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SUMMARY

Onion (Allium cepa L.) and quercetin protect against oxidative damage and have positive effects on multiple functional parameters
of spermatozoa, including viability and motility. However, the associated underlying mechanisms of action have not yet been identi-
fied. The aim of this study was to investigate the effect of onion peel extract (OPE) on voltage-gated proton (Hv1l) channels, which
play a critical role in rapid proton extrusion. This process underlies a wide range of physiological processes, particularly male fertility.
The whole-cell patch-clamp technique was used to record the changes in Hvl currents in HEK293 cells transiently transfected with
human Hvl (HVCN1). The effects of OPE on human sperm motility were also analyzed. OPE significantly activated the outward-rec-
tifying proton currents in a concentration-dependent manner, with an ECs, value of 30 ug/mL. This effect was largely reversible
upon washout. Moreover, OPE induced an increase in the proton current amplitude and decreased the time constant of activation at
0 mV from 4.9 £+ 1.7 to 0.6 + 0.1 sec (n = 6). In the presence of OPE, the half-activation voltage (V;,,) shifted in the negative direc-
tion, from 20.1 + 5.8 to 5.2 + 8.7 mV (n = 6), but the slope was not significantly altered. The OPE-induced current was profoundly
inhibited by 10 pm 7Zn?*, the most potent Hvl channel inhibitor, and was also inhibited by treatment with GF109203X, a specific pro-
tein kinase C (PKC) inhibitor. Furthermore, sperm motility was significantly increased in the OPE-treated groups. OPE exhibits pro-
tective effects on sperm motility, at least partially via regulation of the proton channel. Moreover, similar effects were exerted by
quercetin, the major flavonoid in OPE. These results suggest OPE, which is rich in the potent Hvl channel activator quercetin, as a
possible new candidate treatment for human infertility.

INTRODUCTION

Infertility affects approximately 10-15% of all couples of repro-
ductive age, and approximately 45-50% of all infertility cases are
due to male infertility (Farhi & Ben-Haroush, 2011; Hamada
et al., 2012). The single most common cause of male infertility is
defective sperm function. However, in 30-40% of such cases, the
reason for sperm dysfunction has not yet been identified. Thus,
there is no specific therapy or effective treatment for idiopathic
cases of infertility.

© 2017 American Society of Andrology and European Academy of Andrology

For the last decade, successful recording of the ionic currents
from mature spermatozoa has identified the primary ion chan-
nels in spermatozoa. These ion channels play a central role in
sperm physiology and the process of fertilization by controlling
intracellular pH, membrane potential, and intracellular Ca**. In
addition, loss of functional ion channels could cause male infer-
tility without affecting other physiological functions (Kirichok &
Lishko, 2011; Lishko et al., 2012). The intracellular pH of sper-
matozoa is a major regulator of motility, capacitation,
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hyperactivation, and the acrosome reaction in the female repro-
ductive tract (Koch et al., 2008). More specifically, the human
voltage-gated proton (Hvl) channel has an indispensable role in
male fertility because it allows rapid and effective proton con-
ductance, thereby activating the Ca®** permeable sperm cation
channel (Lishko et al., 2010).

Voltage-gated proton channels are expressed in many cell
types, including phagocytes, neurons, airway epithelial cells,
muscle cells, and spermatozoa (Decoursey, 2003; Okochi et al,
2009; Iovannisci et al., 2010; Lishko et al., 2010). These channels
play critical roles in host defense (Ramsey et al, 2009), sperm
capacitance (Lishko et al, 2010), and motility (Musset et al.,
2012), and cancer metastasis (Wang et al., 2012). Hvl channels
are highly selective for protons and are controlled by changes in
the transmembrane voltage and pH gradient.

In humans, Hvl channels are highly expressed in spermatozoa
and have been proposed to play a vital role in the regulation of
intracellular pH (Lishko et al., 2010). Moreover, reduced expres-
sion of Hv1l has been reported in patients with infertility and ter-
atozoospermia (Platts ef al., 2007). Hvl channel activation in
alkaline seminal fluid or in the female reproductive tract results
in proton extrusion, leading to intracellular alkalization and
spermatozoa activation (Lishko et al., 2010). Intraflagellar alka-
linization via the Hvl channel consequently activates the Cat-
Sper channel (Kirichok ef al, 2006), a sperm-specific Ca®*
channel, which co-localizes with the Hvl channel within the
principal piece of the sperm flagellum. These events increase the
intracellular calcium concentration in spermatozoa, thereby
changing the flagellar beat pattern to vigorous, high-amplitude
asymmetric flagellar beating. This pattern is known as hyperacti-
vation and is mediated by a Ca®*-sensing protein called calaxin.
This hyperactive motility is necessary for spermatozoa to pene-
trate the zona pellucida and fertilize the egg. Thus, the regula-
tion of intracellular pH and cytosolic free Ca?* concentration via
the combined action of the Hvl and CatSper channels is crucial
for many physiological processes of spermatozoa, including
motility, capacitation, and the acrosome reaction in the female
reproductive tract.

Onion (Allium cepa L.) has been widely used in traditional folk
medicine since ancient times and is known to exert various bio-
logical functions via its hypocholesterolemic, thrombolytic, anti-
asthmatic, and antioxidant effects (Lanzotti, 2006). In particular,
quercetin, the most abundant flavonoid in onion peel, has been
identified as a potent antioxidant.

Although many studies have shown that onion and quercetin
protect against oxidative damage and have positive effects on
multiple functional parameters of spermatozoa, including viabil-
ity and motility (Izawa et al., 2008; Ola-Mudathir et al., 2008;
Khaki et al., 2009; Saber et al., 2016), the mechanisms underly-
ing these effects have not yet been identified.

In this study, we investigated the effects of onion peel extract
(OPE) and quercetin on the activity of Hvl channels. We also
examined the mechanism responsible for these effects in
HEK293 cells expressing Hvl channels.

MATERIALS AND METHODS

Preparation of crude extract
Onion was purchased from the local market, and the brown
outer layers were extracted three times with ethanol under reflux
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Figure 1 HPLC chromatogram of onion extract (A) and its major con-
stituent compounds (B). Compounds (1-6) were identified using HPLC-ESI/
MS. Peak identification: protocatechuic acid (1), 2-(3,4-dihydroxybenzoyl)-
2,4,6-trihydroxy-3(2H)-benzofuranone (2), quercetin 4’-O-B-D-glucopyra-
noside (3), quercetin (4), 1,3,11a-trihydroxy-9-(3,5,7-trihydroxy-4H-1-ben-
zopyran-4-on-2-yl)-5a-(3,4-dihydroxyphenyl)-5,6,11-hexahydro-5,6,11-
trioxanaphthacene-12-one (5, quercetin dimer), and 1,3,11a-trihydroxy-
9-(3,5,7-trihydroxy-4H-1-benzopyran-4-on-2-yl)-5a-[1,3,11a-trihydroxy-
5a-(3,4-dihydroxyphenyl)-5,6,11-hexahydro-5,6,11-trioxanaphthacene-12-
on-9-yl]-5,6,11-hexahydro-5,6,11-trioxanaphthacene-12-one (6, quercetin
trimer).

(A) 4
175

150

-
N
o

N

100 | 3

N a N
a o o
-
(3.}

Absorbance (280 nm, mAU)

(=]

0 10 20 30 40 50
Retention time (min)

(B) on
OH
?OH HO. o § on O OR
O HO. o.
o
oo oH © OH OH
OH O
1 2 3,R=Glc
4,R=H

HO.

for 3 h. The combined filtrate was concentrated using a rotary
evaporator, freeze dried, and stored at —20 °C until further ana-
lyzes. The crude extract was analyzed using HPLC. Here, 10 mg
of crude extract was dissolved in 1 mL of methanol and filtered
through a 0.45 pm membrane filter. To identify the major con-
stituents of the onion extract, 5 pL. of the filtrate was injected
onto an INNO C18 column (2.0 mmx 150 mm, YoungJin Bio-
chrom, Seoul, South Korea) in an HPLC-ESI/MS system. The sys-
tem consisted of an Agilent 1260 HPLC system (Agilent
Technologies, Waldbronn, Germany) equipped with an Advion
Expression CMS mass spectrometer (Advion, NY, USA). The
HPLC profile of the onion extract and the compounds identified
from it are shown in Fig. 1. Peaks were identified by matching
the recorded HPLC retention times with those of previously
reported mass data (Ly et al., 2005).

Cell culture and transfection

The human embryonic kidney cell line HEK293 was purchased
from the American Type Culture Collection (Manassas, VA,
USA). Cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, Life Technologies, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum and antibiotics (100 units/
mL penicillin, streptomycin; Gibco). Cells were cultured in a 5%
CO, atmosphere. For transfection, HEK293 cells were seeded
into 12-well plates at a density of 10° cells/well and grown for

© 2017 American Society of Andrology and European Academy of Andrology
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24 h. The cells were transiently transfected with
pQBI25-fC3-GFP, which encodes human Hvl (HVCN1) and was
kindly provided by Dr. David Clapham and Dr. Scott Ramsey. All
transfections were performed using Lipofectamine® 3000 (Life
Technologies). At 20-24 h after transfection, the cells were used
in electrophysiological experiments. The expression of green flu-
orescent protein (GFP)-fusion proteins was detected using an IX
70 inverted fluorescence microscope (Eclipse Ti-U, Nikon,
Tokyo, Japan).

Electrophysiological recordings

Electrophysiological recordings were performed in a whole-
cell patch-clamp configuration using an Axopatch-200B
amplifier and a Digidata 1440A instrument (Molecular
Devices, Sunnyvale, CA, USA). The patch-clamp pipettes were
made from filament-containing borosilicate glass capillary
tubing (World Precision Instruments, Sarasota, FL, USA) and
pulled using a Narishige PP-830 vertical puller (Narishige
Group, Tokyo, Japan). Next, the tip was heat-polished using
a microforge MF-830 (Narishige Group) to obtain a resis-
tance of 3-5 MQ when filled with the indicated pipette solu-
tions. The reference electrode was an Ag-AgCl wire
connected to the bath solution through a 3 m KCl-agar
bridge. To record the Hvl currents, the cell suspension was
placed into a small chamber (0.6 mL) on the stage of an
inverted fluorescence microscope (Nikon). Next, seals were
formed with normal Tyrode’s solution (in mwm: 135 NaCl, 5
KCl, 10 HEPES, 1.8 CaCl,, 1 MgCl,, and 10 glucose, pH 7.4),
and the pipettes were filled with the following solution (in
mMm): 65 N-methyl-D-glucamine, 3 MgCl,, 1 EGTA, 70 glucose
and 100 MES (pH 6.0 with CH3SO3H). The bath solution for
the recording contained the following (in mm): 75 N-methyl-
D-glucamine, 1 CaCl,, 1 MgCl,, 10 glucose, and 100 HEPES
(pH 7.0-7.8 with CH3SO3H). All measurements were per-
formed at room temperature (22-25 °C). The current traces
were sampled at 5 kHz and filtered at 1 kHz. The data were
analyzed using cramprir 9.2 (Molecular Devices) and oriGiN 8.0
(OriginLab, Northampton, MA, USA) software. The current
densities were calculated by normalizing the current ampli-
tudes to the membrane capacitances.

Conductance-voltage (G-V) plots were fitted with the Boltz-
mann equation (G/Gpax = (1/[1+exp((V1,2-V)/S)]), where V;,, is
the half-activation potential, V is the membrane potential, S is
the slope factor, and G,y is the slope conductance.

OPE, Compounds 1 and 3, and quercetin were dissolved in
dimethyl sulfoxide (DMSO) to form stock solutions.
GF109203X was also dissolved in DMSO. The final concentra-
tion of DMSO was <0.1% and did not affect the membrane
currents. To evaluate the concentration-dependent effect of
OPE on the Hvl currents, serial dilutions were prepared by
diluting 200 mg/mL OPE stocks and then adding to the bath
solution at concentrations ranging from 1 to 200 pg/mL. Com-
pounds 1 and 3 and quercetin were prepared by diluting
100 mm stock solutions in bath solution at the desired final
concentrations immediately before use. The cells were treated
in bath solution containing various concentrations of OPE (1,
10, 25, 50, 100, 200 pg/mL) or quercetin (1, 10, 30, 100,
200 pm). To evaluate whether protein kinase C (PKC) was
involved in the OPE- or quercetin-induced potentiation of the
Hvl channels, the cells were treated with the PKC inhibitor

© 2017 American Society of Andrology and European Academy of Andrology
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GF109203X (3 pum, extracellular) after stimulation with 100 pg/
mL OPE or 200 pm quercetin.

Quercetin, GF109203X, and all other chemicals
purchased from Sigma Chemical (St. Louis, MO, USA).

were

Sperm motility

All study materials were reviewed and approved by the Insti-
tutional Review Board of Chonbuk National University Hospi-
tal (CUH 2012-03-001-008). As participants for our study, we
identified male patients who visited our hospital for urological
evaluations from January 2015 to December 2015. The inclu-
sion criteria were sperm count >20 x 10°/mL and sperm
motility >40%. All sperm tests were performed according to
the WHO recommendations. Written informed consent was
obtained from all subjects before study enrollment. This study
was conducted in accordance with the International Confer-
ence on Harmonization Good Clinical Practice guidelines and
in conformity with the ethical principles of the declaration of
Helsinki. Samples were collected from participants following
abstinence from ejaculation for a minimum of 72 h and no
longer than 7 days before collection. All specimens were
obtained by masturbation without using a condom and were
maintained in an incubator at room temperature for 1 h at
37 °C.

Sperm motility was evaluated by observing the sperm suspen-
sion within 3-5 min after being placed in the counting chamber
(Makler/Sperm Meter, Product Code: Sperm Counting Chamber;
SEFI-Medical Instruments LTD, New York, NY, USA); this
method mitigates error due to the tendency of spermatozoa to
migrate from the periphery. Motile spermatozoa within the 10
center squares of the grid were counted under a light micro-
scope (Axio Imager 2, UMDC Code: 393099; Carl Zeiss Microl-
maging LLC, Goettingen, Germany), and mean sperm counts
were recorded. Sperm counts were also measured 3 h after incu-
bation with OPE. The percentage of motile spermatozoa was
determined by the following formula: (mean number of motile
spermatozoa/total number of spermatozoa) x 100. All counts
were performed at 37 °C in Ham’s F-10 medium (0.4% HAS,
12 mm HEPES).

The total sperm count was calculated using two or three drops
of specimen to increase the reliability of the count. The counting
chamber is composed of two parts: The upper part is a cover
glass encircled with a metal ring. At the center of its lower sur-
face, there is a 1 mm? grid that is subdivided into 100 squares of
0.1 x 0.1 mm. When the cover glass is placed on the four tips,
the volume bounded in a row of 10 squares is exactly one-mil-
lionth of 1 mL. Therefore, the number of sperm heads in 10
squares indicates their concentration in million/mL. We mea-
sured the sperm count of 10 center squares of the grid counted
under a light microscope and included existing spermatozoa in
the 10 center squares. The increase in sperm motility was deter-
mined by the following formula: increase (%) = [(Sperm motility
after 3 h of incubation — Sperm motility after 0 h of incubation)/
Sperm motility after 3 h of incubation] x 100.

Statistical analysis

All data are expressed as the mean + SEM; n refers to the num-
ber of cells examined. The Wilcoxon signed rank test was
employed to compare group mean values. Differences were con-
sidered significant if p < 0.05.
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RESULTS

Identification of the Hv1 channel

To characterize the Hvl channels, we measured the proton
currents from HEK293 cells expressing human Hv1 protein using
whole-cell patch-clamp recording. Figure 2 shows the slowly
activating outward currents in response to depolarizing pulses;
these currents were both voltage-dependent and pH-dependent.
As is characteristic of Hvl, increasing extracellular pH (pH,)
increased the current amplitude and the threshold for current
activation (Fig. 2A,B). The reversal potential is one of the most
important parameters of ion channel selectivity (Hille, 1986). To
assess the reversal potential, we used the tail current protocol, in
which the conductance is initiated by the application of depolar-
izing pulses (+80 mV for 2 sec) followed by deactivating pulses

ANDROLOGY

to potentials ranging from +20 mV to —100 mV. Under the con-
ditions used (pipette pH 6.0), the reversal potentials (V) at the
pH, values of 7.0, 7.4, and 7.8 were —24, —63, and —71 mV,
respectively. However, the equilibrium potentials calculated
from the Nernst equation (Ey = —58-log([H],/[H];) are —58,
—81.2, and —104.4 mV at pH, 7.0, 7.4, and 7.8, respectively.
Although the measured reversal potentials deviated from the cal-
culated potentials, the measured reversal potential shifted in
response to the H* gradient as external pH increased (Fig. 2C).

Activation effect of OPE on the Hv1 channel

To assess the effect of OPE on voltage-dependent proton
channels, proton currents were recorded in the presence of
50 pg/mL OPE by applying ramp pulses from —80 to 100 mV
from a holding potential of —60 mV at 30 sec intervals. At an

Figure 2 Effects of altering external pH on current. HEK293 cells were transfected with GFP only (Aa, Ba) or with HVCN1 (Ab, Bb). (A) Currents were mea-
sured under different extracellular pH conditions (pH; 6.0; pH, 7.0, 7.4, 7.8) using 10-mV steps from —60 to +100 mV. The holding potential was —60 mV.
(B) Current-voltage relationships obtained using a 2-sec ramp pulse from —80 to +100 mV. (C) pH dependence of average V.., (= SEM, n = 6) determined
by tail currents. To record the tail current, the membrane was depolarized pre-pulse to +80 mV for 2 sec, followed by repolarization to between —100 and

+20 mV.
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Figure 3 OPE-activated Hv1 currents. (A) Representative sustained currents obtained at +60 mV from HEK293 cells expressing Hv1 (pipette pH; 6.0, bath
pH, 7.4). The holding potential was —60 mV. Currents were measured before and after the addition of 50 ug/mL OPE, after which cells were washed with
bath solution. (B) Current-voltage relationships were obtained from a mock-transfected cell (Ba) and from an Hv1-transfected cell (Bb) using a 2-sec ramp

pulse from —80 to +100 mV.
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intracellular/extracellular pH gradient of 6.0/7.4, the extracellu-
lar addition of OPE (50 pg/mL) caused a significant increase in
the outward currents (Fig. 3A). Following washout using the
bath solution, the channel currents returned to basal levels.
Repeated application of OPE produced approximately 70% of
the current amplitude of the first application. OPE activated out-
ward-rectifying proton currents and shifted the current-voltage
(I-V) relation curves to the left (Fig. 3B). However, this effect was
not observed in non-transfected HEK293 cells. Thus, these
results indicate that OPE reversibly potentiates Hvl channel
activity.

Concentration-dependent effect of OPE on the Hv1 channel

As shown in the current traces in Fig. 4A, the activation of pro-
ton currents by OPE was concentration dependent. At the maxi-
mum concentration tested (200 ug/mL), this effect was largely
reversible upon washout. Figure 4 (panels B and C) shows the
-V curves obtained after the application and washout of OPE.
OPE progressively shifted the -V curves to the left in a dose-
dependent manner. Figure 4D summarizes the average values at
+60 mV, showing that the current density gradually increased as
the OPE concentration increased. Concentrations above 25 pg/
mL had significant effects on Hvl channels. The amplitudes of
the OPE-evoked responses were similar for 100 and 200 pg/mL,
suggesting that 100 pg/mL was the saturation point. Thus, we
used 100 pg/mL OPE in all subsequent experiments. The dose—
response curve is shown in Fig. 4E. The normalized currents
were plotted against the OPE concentration on a semi-log scale.
The best fit using the Hill equation was a continuous line
between the data points. The ECsq and Hill coefficient values
were 30 pg/mL and 1.5, respectively.

OPE affects the gating properties of Hv1 channels
To define the mechanism of OPE-induced Hv1 channel activa-
tion, we investigated the effect of OPE on activation kinetics. As

© 2017 American Society of Andrology and European Academy of Andrology

V (mV) V (mV)

shown in Fig. 5A, Hv1 currents evoked by 100 pg/mL OPE were
activated much more quickly than the control currents. The acti-
vation time constant was significantly decreased, from 4.9 + 1.7
to 0.6 £ 0.1 sec at 0 mV (n = 6, p < 0.05), after OPE treatment
(Fig. 5B). To determine the effect of OPE on the voltage depen-
dence of the channel activation, the relative conductance (G/
Gmax) Was obtained by normalizing the tail currents that were fit-
ted using the Boltzmann equation. As shown in Fig. 5C, the G-V
relationships showed voltage-dependent activation of proton
currents and were shifted in the negative direction by the addi-
tion of 100 pg/mL OPE. Moreover, the half-activation voltage
(V1/2) shifted approximately 15 mV, from 20.1 £ 5.8 mV to
5.2 £ 8.7 mV (n =6, p < 0.05). However, the slope was not sig-
nificantly altered by OPE treatment. Thus, these results demon-
strate that OPE potentiates the activity of the Hvl channel by
modulating channel opening and activating the channel at nega-
tive membrane voltages.

To confirm whether the currents stimulated by OPE result
from Hvl channel activation, we assessed the effect of Zn**, a
classical inhibitor of Hvl channels, on OPE-stimulated currents.
The addition of 10 pm ZnCl, profoundly inhibited the OPE-
induced currents, slowing activation and shifting the gH-V rela-
tionship in the positive direction (Fig. 6), as has been observed
in other cells (Cherny & DeCoursey, 1999).

Effect of the PKC inhibitor GF109203X on OPE-mediated
stimulation of Hv1 channels

The enhanced gating mode of the proton channel is elicited by
protein kinase C (PKC)-dependent phosphorylation. Thus, to
determine the potential contribution of the phosphorylation sta-
tus of the Hv1 channel to these OPE-mediated effects, the effects
of the PKC-specific inhibitor GF109203X were assessed in OPE-
treated cells. As shown in Fig. 7, the addition of 3 um GF109203X
subsequent to OPE abolished the effects of OPE. In the presence
of GF109203X, the OPE-enhanced proton current was greatly
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Figure 4 Concentration-dependent activation of Hv1 currents by OPE. (A) Representative current traces obtained at +60 mV in the presence of various con-
centrations of OPE. Horizontal lines indicate the application of OPE. OPE was applied at 1-200 pug/mL to Hv1-overexpressing HEK293 cells. pH; = 6.0;
pHo = 7.4. (B) Maximum current-voltage relationships were obtained before (control) and after the addition of various concentrations of OPE. All currents
were induced by a ramp protocol from —80 to +100 mV for 2 sec. (C) Current-voltage relationships after washing with bath solution. (D) Summary of the
dose-dependent increase in Hv1 current in response to the addition of OPE at +60 mV. Bars represent mean & SEM. *p < 0.05 vs. control cells (0 pg/mL)
(n=9). (E) Dose-response curves for OPE activation of Hv1 currents. Peak currents activated were normalized to the control value. Mean values were fitted

using the Hill equation.
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reduced. Furthermore, this effect was largely reversible upon
drug washout.

Effect of OPE on sperm motility

The effects of OPE on the motility of spermatozoa from human
semen samples are shown in Table 1. The samples observed
after 3 h of incubation with OPE (50 pg/mL) showed greater
sperm motility than the control group. For patient 2, the sperm
motility changed from 50.0% (after 0 h of incubation with Ham’s
F-10 medium) to 49.0% (after 3 h of incubation with Ham’s F-10
medium) in the control group and increased from 45.7% (after
0 h of incubation with OPE) to 65.2% (after 3 h of incubation
with OPE) in the OPE group.

Effects of Compounds 1 and 3 and quercetin on the Hv1
channel

To identify the main active components of OPE, we evaluated
the proton currents after treatment with quercetin or with

984  Andrology, 2017, 5, 979-989

log (OPE; pug/mL)

Compound 1 or Compound 3, two of the six compounds identi-
fied from OPE. Figure 8 shows the representative I-V curves
obtained after the extracellular application of Compound 1,
Compound 3, or quercetin. The application of 100 um Com-
pound 1 for 10 min had no effect on Hvl channel currents. In
contrast, Compound 3 at the same concentration increased Hvl
currents within a few minutes. Moreover, subsequent addition
of quercetin to the same cells did not evoke much larger currents
than those induced by Compound 3. Figure 8B summarizes the
average values at +60 mV, showing that the mean current den-
sity induced by Compound 3 was not significantly different from
that induced by quercetin (at 60 mV, control: 134.0 + 27.1 pA/
pF, Compound 1: 124.0 + 21.0 pA/pF, Compound 3:
171.3 £+ 35.6 pA/pF, quercetin: 173.4 £ 36.1, n = 6).

To further investigate the effect of quercetin, increasing con-
centrations of quercetin were applied to the extracellular sides of
membrane patches. As shown in the I-V curves in Fig. 9A, quer-
cetin increased the current in a concentration-dependent
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Figure 5 Effect of OPE on the voltage dependence of Hv1 current activation. (A) Representative superimposed current trace obtained in response to 2 sec
depolarizing steps to potentials between —60 to +100 mV in 10 mV increments applied from a holding potential of —60 mV. pH; = 6.0; pH, = 7.4. (B) Acti-
vation time constants of Hv1 currents. The time constants were determined from single exponential fits to the rising current phases. The activation time con-
stants were voltage-dependent and were decreased after OPE treatment. The data are expressed as the mean + SEM (n = 8). (C) Relative conductance vs.
voltage ((G/Gmax) — V) curves. Curves were obtained from experimental tail current measurements, such as those shown in A. The data were fitted using

the Boltzmann function. Each point represents the mean + SEM (n = 8).
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Figure 6 Effect of Zn®* on OPE-induced outward currents. (A) Representa-
tive superimposed currents evoked by voltage steps (—60 to +100 mV in
10-mV increments) were recorded in the presence of 100 pg/mL OPE or
OPE plus 10 um Zn?*. pH; = 6.0; pH, = 7.4. OPE-activated current was
inhibited by 10 um Zn?* (n = 8). (B) Current-voltage relationships obtained
using a 2-sec ramp pulse from —80 to + 100 mV.
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manner. Quercetin-induced increases in current plateaued at
approximately 100 pm; the currents then rapidly returned to the
pretreatment level after drug washout (data not shown). Fig-
ure 9B summarizes the average values at +60 mV. The ECs, of
quercetin for the Hvl channel was calculated as 30 pm. Similar

© 2017 American Society of Andrology and European Academy of Andrology
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to its effect on OPE, application of 3 pm GF109203X also reduced
the quercetin-enhanced proton currents (n =5, p < 0.05)
(Fig. 9C). The similarity of the responses elicited by OPE and
quercetin indicates that quercetin functions as a major active
component in the OPE-induced enhancement of Hvl channel
activity.

DISCUSSION

In the present study, we found that OPE significantly potenti-
ates Hvl channel currents in a dose-dependent manner, with an
ECsq value of 30 pg/mL. OPE induced the enhanced gating mode
of the proton channel, decreased the time constant of activation,
and shifted the G-V relationship toward the negative. This cur-
rent potentiation was profoundly inhibited by the addition of
10 pm Zn**, the most potent known Hvl channel inhibitor. We
also observed that the specific PKC inhibitor GF109203X
reversed these effects of OPE. OPE increases human sperm
motility. In addition to OPE, we also evaluated the effects of
Compound 1, Compound 3, and quercetin on Hvl channel cur-
rents. Compound 3 and quercetin increased the proton currents
with almost the same potency, while compound 1 did not affect
proton currents. Quercetin significantly potentiates Hvl channel
currents in a dose-dependent manner, yielding ECs, values of
30 pmM. Similar to its effect on OPE, GF109203X reduced the quer-
cetin-enhanced proton current.

Voltage-gated proton channels are highly selective for H" and
closely follow the Nernst equation for permeability. The tail cur-
rent protocol provided the deviated reversal potentials from the
predicted H" equilibrium potentials. These deviations could
occur when large Iy carries H" out of cells and might have
increased the internal pH (pH;). To avoid deviation of reversal
potentials from predicted H" equilibrium potentials, TE
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Figure 7 Effect of GF109203X on enhanced Hv1 channel gating by OPE. (A) Representative current traces recorded in the presence of 100 ug/mL OPE and
after applying 3 um GF109203X. Current-voltage relationships were obtained in (A) at the points indicated by the arrows with small letters (a—c). Currents
were recorded by a ramp protocol from —80 to +100 mV for 2 sec in control cells and after the addition of 100 ng/mL OPE (a) and 3 pm GF109203X (b).
pHi = 6.0 and pH, = 7.4. (B) Summary of peak current densities at +90 mV. Bars represent the mean £+ SEM. *p < 0.05 vs. control cells (n = 7). GFX:

GF109203X.
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Table 1 Effect of OPE on sperm motility
Group Zero 3h Increase in
sperm

Count Motility ~ Count

Motility  motility (%)
10%/mL) (%)

10%/mL) (%)

Patient 1 Control 59 54.6 56 54.0 —-1.11
OPE50 56 55.7 51 66.0 17.27

ng/mL
Patient2 Control 63 50.0 47 49.0 —2.04
OPE50 61 45.7 52 65.2 23.31

pg/mL
Patient 3  Control 53 54.0 58 51.7 —4.45
OPE50 53 541 48 60.5 10.74

ug/mL
Patient4 Control 37 47.0 33 40.0 -17.50
OPE50 26 47.1 30 56.6 16.96

ug/mL
Patient5 Control 45 60.0 49 57.6 —-4.17
OPE50 58 57.7 54 63.8 5.96

pg/mL
Patient 6 Control 43 57.2 32 55.3 —3.44
OPE50 46 59.1 38 64.0 10.63

ug/mL

DeCoursey tested whether higher buffer concentration in the
pipette solution minimized the distortion due to H" depletion.
In his experiments, the V.., in experiments with higher buffer

986  Andrology, 2017, 5, 979-989

V (mV) V(mV)

p*<0.05vs. control
p#<0.05vs. OPE
(@=7)

concentration (119 mm MES) was closer to E; than when a lower
buffer concentration (5 mm MES) was used DeCoursey, (1991).
Therefore, the current experimental buffer concentration
(100 mm MES) was not able to completely prevent the increase
in pH;, and an altered V,,, was observed.

Onion peel has a high quercetin content. The quercetin in
onion peel is present in one of the following conjugated forms:
quercetin 4’-O-B-glycopyranoside, quercetin 3,4’-O-f-diglyco-
pyranoside, or quercetin 3,7,4’-O-p-triglycopyranoside. Recently,
several clinical and animal studies have demonstrated that
onion peel exhibits a wide range of biological activities, such as
antioxidative, anticarcinogenic, and anti-inflammatory proper-
ties Jung et al., 2011; Lee et al., 2012; Moon et al., 2013; Kim &
Yim, 2015). The bioactivity of quercetin could be attributed to its
specific molecular structure. Specifically, quercetin has five OH
groups, phenolic hydroxyls, and a 2,3-unsaturated double bond.
The bioactivity of quercetin includes powerful antioxidant prop-
erties and oxyradical scavenging activity due to its ability to
interact with and penetrate lipid bilayers. In addition to its
antioxidant activity, quercetin also has pro-oxidant properties
under certain circumstances (Prochazkova et al., 2011). Querce-
tin has been shown to increase the levels of H,0,, superoxide
anion radicals and lipid peroxidation products in a concentra-
tion-dependent manner (Yen et al., 2003). H,O, production

© 2017 American Society of Andrology and European Academy of Andrology

85U8017 SUOWILIOD BAEaID 3|qedjdde aup Aq peuenob afe sejone VO ‘8sN Jo Se|ni Joj Areiq)8ulUQ A8]1M UO (SUOTIPUOD-PUE-SWLBY W0 A8 | 1M ARIq U1 UO//SANY) SUORIPUOD PUe SWLB | 841 885 *[2202/0T/L2] uo AriqiTauliuo A8 ‘Areiqi Aisienun BueAueH Aq 90K2T IPUe/TTTT OT/I0P/WO00 A8 | 1M AIq Ul |UO//SANY Wouy pepeojumod ‘G ‘LTOZ 2262.702



MECHANISM OF OPE MODULATION OF HUMAN SPERM MOTILITY

ANDROLOGY

Figure 8 Effects of Compounds 1 and 2 and quercetin on Hv1 currents. (A) Typical current-voltage relationships were obtained using a 2-sec ramp pulse
from —80 to +100 mV. Membrane currents were recorded 10 min after application of Compound 1 (O), Compound 3 (@) or quercetin (O), each at
100 pm. pH; = 6.0 and pH, = 7.4. (B) Summary of peak current densities at +60 mV. Bars represent the mean + SEM. *p < 0.05 vs. control cells (n = 6).
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Figure 9 Concentration-dependent activation of Hv1 currents by quercetin. (A) Maximum current-voltage relationships were obtained before (control)
and after the addition of various concentrations of quercetin. All currents were induced by a ramp protocol from —80 to +100 mV for 2 sec. Quercetin was
applied at 1-200 pm to Hv1-overexpressing HEK293 cells. pH; = 6.0; pH, = 7.4. (B) Summary of the dose-dependent increase in Hv1 current in response to
the addition of quercetin at +60 mV. Bars represent the mean + SEM. *p < 0.05 vs. control cells (0 pum) (n = 10). (C) Effect of GF109203X on quercetin-
induced potentiation of Hv1 channel currents. Currents were recorded after the addition of 200 pum quercetin (A) and then in the presence of 3 um

GF109203X (V). QUE: quercetin.
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resulting from the pro-oxidant effects of quercetin is of special
interest because H,0, plays important roles in cellular signaling
via directly activating a specific isoform of PKC (Gopalakrishna
& Jaken, 2000; Majumder et al., 2001) and via the regulation of
ion channels.

Furthermore, a recent report showed that H,O, induces super-
oxide production, stimulating sperm motility in a NOX-5-depen-
dent manner. Those authors demonstrated that superoxide
production and enhanced sperm motility were pH dependent
and that there was a functional interaction between the Hvl
channel and NOX-5 in human spermatozoa (Musset et al.,
2012). Limited amounts of ROS are known to play important
roles in many sperm physiological processes, such as capacita-
tion, the acrosome reaction, hyperactive motility, and oocyte
fusion and fertilization (Decoursey, 2003; Aitken et al., 2004).
Thus, our results suggest that the pro-oxidant effects of querce-
tin play a significant role in the OPE-induced activation of the
Hvl channel.

© 2017 American Society of Andrology and European Academy of Andrology
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The PKC family consists of serine/threonine kinases that
mediate various cellular signaling responses. Moreover, PKC is a
potent regulator of channel activity; specifically, the functional
properties of ion channel proteins are commonly altered via
phosphorylation. One study showed that PKC (PKC3)-dependent
phosphorylation of hHv1, specifically at Thr29, is responsible for
converting the resting channel into the enhanced gating mode
(Musset et al., 2010). During the enhanced gating mode, the
threshold voltage of activation shifts toward more negative
potentials by approximately 40 mV, and the maximal H" con-
ductance increases, whereas the Zn?" sensitivity does not
change. Consistent with the findings of our current study, sev-
eral previous studies have reported that arachidonic acid and
lipopolysaccharide affect Hvl channel activities by modulating
the gating mode through PKC (Morgan et al., 2007; Szteyn et al.,
2012).

Many studies have demonstrated that quercetin modulates
PKC activity in a cell type-specific and isoform-specific manner
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(Zhang et al., 2005; Bandyopadhyay et al.,, 2008; Granado-Ser-
rano et al., 2008; Maurya & Vinayak, 2015). A recent study
reported that quercetin upregulates PKC$ expression and pro-
motes PKC§ activity in DL mice (Maurya & Vinayak, 2015).
Although accumulating evidence indicates that OPE contributes
to PKC signaling pathways, the direct mechanism underlying
this contribution has not yet been elucidated.

Voltage-gated proton (Hvl) channels play important roles
in various physiological and pathological processes. The
best-characterized physiological functions of these channels
are stabilizing NADPH oxidase activity during the phagocytic
respiratory burst and compensating for membrane depolar-
ization and intracellular acidification via Hvl-dependent H*
efflux. Recently, Hvl proton channels were reported to play
an important role in sperm capacitation and hypermotility,
suggesting that these channels as an attractive drug target
for controlling male fertility. Many studies have indicated
that quercetin has beneficial effects on multiple sperm
parameters, such as improving epididymal sperm quality
and motility and decreasing the risk of degenerative
diseases.

Herein, we found that quercetin-rich OPE potentiated Hvl
currents by altering the current activation kinetics of these
channels. Moreover, OPE shifted the conductance-voltage
(G-V) relationships of Hvl channels in the negative direction.
The activation time constant was also significantly decreased
after OPE treatment. These effects indicate that OPE pro-
motes channel opening by altering the voltage-dependent
gating of the channel. To the best of our knowledge, this
study is the first to demonstrate that OPE activates Hvl
channels. This finding suggests that, in addition to its antiox-
idant effects, OPE might exert a beneficial effect on male fer-
tility in humans by modulating Hvl channel activity. We
also suggest that these effects are due to the quercetin con-
tent of OPE.

CONCLUSIONS

Our results indicate that OPE induces Hvl channel potentia-
tion by enhancing channel gating via PKC in human embryonic
kidney cell line HEK293. We hypothesize that this mechanism
underlies the beneficial properties of OPE on sperm motility.
Therefore, these results might lead to the development of drugs
that effectively target the Hvl channel and could be used to treat
male infertility.
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