrease in the percentage 
of cells with high mitochondrial membrane ΔΨ (p = 0.0001) 
(Figure 1D).

Detection of mitochondrial superoxide anion 
Evaluation of a two-hour incubation with 17β-estradiol, 

genistein, or bisphenol-A impact on sperm cells, did not 
show significant changes in the percentage of MitoSox 
positive sperm cells, regardless of the ligand type and dose 
(p > 0.05) (Table 2).

Sperm cell incubation with the combination of E2, 
genistein, and BPA at a concentration of 10–10 mol/L, caused 
a statistically significant increase in the percentage of Mi-
toSOX positive cells (38.0 ± 8.3% vs. 27.7 ± 12.1; p = 0.03) 
(Figure 2).

DISCUSSION
In our study, we analyzed the influence of 17β-estradiol, 

genistein, and bisphenol-A on sperm vitality, mitochondrial 
membrane potential, and production of mitochondrial su-
peroxide anion. We did not prove any significant influence 
of the abovementioned compounds on the vitality of sperm 
cells. However, all of those ligands significantly modified 
mitochondrial function. The reaction depended on the con-
centration and type of the ligand. 

There are only a few analyses which take under con-
sideration the influence of estrogens and xenoestrogens 
on the vitality and apoptosis of mature spermatozoa. In 
our research, we analyzed the influence of 17β-estradiol, 
genistein, and bisphenol-A used at different concentra-
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Figure 1. Analysis of the responses of spermatozoa mitochondrial membrane potential (ΔΨm) to a 2-hour exposure to 17β-estradiol (E2), genistein, 
and bisphenol-A (BPA). A. Significant dose-dependent changes in the percentage of spermatozoa with high mitochondrial membrane potential 
after a 2 hour-exposure to E2. B. No changes after genistein stimulation were observed. C. Significant dose-dependent changes in the percentage 
of spermatozoa with high mitochondrial membrane potential after a 2 hour-exposure to BPA. D. Significant changes in the percentage of 
spermatozoa with high ΔΨm after a 2 hour-exposure to a mixture of E2, genistein, and BPA. Data obtained from 10 separate analyses are expressed 
as mean ± standard deviation (SD). Different superscript letters above each bar vary significantly, p < 0.05
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tions on the vitality and PST of sperm cells, after a 2-hour 
incubation. We did not observe any statistically relevant 
changes in vitality and PST, regardless of the type of stimulus 
and its concentration. It can be assumed that the analyzed 
substrates do not affect those processes in sperm cells. In 
a study by Hinsch et al. [27], xenoestrogens did not signifi-
cantly affect the vitality of spermatozoa. They analyzed the 
influence of genistein on bull spermatozoa obtained with 
the use of the swim-up isolation. No significant changes 
of either vitality or motility were demonstrated. However, 
incubation of spermatozoa with genistein at small concen-

trations caused a significant, dose-dependent decrease in 
the percentage of spermatozoa able to penetrate the zona 
pellucida. These authors suggest that stimulation of sperm 
cells with genistein can influence their ability to fertilize the 
egg, without changing their viability [27].

Our research did not prove a statistically significant influ-
ence of genistein, either on sperm vitality or mitochondrial 
function. However, other reports indicate that genistein 
seems to affect spermatozoa in a dose-depend manner, 
and probably the reaction differs between species. For ex-
ample, in a study by Martinez-Soto et al. [28], genistein was 

Table 2. Percentage of MitoSOX positive sperm after 2-hours incubation with 17β-estradiol, genistein or bisphenol-A (N = 10)

Mean Minimum Maximum Standard deviation

10–10 mol/L

Control 27.7 6.7 42.0 12.1

17β-estradiol 25.4 13.1 41.7 12.5

Genistein 29.0 7.5 57.2 18.9

Bisphenol A 35.3 22.8 45.7 6.9

P > 0.05 > 0.05 > 0.05 > 0.05

10–8 mol/L

Control 27.7 6.7 42.0 12.1

17β-estradiol 31.7 13.7 59.4 16.1

Genistein 33.1 13.5 68.3 19.8

Bisphenol A 34.5 28.3 44.0 4.9

P > 0.05 > 0.05 > 0.05 > 0.05

10–6 mol/L

Control 27.7 6.7 42.0 12.1

17β-estradiol 24.3 4.5 39.1 10.0

Genistein 25.7 5.8 42.2 11.3

Bisphenol A 37.5 24.5 54.7 9.5

P > 0.05 > 0.05 > 0.05 > 0.05
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Figure 2. A. A significant increase in the percentage of MitoSOX-positive sperm after a 2 hour-exposure to a mixture of 17β-estradiol (E2), 
genistein, and bisphenol-A (BPA). B. Representative micrograph increase in intensity of MitoSOX fluorescence after E2, genistein, and BPA 
stimulation. Data obtained from 15 separate analyses are expressed as mean ± standard deviation
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hypothesized to possess antioxidant properties and to be 
able to protect spermatozoa DNA, endangered by damage 
resulting from oxidative stress. Next, to check the changes in 
cell quality, these authors analyzed the influence of supple-
mentation of medium normally used for cryopreservation 
of spermatozoa, modified by adding genistein at a final 
concentration of 10 µmol/L. After thawing, they observed 
the following changes: (1) a slight increase of motility pa-
rameters, (2) a decrease of disturbances in membrane lipid 
structure, and (3) a decreased level of DNA damage. Those 
results confirm the antioxidative influence of genistein and 
its ability of protect DNA [29]. These authors conclude that 
their observations can be useful in preparing semen for IVF 
procedures [28]. 

Although in our study genistein did not significantly 
alter the level of mitochondrial superoxide anion, it cannot 
be excluded that those changes actually occurred. It should 
be pointed out that in our study the concentration of the 
analyzed anion and its fluorescence levels could be too 
low to be observed with use of the applied techniques due 
to two reasons: 1) the amount of mitochondria present in 
spermatozoa is low and 2) we analyzed sperm cells isolat-
ed with use of the swim-up technique and obtained from 
normozoospermic men. 

Various authors suggest that the increased exposition 
to BPA correlates with lower sperm quality measures [30]. 
BPA levels were also examined in follicular fluid [31] and 
human semen [32], and were estimated at 1.0–2.0 ng/mL 
and 5.1 ng/mL, respectively. Surprisingly, BPA was present 
also in the amniotic fluid at an approximately 5-fold high-
er concentration (8.3 ± 8.7 ng/mL). These results suggest 
a probable influence of BPA not only on fetuses after early 
exposure to this compound during the prenatal period, but 
also on the biology of mature sperm cells at different stages 
of development. 

Our study indicates that both, E2 and BPA at a concentra-
tion of 10–8 mol/L caused a distinct increase in the percent-
age of spermatozoa with high ΔΨm. However, a significant 
decrease in spermatozoa with high ΔΨm was observed in 
case of both compounds at a concentration of 10–6 mol/L. 
Incubation of sperm cells with E2, genistein, and BPA at 
a final concentration of 10–10 mol/L resulted in a greater 
decrease in ΔΨm than stimulation with the use of only one 
factor, E2 or BPA, at a concentration of 10–6 mol/L. 

E2 and xenoestrogens have been suggested to stimulate 
the increase in intracellular Ca2+ level [33–35]. It is proposed 
that the increase in calcium ion concentration stimulated 
by estrogens may activate mitochondrial protein phospha-
tase, which in turn dephosphorylates cytochrome c oxidase. 
As a consequence, membrane mitochondrial potential, as 
well as the amount of ROS, may increase [36]. It can be 
assumed that changes in ΔΨm stimulated by E2 and xen-

oestrogens can be caused by influx of calcium ions into the 
mitochondria. In our study, low concentrations of ligands 
caused an increase in ΔΨm. However, high doses of E2 and 
BPA or stimulation of sperm cells with the mixture of the 
compounds caused the decrease in ΔΨm. The excessive 
increase in mitochondrial calcium ions concentration, which 
may be observed as an effect of synergistic action of used 
compounds, can be the cause of decrease in mitochondrial 
membrane potential observed in this study. 

A decrease in ΔΨm might also be the consequence 
of oxidative stress. There are data indicating that some 
metabolites of xenoestrogens and estradiol may lead to 
oxidative stress in human sperm cells. In case of genistein, 
only high doses caused ROS production. Some estrogen 
and benzene derivatives (diethylstilbestrol and catechol, 
respectively) caused intense ROS production. However, no 
significant changes were observed in case of compounds 
such as 17β-estradiol, nonyphenol or bisphenol-A [36].

In conclusion, estrogens and xenoestrogens analyzed in 
this study affect the mitochondrial function. The observed 
effect depends on substrate type and its concentration. It 
seems that estrogens and genistein, occurring in physio-
logical doses, take part in the regulation of mitochondrial 
function and may play the role of antioxidant factors. Our 
findings, in which spermatozoa were stimulated with the 
mixture of the three substrates or with either 17β-estradiol 
or bisphenol-A at high concentrations, suggest that exces-
sive exposition of spermatozoa to such types of substrates 
may negatively affect the mitochondria of human sperm 
cells and, in turn, reduce male fertility potential.
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