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What’s Known
•
CatSper and Hv1 channels are
the most important channels in the
human sperm that control sperm
function. CatSper channel is activated
by progesterone and intracellular
alkalization.
•
NOX5 enzyme activation depends
on intracellular calcium concentration

What’s New
•
CatSper and Hv1 channels play
a critical role in increasing intracellular
calcium concentration and ROS
generation induced by progesterone.
There is a functional relationship
between channels in increasing calcium
concentration.
•
ROS generation is augmented by
progesterone. NOX5 enzyme, CatSper,
and Hv1 channels might be directly/
indirectly involved in this process.
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Abstract

Background: Normal sperm function depends on appropriate
intracellular calcium (Cai2+) and reactive oxygen species (ROS)
levels. Calcium activates NADPH oxidase-5 (NOX5) that leads
to ROS generation. The calcium channel of sperm (CatSper) is
activated by progesterone and intracellular alkalization. Herein,
the interactive role of CatSper, Hv1 channels, and NOX5 enzyme
on Cai2+ and ROS generation in human sperm is investigated.
Methods: The present laboratory in vitro study was carried out
in the School of Medicine, Shiraz University of Medical Sciences
(Shiraz, Iran) during 2016. Normal semen samples (n=15) were
washed and diluted to 20×106 sperm/mL. The diluted samples
were divided into 16 groups containing Ham’s F-10 (the control
group), 2 µM NNC (CatSper inhibitor), 1 mM ZnCl2 (Hv1
inhibitor), 1 µM DPI (NOX5 inhibitor), NNC+Zn, NNC+DPI,
and NNC+Zn+DPI. The other 8 groups were the same as the
above except that they contained 1 µM progesterone. Cell viability
and Cai2+ were analyzed by flou-3 AM probe and PI staining,
respectively, using flow cytometric method. ROS generation was
assessed by chemiluminescence method. Statistical analysis was
performed using the one-way ANOVA followed by Tukey’s test.
P values <0.05 were considered statistically significant.
Results: Progesterone increased Cai2+ and ROS generation. The
addition of NNC, Zn, or NNC+Zn significantly decreased Cai2+
in the control and progesterone containing groups. Progesteroneinduced ROS generation was decreased significantly in all
groups containing NNC, Zn, or DPI and reached to the control
level when DPI was added to NNC or Zn.
Conclusion: There is a functional relationship between CatSper
and Hv1 channels in increasing Cai2+. The activity of CatSper
and Hv1 channels are required for progesterone-induced ROS
generation by NOX5 enzyme.
Please cite this article as: Ghanbari H, Keshtgar S, Zare HR, Gharesi-Fard B. Inhibition
of CatSper and Hv1 Channels and NOX5 Enzyme Affect Progesterone-Induced
Increase of Intracellular Calcium Concentration and ROS Generation in Human
Sperm. Iran J Med Sci. 2019;44(2):127-134. doi: 10.30476/IJMS.2019.44513.
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Introduction
Calcium is involved in nearly every event of sperm capacitation
and egg penetration.1 For years, it was questioned as to which
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channel is responsible for calcium entry into
human sperm. Eventually, some research studies
showed that the main pathway for calcium
entry is sperm-specific calcium channel called
CatSper, which is the most abundant calcium
channel on sperm.2,3 The CatSper channel is
restricted to the principal piece of human sperm
tail.1 It is shown that there is the basal calcium
current through CatSper, which is blocked by
NNC55-0396 (NNC).4
CatSper activation mainly depends on
progesterone. The patch-clamp technique
showed that nanomolar concentration of
progesterone strongly induces calcium current
through CatSper in human sperm.4 This
progesterone-induced calcium current was
inhibited by CatSper channel inhibitors.3 It has
been shown that CatSper acts as a non-genomic
receptor
for
progesterone.4 Furthermore,
intracellular alkalization is another strong
activator of CatSper.5 In fact, there is a histidinerich domain at the intracellular NH2 terminus
of CatSper, related to alkalization sensitivity
of the channel.1 Intracellular alkalization is
due to proton exit through flagellar proton
channel of sperm called Hv1 channel.6 Hv1
channel is the main proton extrusion pathway
in human sperm.5,6 Removal of extracellular
zinc (Zn) is one of the physiological activators
of Hv1 channel.6 Interestingly, Hv1 and CatSper
channels are co-localized in the sperm flagellum.
On the other hand, it is suggested that an
increase in intracellular calcium (Cai2+) causes
reactive oxygen species (ROS) generation
in human sperm.7 Calcium stimulates ROS
generation through the mitochondria8 and also
membrane NADPH oxidase (NOX) enzymes.9
The only NOX enzyme found on human sperm
is (NOX5).9 In fact, NOX5 has calcium-binding
sites at the end of its amino domain, and an
increase in Cai2+ activates this enzyme and
leads to ROS generation.10 NOX5 is localized
in the principal piece of sperm.9 Low amounts
of ROS are an important physiological factor
involved in sperm activation.11 Studies have
shown that O-2 production is one the first events
of capacitation and the involvement of ROS
generated in adenylyl cyclase and tyrosine
activation is clearly demonstrated.12 Moreover,
it is shown that addition of H2O2 at low doses
leads to capacitation, while the existence of
catalase prevents it.12 Furthermore, one study
showed that ROS generation by NOX5 requires
Hv1 activation9 in a way that Hv1 inhibition by Zn
prevents ROS generation through NOX5.
Co-localization of NOX5, Hv1, and CatSper
in the principal piece of human sperm and
functional characteristics of each of them,
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encouraged to investigate the interactive
function of these proteins on Cai2+ and ROS
generation. The present study aimed to find the
nature of the effect of CatSper and Hv1 inhibition
on Cai2+ in control and progesterone-stimulated
condition. Additionally, we aimed to identify the
interactive function between CatSper and Hv1
channels on intracellular calcium. Moreover, the
role of progesterone in inducing ROS generation
by NOX5 and the functional interaction of
NOX5, Hv1, and CatSper in this process were
investigated. Furthermore, we studied the
effects of CatSper, Hv1, and NOX5 inhibition on
sperm survival to realize the role of these factors
on cell viability in the absence and presence of
progesterone.
Materials and Methods
Sample Collection and Sperm Isolation
Normal semen samples (n=15) were
obtained from healthy fertile men (20-40 years
old) based on WHO (World Health Organization)
criteria.13 The study protocol was approved
by the Research Ethical Committee of Shiraz
University of Medical Sciences (Shiraz, Iran).
The participants were chosen among men who
did not have any medical problems, did not
use alcohol, drugs, or dietary supplements.
A written informed consent was obtained from
all individuals. Complete instruction on semen
sample collection was provided to the donors.
Semen samples were collected after 3-5 days
of sexual abstinence. Sperm concentration
and motility were evaluated by a sperm quality
analyzer (SQA–V, Australia, H18-990) after
liquefaction. Semen characteristics of the
selected samples is shown in table 1.
Sperms were washed with Ham’s F-10 as
the sperm medium and motile sperm aspirated
after swimming up. Then, sperm medium was
added to adjust sperm concentration to 20×106
sperm/ml. For ROS generation assessment, the
adjusted sample was divided into 16 groups,
including the control group (Ham’s F-10), 2 µM
Table 1: The characteristics of the selected semen
samples
Semen characteristics

Mean±SE (n=15)

Sperm concentration (×106/ml)

115.6±6.7

Total sperm count (×106)

368.1±33.2

Total motility (%)

61.2±2.3

Semen volume (ml)

4.3±0.2

pH

7.8±0.2

Normal morphology (%)

60.1±3.2

Viability (%)

2.2±56.6

Viscosity

Normal
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NNC as CatSper inhibitor (Sigma, N0287), 1 mM
ZnCl2 (Zn) as Hv1 inhibitor (Sigma, Z0152), 1 µM
DPI (Diphenyleneiodonium chloride) as NOX5
inhibitor (Sigma, D2629), NNC+Zn, NNC+DPI,
Zn+DPI, and NNC+Zn+DPI. The other eight
groups were the same except that all of them
contained 1 µM progesterone (P) (Sigma,
p8783). Intracellular calcium was assayed in
only 10 groups, including the control group
(Ham’s F-10), NNC, Zn, DPI, and NNC+Zn in the
absence or presence of progesterone.
Evaluation of Intracellular Calcium Levels and
Cell Viability by Flow Cytometry
Flou-3 AM probe (Sigma, 73881) was
dissolved in DMSO with 1 µM final concentration
and added to sperm suspension. Then, it was
incubated at 37°C and 5% CO2 for 30 minutes.
Afterward, the resulting sample was well mixed
and transferred into 10 separate but equal
microtubes; each group contained 400 µl. In order
to remove additional Flou-3 AM, all the microtubes
were centrifuged for 5 minutes. The supernatant
was discarded and the obtained sediment was
re-suspended to a volume of 500 ml using Ham’s
F10. Then, all the experimental groups were
transferred to the flow cytometry tubes. Inhibitors
and progesterone were added in accordance
with the above-mentioned procedure.
To evaluate cell viability, one minute before
reading the samples by flow cytometer, propidium
iodide (PI, Sigma, P4170) was dissolved in
PBS at 5 mM final concentration and added to
the intended groups. For each sample, 50,000
sperm were evaluated by flow cytometer. The
results were analyzed using the FlowJo software.
ROS Measurement
Basal and progesterone-stimulated ROS
generations
were
determined
by

chemiluminescence
measurement.
Briefly,
300 µl of washed sperm suspension at the
concentration of 20×106 sperm/ml was placed
in 96-well microplates. Then, freshly prepared
luminol probe (Sigma, A8511) was dissolved in
DMSO (250 µM final concentration) and added
to each sample. Horseradish peroxidase (Sigma,
P6782) with 12 U/ml final concentration was added
to increase chemiluminescence signal. The
relative light unit (RLU) was assessed by multimode microplate reader (Synergy HT, Biotech,
Germany). Quantitative chemiluminescence
average signal was evaluated for each group at
37°C every 10 minutes for 30 minutes.
Statistical Analysis
Data were analyzed using the SPSS 16.0
software package. The results were expressed
as mean±SD and the data were normally
distributed. The statistical comparisons between
the groups were done using one-way ANOVA
followed by Tukey post hoc test. P<0.05 were
considered statistically significant.
Results
Intracellular Calcium
Pseudocolor figures of the control and
progesterone groups are shown in figure 1. The
results of Flou-3 and PI staining are presented
in table 2 and 3. The mean fluorescent intensity
(MFI) in Flou-3 positive cells was calculated by
the FlowJo software. Progesterone significantly
increased MFI (P=0.009) in comparison with
the control group (figure 2). Sperm incubation
in the medium containing NNC, Zn, or NNC+Zn
significantly decreased MFI (P<0.001) in the
control and in the presence of progesterone
(figure 2). The addition of DPI to the sperm
medium did not change the MFI in the presence

Table 2: The flow cytometric data of sperm incubated in 2 µM NNC, 1 mM Zn, and 1 µM DPI
Group (n=15)
Sperm status

Control

NNC (2 µM)

Zn (1 Mm)

DPI (1 µM)

NNC+Zn

Q1 (Fluo‑3‑PI+) (%)

8.75±0.9

11.97±3.1

4.24±1.01b
P=0.04

8.13±0.6

30.54±4.7a,b,c,d
P<0.001

Q2 (Fluo‑3+PI+) (%)

1.03±0.1

15.51±2.8a
P<0.001

1.15±0.3b
P<0.001

0.63±0.08b
P<0.001

12.83±3.2a,c,d
P<0.001

Q3 (Fluo‑3+PI‑) (%)

70.88±3.9

28.07±3.3a
P<0.001

38.06±6.06a
P<0.001

74.35±3.8bc
P<0.001

23.72±2.7a,c,d
a: P<0.001,
c: P=0.01,
d: P<0.001

Q4 (Fluo‑3‑PI‑) (%)

19.29±4.09

44.43±4.7a
P<0.001

56.52±6.8a
P<0.001

17.42±3.6b,c
P<0.001

32.04±5.4c, d
c: P<0.001,
d: P=0.04

Total live

90.18±0.9

72.50±3.1a
P<0.001

94.59±1.09b
P<0.001

91.77±0.8b
P<0.001

55.77±4.2a, b,c,d
P<0.001

Q1‑Q4 represents the dead low calcium, dead high calcium, live high calcium, and live low calcium sperm, respectively.
Results are expressed as means±SD. aSignificant difference with the control group; bSignificant difference with the NNC group;
c
Significant difference with the Zn group; dSignificant difference with the DPI group (P<0.05)
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a
b
Figure 1: The assessment of intracellular calcium and sperm viability by flow cytometric method in the control (a) and progesterone
(b) groups. Q1-Q4 represents the dead low calcium, dead high calcium, live high calcium, and live low calcium sperm, respectively.

Figure 2: The effects of 1 µM progesterone, 2 µM NNC, 1 mM Zn, and 1 µM DPI on the percent of mean fluorescent intensity (MFI)
analyzed by the FlowJo software. P<0.05 were considered statistically significant. *Significant difference with the control group;
┼Significant difference between the groups containing progesterone.

or absence of progesterone. Hence, the Cai2+ was
not evaluated in groups containing NNC+DPI,
Zn+DPI, and NNC+Zn+DPI.
The percentage of sperm viability was
reduced significantly (P<0.001) in groups
containing NNC and NNC+Zn in the presence or
absence of progesterone (table 2 and 3). Sperm
incubation in the medium containing DPI or Zn
did not change sperm viability in comparison
with the control and progesterone groups.
ROS Generation
The 30-minute RLU average is presented
in figure 3. Sperm incubation in the medium
containing NNC, Zn, and/or DPI did not change
the ROS generation in the control condition
(absence of progesterone). ROS generation
was increased significantly in the progesterone
group in comparison with the control (P<0.001).
Progesterone-induced ROS generation was
decreased significantly in all groups containing
NNC, Zn, or DPI as well as in the groups
130

containing the combination of these inhibitors
(figure 3). It should be noted that the ROS
decreased in the control level only when DPI
was added to NNC and/or Zn groups.
Discussion
The results of the present study showed that the
percentage of MFI in Flou-3 AM positive cells
increased significantly by progesterone (figure 2).
Other reports have shown that progesterone
is the most potent physiological factor that
induces calcium current in human sperm4 and
thus enhances Cai2+. Moreover, it is proven
that calcium entry induced by progesterone is
through CatSper channel.3,4 Several studies
have shown that mutations or deletions in
CatSper results in men infertility.14-16 Moreover, it
is also demonstrated that hyperactivation motility,
which is an essential part of capacitation event,
is not induced in CatSper knockout sperm.17,18 It
is assumed that CatSper-dependent increase in
Iran J Med Sci March 2019; Vol 44 No 2
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calcium in the flagellum is required for motility.1
All these findings emphasize the importance of
calcium in sperm function.
In the present study, the calcium current
through CatSper channel was not examined.
However, it was shown that inhibition of
CatSper by NNC reduces the inducing effect of
progesterone on calcium. Likewise, other studies
have shown that inhibition of CatSper by NNC
abolishes the progesterone-induced calcium
current.3, 4 NNC also decreased Cai2+ even in the
absence of progesterone. Furthermore, NNC
decreased the percentage of high calcium live
cells (Flou-3+ PI-) and increased live low-calcium

cells (Flou-3- PI-) significantly in the presence or
absence of progesterone (tables 2 and 3). These
findings suggest that CatSper channels are
activated even in the absence of progesterone
(basal condition). In fact, another report has
proved that there is a current through CatSper
even in the control condition by applying patchclamp technique.4
As mentioned earlier, sperm intracellular
alkalization is another necessary factor for
several physiological responses that are
required for fertilization, such as calcium
influx into sperm, acrosome reaction, and
hyperactivation.2,5 Several reports have shown

Table 3: The flow cytometric data of sperm incubated in 1 µM of progesterone (P) plus 2 µM NNC, 1 mM Zn, and 1 µM DPI
or their combination
Group (n=15)
Sperm status

P (1 µM)

P+NNC (2 µM)

P+Zn (1 mM)

P+DPI (1 µM)

P+NNC+Zn

Q1 (Fluo‑3‑PI+) (%)

7.80±0.6

16.60±4.3 a
P=0.02

7.74±2.9b
P=0.02

8.22±0.5b
P=0.03

25.98±4.08a,b,c,d
a: P<0.001,
b: P=0.02,
c: P<0.001,
d: P<0.001

Q2 (Fluo‑3+PI+) (%)

0.98±0.1

13.48±3.01a
P<0.001

1.32±0.3b
P<0.001

0.95±0.1b
P<0.001

14.25±3.3a,c,d
P<0.001

Q3 (Fluo‑3+PI‑) (%)

67.32±5.5

22.58±2.8a
P<0.001

44.17±4.05a,b
P<0.001

70.60±3.6b,c
P<0.001

31.83±2.6a,c,d
a: P<0.001,
c: P=0.03,
d: P<0.001

Q4 (Fluo‑3‑PI‑) (%)

23.76±5.5

49.12±6.06a
P<0.001

46.71±4.9a
P<0.001

20.23±3.5b,c
P<0.001

27.93±3.2b,c
b: P=0.004,
c: P=0.01

Total live

91.09±0.5

71.71±6.01a
P<0.001

90.88±3.1b
P<0.001

90.83±0.5b
P<0.001

59.77±3.7a,b,c,d
a: P<0.001,
b: P=0.004,
c: P<0.001,
d: P<0.001

Q1‑Q4 represents the dead low calcium, dead high calcium, live high calcium, and live low calcium sperm, respectively.
Results are expressed as means±SD. aSignificant difference with the control group; bSignificant difference with the NNC group;
c
Significant difference with the Zn group; dSignificant difference with the DPI group (P<0.05)

Figure 3: The effects of 1 µM progesterone, 2 µM NNC, 1 mM Zn, and 1 µM DPI on the relative light unit (RLU), which is an indicator
of the sperm ROS generation. P<0.05 were considered statistically significant; ┼Significant difference with the progesterone group.
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that intracellular alkalization induction leads
to calcium concentration enhancement.2,19,20
After numerous investigations to discover the
mechanism responsible for proton extrusion in
human sperm, it was shown by patch-clamping
that Hv1 proton channel has dominant proton
conductance.2, 6 Hence, Hv1 channel is expected
to induce human sperm alkalization.
Sperm Hv1 channel can be activated by the
removal of extracellular zinc, a potent blocker
of Hv1 channel.6,21 Zinc in human is highest in
seminal plasma (total 2.2±1.1 mM compared
with 14±3.0 µM is serum). Seminal zinc inhibits
Hv1 channel and sperm activation.5, 22 However,
as sperm travel through the female reproductive
tract, zinc bound is released through absorption
by the uterine epithelium and chelation by
albumin.5 Hence, at the fertilization site,
spermatozoa should be free from zinc inhibition.
According to these findings, we hypothesized
that intracellular alkalization due to Hv1 activation
might lead to calcium entry through CatSper. Our
results confirmed the hypothesis and showed
that Hv1 inhibition channel results in a significant
decrease in Cai2+. Besides, we know clearly
that calcium entry through CatSper channel is
dependent on intracellular alkalization. As one
study showed, NH4Cl evokes Ca2+ signals, which
is inhibited by NNC.3 Putting these findings
together, it is likely that Hv1 blocking affects
intracellular pH and CatSper function.
The MFI in the P+NNC+Zn group was
significantly less than the P+NNC or P+Zn
containing groups. This effect was not seen in
the absence of progesterone (figure 2). This
finding could point to the cooperation of CatSper
and Hv1 channels when sperm are stimulated
with progesterone. Progesterone increased the
sperm ROS generation. This effect was reduced
by CatSper, Hv1, and NOX5 inhibitors. However,
the ROS level generation was not reduced to the
control level unless DPI was added to the sperm
medium containing NNC or Zn.
It is shown that progesterone induces ROS
generation in cultured rat hepatic stellate cells.23
Another study showed that progesterone has
a positive effect on ROS generation too.24
Similarly, other studies proved the calciumdependent ROS generation by human
spermatozoa.10, 25-27 Lamirande et al. used calcium
ionophore A23187 to induce ROS generation in
human sperm.25 Moreover, it is clearly shown that
ROS generation can be blocked by DPI.10, 26 One
study showed a functional connection between
Hv1 channel and NOX5 enzyme.19 This finding
showed that superoxide production by NOX5
requires Hv1 channel. Musset et al. showed that
the induction of superoxide production in K562/
132

NOX cells stimulated by ionomycin, PMA, or
H2O2, was decreased by 1 mM ZnCl2.
According to the above-mentioned findings,
CatSper and Hv1 have not a direct role in
ROS production, but their activity affects
NOX5. Therefore, we recommend a functional
relationship between these two channels with
NOX5. This concept is not far-fetched since all
these molecular complexes are co-localized
within the sperm flagellum.2,6,10
In the present study, the sperm viability
percentage was also evaluated. Blockage of
CatSper channel decreased the percentage
of cell viability. Regarding the importance of
calcium homeostasis in cell survival,28 it is quite
logical that any disturbance in Cai2+, especially
in a sensitive cell such as sperm, would affect
sperm viability. Other reports also showed that
the blockage of calcium channel by NNC results
in cell death. Ovarian cancer cell line proliferation
was inhibited29 and the apoptosis of leukemia
cell line30 induced by NNC. The mechanism
responsible for such effect of NNC on sperm
viability is unknown.
The results of the present study would have
been confirmed further if other inhibitors and
even stimulators of CatSper and Hv1 channels
and NOX5 enzyme were used concurrently.
Moreover, recording of calcium and proton
current through sperm membrane could provide
valuable information about the functional
interaction between these channels.
Conclusion
Progesterone increased the Cai2+ of sperm. For
the first time, we showed that this effect can
be mediated by CatSper in cooperation with
Hv1 channels, especially when sperm were
stimulated by progesterone. Moreover, it seems
that the function of both channels along with
NOX5 is necessary for ROS generation induced
by progesterone. Further studies are required for
a better understanding of the interactive function
between CatSper and Hv1 channels and NOX5
enzyme.
Acknowledgement
The present study was supported by the
Vice Chancellor of Research Affairs, Shiraz
University of Medical Sciences (Shiraz, Iran).
This manuscript is extracted from the Ph.D.
thesis of Hamideh Ghanbari (grant number:
92-6773). The authors would like to thank the
staff of Shiraz Infertility Center for their helpful
assistant in sample collection. We also would
like to thank the Research Consultation Center
Iran J Med Sci March 2019; Vol 44 No 2



CatSper, Hv1 and NOX5 affect sperm (Ca2+i) and ROS

(RCC) at Shiraz University of Medical Sciences
for their invaluable assistance in editing this
manuscript.
Conflict of Interest: None declared.
References
1. Ren D, Xia J. Calcium signaling through
CatSper channels in mammalian fertilization.
Physiology (Bethesda). 2010;25:165-75.
doi: 10.1152/physiol.00049.2009. PubMed
PMID: 20551230.
2. Kirichok Y, Lishko PV. Rediscovering sperm
ion channels with the patch-clamp technique.
Mol Hum Reprod. 2011;17:478-99. doi:
10.1093/molehr/gar044. PubMed PMID:
21642646; PubMed Central PMCID:
PMCPMC3136206.
3. Strunker T, Goodwin N, Brenker C,
Kashikar ND, Weyand I, Seifert R, et al. The
CatSper channel mediates progesteroneinduced Ca2+ influx in human sperm.
Nature. 2011;471:382-6. doi: 10.1038/
nature09769. PubMed PMID: 21412338.
4. Lishko PV, Botchkina IL, Kirichok Y.
Progesterone activates the principal
Ca2+ channel of human sperm. Nature.
2011;471:387-91. doi: 10.1038/nature09767.
PubMed PMID: 21412339.
5. Lishko PV, Kirichok Y, Ren D, Navarro B,
Chung JJ, Clapham DE. The control of male
fertility by spermatozoan ion channels. Annu
Rev Physiol. 2012;74:453-75. doi: 10.1146/
annurev-physiol-020911-153258. PubMed
PMID: 22017176; PubMed Central PMCID:
PMCPMC3914660.
6. Lishko PV, Botchkina IL, Fedorenko A,
Kirichok Y. Acid extrusion from human
spermatozoa is mediated by flagellar voltagegated proton channel. Cell. 2010;140:327-37.
doi: 10.1016/j.cell.2009.12.053. PubMed
PMID: 20144758.
7. Bedard K, Krause KH. The NOX family
of ROS-generating NADPH oxidases:
physiology and pathophysiology. Physiol
Rev. 2007;87:245-313. doi: 10.1152/
physrev.00044.2005.
PubMed
PMID:
17237347.
8. Koppers AJ, De Iuliis GN, Finnie JM,
McLaughlin EA, Aitken RJ. Significance of
mitochondrial reactive oxygen species in the
generation of oxidative stress in spermatozoa.
J Clin Endocrinol Metab. 2008;93:3199-207.
doi: 10.1210/jc.2007-2616. PubMed PMID:
18492763.
9. Musset B, Clark RA, DeCoursey TE,
Petheo GL, Geiszt M, Chen Y, et al. NOX5 in
Iran J Med Sci March 2019; Vol 44 No 2

10.

11.

12.

13.

14.

15.

16.

17.

18.

human spermatozoa: expression, function,
and regulation. J Biol Chem. 2012;287:937688. doi: 10.1074/jbc.M111.314955. PubMed
PMID: 22291013; PubMed Central PMCID:
PMCPMC3308784.
Banfi B, Molnar G, Maturana A, Steger K,
Hegedus B, Demaurex N, et al. A Ca(2+)activated NADPH oxidase in testis,
spleen, and lymph nodes. J Biol Chem.
2001;276:37594-601. doi: 10.1074/jbc.
M103034200. PubMed PMID: 11483596.
Baker MA, Aitken RJ. The importance of
redox regulated pathways in sperm cell
biology. Mol Cell Endocrinol. 2004;216:47-54.
doi: 10.1016/j.mce.2003.10.068. PubMed
PMID: 15109744.
Baldi E, Luconi M, Bonaccorsi L, Forti G.
Signal transduction pathways in human
spermatozoa.
J Reprod
Immunol.
2002;53:121-31. PubMed PMID: 11730910.
Organization WH. WHO Laboratory Manual
for the Examination and Processing of
Human Semen, 5th ed. Geneva: World
Health Organization; 2010.
Hildebrand MS, Avenarius MR, Fellous M,
Zhang Y, Meyer NC, Auer J, et al.
Genetic male infertility and mutation
of CATSPER ion channels. Eur J Hum
Genet. 2010;18:1178-84. doi: 10.1038/
ejhg.2010.108. PubMed PMID: 20648059;
PubMed Central PMCID: PMCPMC2987470.
Avenarius MR, Hildebrand MS, Zhang Y,
Meyer NC, Smith LL, Kahrizi K, et al. Human
male infertility caused by mutations in the
CATSPER1 channel protein. Am J Hum
Genet. 2009;84:505-10. doi: 10.1016/j.
ajhg.2009.03.004.
PubMed
PMID:
19344877; PubMed Central PMCID:
PMCPMC2667975.
Avidan N, Tamary H, Dgany O,
Cattan D, Pariente A, Thulliez M, et al.
CATSPER2, a human autosomal non
syndromic male infertility gene. Eur J Hum
Genet. 2003;11:497-502. doi: 10.1038/
sj.ejhg.5200991. PubMed PMID: 12825070.
Qi H, Moran MM, Navarro B, Chong JA,
Krapivinsky G, Krapivinsky L, et al. All
four CatSper ion channel proteins are
required for male fertility and sperm
cell hyperactivated motility. Proc Natl
Acad Sci U S A. 2007;104:1219-23.
doi: 10.1073/pnas.0610286104.
PubMed
PMID: 17227845; PubMed Central PMCID:
PMCPMC1770895.
Carlson AE, Quill TA, Westenbroek RE,
Schuh SM, Hille B, Babcock DF. Identical
phenotypes of CatSper1 and CatSper2 null
sperm. J Biol Chem. 2005;280:32238-44.
133

Ghanbari H, Keshtgar S, Zare Reza H, Fard-Gharesi B

19.

20.

21.

22.

23.

24.

134

doi: 10.1074/jbc.M501430200. PubMed
PMID: 16036917.
Kirichok Y, Navarro B, Clapham DE.
Whole-cell patch-clamp measurements of
spermatozoa reveal an alkaline-activated
Ca2+ channel. Nature. 2006;439:737-40.
doi: 10.1038/nature04417. PubMed PMID:
16467839.
Fraire-Zamora JJ, Gonzalez-Martinez MT.
Effect of intracellular pH on depolarizationevoked calcium influx in human sperm. Am
J Physiol Cell Physiol. 2004;287:C1688-96.
doi: 10.1152/ajpcell.00141.2004. PubMed
PMID: 15306540.
Musset B, Smith SM, Rajan S, Cherny VV,
Sujai S, Morgan D, et al. Zinc inhibition
of monomeric and dimeric proton
channels suggests cooperative gating.
J Physiol. 2010;588:1435-49. doi: 10.1113/
jphysiol.2010.188318.
PubMed
PMID:
20231140; PubMed Central PMCID:
PMCPMC2876801.
Saaranen M, Suistomaa U, Kantola M,
Saarikoski S, Vanha-Perttula T. Lead,
magnesium, selenium and zinc in human
seminal fluid: comparison with semen
parameters and fertility. Hum Reprod.
1987;2:475-9. doi: 10.1093/oxfordjournals.
humrep.a136573. PubMed PMID: 3667903.
Itagaki T, Shimizu I, Cheng X, Yuan Y, Oshio A,
Tamaki K, et al. Opposing effects of oestradiol
and progesterone on intracellular pathways
and activation processes in the oxidative
stress induced activation of cultured rat
hepatic stellate cells. Gut. 2005;54:1782-9.
doi: 10.1136/gut.2005.053278. PubMed
PMID: 16284289; PubMed Central PMCID:
PMCPMC1774809.
Fedotcheva TA, Kruglov AG, Teplova VV,
Fedotcheva
NI,
Rzheznikov
VM,
Shimanovskii NL. Effect of steroid hormones

25.

26.

27.

28.

29.

30.

on production of reactive oxygen species in
mitochondria. Biofizika. 2012;57:1014-9.
PubMed PMID: 23272582.
de Lamirande E, Tsai C, Harakat A,
Gagnon C. Involvement of reactive oxygen
species in human sperm arcosome reaction
induced by A23187, lysophosphatidylcholine,
and biological fluid ultrafiltrates. J Androl.
1998;19:585-94. PubMed PMID: 9796619.
Aitken RJ, Ryan AL, Curry BJ, Baker MA.
Multiple forms of redox activity in populations
of human spermatozoa. Mol Hum Reprod.
2003;9:645-61. doi: 10.1093/molehr/gag086.
PubMed PMID: 14561808.
Serrander L, Jaquet V, Bedard K,
Plastre O, Hartley O, Arnaudeau S,
et al. NOX5 is expressed at the plasma
membrane and generates superoxide in
response to protein kinase C activation.
Biochimie. 2007;89:1159-67. doi: 10.1016/j.
biochi.2007.05.004.
PubMed
PMID:
17587483.
Rizzuto R, Pinton P, Ferrari D, Chami M,
Szabadkai G, Magalhaes PJ, et al. Calcium
and apoptosis: facts and hypotheses.
Oncogene. 2003;22:8619-27. doi: 10.1038/
sj.onc.1207105. PubMed PMID: 14634623.
Li W, Zhang SL, Wang N, Zhang BB, Li M.
Blockade of T-type Ca2+ channels inhibits
human ovarian cancer cell proliferation.
Cancer
investigation.
2011;29:339-46.
doi: 10.3109/07357907.2011.568565.
Huang W, Lu C, Wu Y, Ouyang S, Chen Y.
T-type calcium channel antagonists, mibefradil
and NNC-55-0396 inhibit cell proliferation
and induce cell apoptosis in leukemia cell
lines. J Exp Clin Cancer Res. 2015;34:54.
doi: 10.1186/s13046-015-0171-4. PubMed
PMID: 25989794; PubMed Central PMCID:
PMCPMC4443536.

Iran J Med Sci March 2019; Vol 44 No 2

