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S-allyl cysteine ameliorates the quality of sperm
and provides protection from age-related sperm
dysfunction and oxidative stress in rats
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Reactive oxygen species play a central role in the pathophysiology
of the age-related decrease in male fertility. It has been reported
that the total protein of DJ-1 was decreased in a proteomic analysis
of seminal plasma from asthenozoospermia patients and a DJ-1
protein acts as a sensor of cellular redox homeostasis. Therefore,
we evaluated the age-related changes in the ratio of the oxidized/
reduced forms of the DJ-1 protein in the epididymis. In addition,
the protective effects of S-allyl cysteine (SAC), a potent anti-
oxidant, were evaluated against sperm dysfunction. Male rats aged
15-75 weeks were used to assess age-associated sperm function
and oxidative stress. Sperm count increased until 25 weeks, but
then decreased at 50 and 75 weeks. The rate of sperm movement
at 75 weeks was decreased to approximately 60% of the rate
observed at 25 weeks. Expression of DJ-1 decreased, but oxidized-
DJ-1 increased with age. In addition, 4-hydroxy-2-nonenal modified
proteins in the epididymis increased until 50 weeks of age. The
total number and DNA synthetic potential of the sperm increased
until 25 weeks, and then decreased. In rats 75 weeks of age, SAC
(0.45% diet) attenuated the decrease in the number, motility, and
DNA synthesis of sperm and inhibited the oxidized proteins.
These results suggest that SAC ameliorates the quality of sperm
subjected to age-associated oxidative stress.
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M ale infertility is caused by abnormal semen. Some possible
reasons for abnormal semen are stress, eating habits, and
lifestyle choice.(V In many mammals including humans, mature
sperm is present at low temperatures, in a low-oxygen environ-
ment in the testicles and epididymis, but will be exposed to
oxidative stress during the fertilization process. Flagellar swim-
ming ability will depend on the ATP supply from the mitochondria
in the sperm, but the susceptibility of sperm to oxidative stress
is higher than that of any other cell. We have reported previously
that leakage of reactive oxygen species (ROS) from the sperm
mitochondria precedes sperm dysfunction.®

There is currently interest in using seminal ROS levels as a
marker of male infertility.® A positive correlation between
excessive levels of ROS and abnormal sperm concentrations,
motility, and morphology has been previously demonstrated.®
Human sperm exposed to oxidative stress, which is mediated
by lipid peroxidation, and leads to apoptosis and infertility.® It
therefore appears that age-related male infertility may be associated
with oxidative stress. Antioxidants such as vitamin C, vitamin E,
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and carotenoids have been shown to decrease the oxidative damage
to spermatozoa.®

S-allyl cysteine (SAC) is a potent antioxidant agent and a water-
soluble compound that is less toxic than other antioxidants that
are found in aged garlic?” and is easily absorbed in the gastro-
intestinal tract. SAC can be rapidly detected in several tissues
(the kidney, liver, lung, and brain) and its bioavailability in rats
reaches 98%.® N-acetyl-SAC has been identified as a metabolite
of SAC in the urine of dogs and humans. This suggests that SAC
could be metabolized by N-acetyltransferase. Furthermore, Steiner
and Li® have reported that SAC and its metabolite(s) are candi-
dates for compliance markers in clinical studies involving aged
garlic extracts. SAC levels in blood reached levels of several
hundred ppb (107 M order) in humans who had consumed 2.4 g/day
of aged garlic extracts.” It has been suggested that SAC may
have prophylactic properties at a clinical level. However, further
investigation is required to elucidate the precise protective mecha-
nisms exerted by this antioxidant in aging and toxicity paradigms.

In contrast, DJ-1, which was originally identified as an onco-
gene, is a ubiquitous redox-responsive cytoprotective protein with
diverse functions.'” Wang et al.'V have reported the presence of
101 differentially expressed proteins in the seminal plasma of
asthenozoospermia (AS) patients. The level of DJ-1 was signifi-
cantly lower in the samples from the AS patients than in samples
from healthy donors. This data, combined with the observation
that levels of ROS are about three-fold higher in the AS patient
samples, suggests that the redox status of DJ-1 is a candidate
biomarker for sperm dysfunction. DJ-1 has three cysteines at
amino acid positions 46, 53, and 106. C106 is the first to be
oxidized by the addition of SOsH or SO:H, followed by C46 and
C53 after a dose of H202 was added to cultured cells.'” C106 is
required for DJ-1 to exert its activity against oxidative stress.(*19
C106 is both functionally essential and subject to oxidation to
cysteine-sulfinate and cysteine-sulfonate. Consequently, it has
been proposed that oxidative modification of C106 allows DJ-1 to
act as a sensor of cellular redox homeostasis and to participate in
cytoprotective signaling pathways in the cell.'® Therefore, this
study focused on the regulation of motility and changes in the
oxidized-DJ-1/DJ-1 ratio as a biomarker for sperm dysfunction.
In addition, the protective effects of SAC on age-related sperm
dysfunction were studied.
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Changes in body and testis weight (A) and the ratio of testis weight (mg)/body weight (g) (B). (A) Animals were fed with control chow and

drinking water ad libitum until the indicated age. Values are the mean + SEM (n = 4-5). (B) Some animals were fed a SAC-containing diet (0.45% of
the standard laboratory chow) from 10 to 75 weeks of age. Values are the mean + SEM (n = 4-5). *p<0.01 vs 25 weeks of age.

Materials and Methods

Chemicals. Dulbecco’s modified Eagle’s medium (DMEM),
penicillin, and streptomycin were obtained from Gibco (Paisley,
UK). Superoxide dismutase (SOD; 3,000 U/mg) was obtained
from Calbiochem (Nottingham, UK). The 8-amino-5-chloro-7-
phenylpyrido[3,4-d]pyridazine-1,4-(2H,3H) dione (L-012) and
other reagents were obtained from Wako Pure Chem. Ind., Ltd.
(Osaka, Japan). SAC was synthesized internally; a purity of 99.8%
and the structure were confirmed by NMR.

Animals. Fischer rats (8 weeks of age) were purchased from
Charles River (Tokyo, Japan). The rats were kept in a 12/12 h
light-dark cycle with free access to standard rat chow (CE-2; Clea,
Tokyo, Japan) and tap water. Starting at 10 weeks of age, all the
rats had free access to standard laboratory chow (control group)
or to an SAC-containing diet (0.45% w/w in the diet), which
markedly improved pulmonary fibrosis and type 2 diabetes in
our other models.(*'> Animals were cared for according to the
specifications outlined in the Guiding Principles for the Care and
Use of Laboratory Animals—approved by the Authorities of the
Local Committee on Experimental Animal Research.

The control animals were killed when they were 15, 25, 50,
and 75 weeks of age under anesthesia with urethane (5 g/kg; i.p.).
The SAC-treated animals were killed at 75 weeks of age under
anesthesia. Blood was collected using heparinized syringes, and
the epididymis and testes were dissected. The right epididymis
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from each rat was used to prepare the sperm solutions. The
epididymal fat was also removed and the epididymis was then
placed on a paper towel to remove any liquid before being
weighed. For the sperm sampling, the cauda epididymis was cut
with surgical scissors on the side of the corpus epididymis, where
the vas deferens attaches to the epididymis.

Sperm concentration and motility. To determine the sperm
count in the cauda epididymis, the excised cauda epididymis
was punctured in 1 ml of TYH medium (Mitsubishi Chemical
Medience Co. Tokyo, Japan) using an 18G needle. Next, a portion
of the sperm suspension was sequentially diluted with TYH
medium (to 1:20 and 1:100) and incubated at 37°C for 5 min in a
CO:z incubator. A 10-pl volume of each individual sperm solution
(1:100) was then immediately transferred to a slide chamber for
measurements. We determined the sperm motility index (SMI),
straight-line velocity, curvilinear velocity, and amplitude and
frequency of the sperm head trajectory at 37°C using a computer-
aided sperm motility analysis system (SMAS; Kaga Solnet,
Tokyo, Japan)!® on a thermo plate (Tokai hit, Shizuoka, Japan)
under an optical microscope. The supernatant sperm solution
described above (1:100) was diluted four-fold with 5% saline, and
a 10-pl aliquot of the sperm/saline mixture was introduced to
each counting chamber, and analyzed using a hemocytometer.

Western blotting for HNE-J2, Cu/Zn-SOD, Mn-SOD, DJ-1,
and oxidized DJ-1. Epididymis tissues were homogenized and
sonicated in 0.3 ml of ice-cold 10 mM Tris-HCI (pH 7.4) con-
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taining 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1%
sodium dodecyl sulfate (SDS), 5 mM ethylenediaminetetraacetic
acid (EDTA), 25 mM B-glycerophosphate, 1 mM NasVOs4, 50 mM
NaF, 0.2 mM tosyl phenylalanyl chloromethyl ketone (TPCK),
0.1 mM N-a-tosyl-l-lysine chloromethyl ketone (TLCK), and a
protease inhibitor cocktail tablet (Roche Diagnostics, Mannheim,
Germany). The homogenates were centrifuged at 12,000 g for
20 min. Each of the collected supernatants (20 pg) were analyzed
by immunoblotting using 12.5% gels for HNE-J2, Cu/Zn-SOD,
Mn-SOD, DJ-1, and oxidized DJ-1. It has been previously shown
that 4-hydroxy-2-nonenal (HNE)-modified proteins, and its pro-
tein adducts, are good markers for lipid peroxidation induced by
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Table 1. Changes in age-dependent sperm numbers in the epididymis

Age (weeks) Sperm numbers (x107)/epididymis

15 9.0£0.1*
25 12.1+£0.8

50 10.0+0.8

75 SAC () 5.9+0.7**
75 SAC (+) 6.7 +0.4%*#

Values are the mean + SEM (n = 4-5). *p<0.05, **p<0.01 vs 25 weeks of
age. #p<0.05 vs 75 weeks of control.
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Time course (A) of total sperm motility and effects of SAC at 75 weeks (B). A portion of the sperm suspension was diluted with TYH medium

and incubated at 37°C for 5 min in a CO:z incubator. A 10-ul aliquot of the sperm solution (1:100) was then immediately transferred to a slide
chamber for a computer-aided sperm motility analysis on a thermo plate under an optical microscope. Total sperm motility (A) was calculated as the
percentage of motile sperm in the total sperm concentration. Values are the mean + SEM as a percentage of the motility at 25 weeks of age, which
was set equivalent to 100% (n = 4-5). *p<0.05, **p<0.01 compared to 25 weeks of age. (B) Total sperm motility at 75 weeks. #p<0.05.
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Effects of SAC on lipid peroxidation in the epididymis. The collected supernatants (20 ng) were analyzed by immunoblotting using an anti-

HNE-J2 antibody. Values are the mean + SEM (n = 4-5). *p<0.05, **p<0.01 compared to 25 weeks of age. #*p<0.05.
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ROS.17 Anti-HNE-J2 (1:10,000, Japan Institute of the Control
of Aging, Shizuoka, Japan), anti-Cu/Zn-SOD (1:25,000, Novus
Biologicals, Littleton, CO), Mn-SOD (1:10,000, Abcam Japan,
Tokyo), anti-DJ-1 (1:2,000, Epitomics, Inc., Burlingame, CA),
and anti-oxidized DJ-1 (C106) (1:1,000, RayBiotech, Inc.,
Norcross, GA) antibodies were diluted with Can Get Signal
solution (Toyobo, Osaka, Japan). All the secondary antibodies
were diluted with Can Get Signal solution (1:20,000).

Evaluation of sperm DNA synthesis. The thymidine ana-
logue 5'-bromo-2'-deoxyuridine (BrdU) is incorporated into
dividing cells during DNA synthesis during the S phase of the cell
cycle.!® BrdU replaces thymidine during DNA replication, and
once it is incorporated into the new DNA, it will remain in place
and be passed down to the cell progeny upon division. Thirty min-
utes after BrdU (50 mg/kg) was intravenously injected into the tail
vein, the rats were killed as described above. BrdU immuno-
histochemistry was used to identify the S-phase cells throughout
the thick tissue sections fixed with a standard formaldehyde-based
fixative. BrdU was detected in the tissue using specific primary
antibodies (Chemicon, Temecula, CA).

Western blotting for c-kit in the testis. The c-kit receptor
(a tyrosine kinase family member) is a proto-oncogene that is
important in germ cell migration and maturation that has been
found on the acrosomal region of mature sperm. Given that phos-
phorylation at Tyr-721 is important for interaction with PIK3R1,
which is the regulatory subunit of phosphatidylinositol 3-kinase,
testis and sperm from mature male mice were examined for phos-
phorylated c-kit receptor (Phospho-Tyr721; Signalway Antibody,
College Park, MD) utilizing Western blot analysis techniques. The
protein from the same testis was also utilized for the Western blot
analysis described above.(”

Statistical Analysis. We performed statistical analyses using
the Microsoft Excel 2010 add-in software package (ver. 6.0;
Esumi, Tokyo, Japan). Differences were considered to be statisti-
cally significant if p<0.05. The effects of SAC at 75 weeks were
analyzed using Mann-Whitney’s U test (7 = 6).

Results

Changes in body and testis weight. Fig. 1A shows that
body weight increased with age and that the weight of the testis
increased up to 50 weeks of age. At 75 weeks of age, the testis
weight was less than that at 50 weeks. SAC did not affect the ratio
of the testis weight/body weight compared to the control group at
75 weeks of age (Fig. 1B).

Sperm concentration and seminal parameters. The sperm
concentration decreased gradually in rats over 25 weeks of age
(Table 1). The total sperm motility was reduced significantly in
rats over 50 weeks of age (Fig. 2). SAC significantly attenuated
the decrease in the sperm concentration and motility at 75 weeks
(Fig. 2B). Age did not significantly affect any of the other para-
meters (i.e., the straight-line velocity, curvilinear velocity, and
amplitude and frequency of the sperm head trajectory). A morpho-
logical analysis also revealed no significant changes in the sperm
structure (results not shown).

HNE-modified proteins. We found that the generation of
ROS per sperm cell gradually increased in an age-dependent
manner (Supplemental Fig. 1*). In consistent with the results,
HNE-modified proteins (29 and 53 kDa) were detected in the
epididymis. The expression level of the HNE-modified protein
at 53 kDa increased with age until 50 weeks of age (Fig. 3).
However, at 75 weeks of age, the 53 kDa HNE-modified protein
was reduced compared to the amount detected at 50 weeks in the
control group. SAC treatment further reduced the level of the
HNE-modified protein. The same trends were observed for the
29-kDa protein as the 53-kDa protein (data not shown).

Expression of Cu/Zn-SOD, Mn-SOD, and DJ-1. Cu/Zn-SOD
was significantly decreased at 75 weeks of age, but aging had

*See online.
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Fig. 4. Effects of SAC on Cu/Zn-SOD and Mn-SOD in the epididymis.
The collected supernatants were analyzed by immunoblotting. (A) Cu/
Zn-SOD and (B) Mn-SOD. Values are the mean + SEM (n = 4-5). *p<0.05
vs 25 weeks of age.

almost no effect on the level of Mn-SOD (Fig. 4, Supplemental
Fig. 2*). SAC treatment significantly attenuated the decrease in
Cu/Zn-SOD at 75 weeks of age.

DJ-1, an antioxidative protein, was decreased with age. In
contrast, the oxidized form of DJ-1 and the oxidized-DJ-1/DJ-1
ratio were increased with age. SAC significantly inhibited the
increase in the ratio at 75 weeks of age (Fig. 5).

Spermatogenesis in the testis. BrdU incorporation analysis,
which measures DNA synthesis, indicated that continuous
spermatogenesis was maintained for at least 50 weeks in the
control testis (data not shown). BrdU positive cells (brown) were
detected in the spermatogonia. At 75 weeks of age, spermato-
genesis was markedly reduced, but it was ameliorated by treat-
ment with SAC (Fig. 6).

Fig. 7 shows the effects of SAC on phosphorylated tyrosine 721
c-kit in the testis. C-kit phosphorylation on serine/threonine or
tyrosine residues is an important regulatory mechanism in signal
transduction during spermatogenesis, oogenesis, and fertiliza-
tion.®” Phosphorylated c-kit was significantly decreased at 75
weeks in control animals, but SAC treatment maintained the levels
of c-kit phosphorylation (Supplemental Fig. 2*).

https://www.jstage.jst.go.jp/article/jcbn/55/3/55_14-39/_article/supplement
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Discussion

Our data indicate that SAC treatment prevents age-related
sperm dysfunction and oxidative-stress effects. Previous studies
by our group indicated that SAC improved acute and chronic liver
injuries,®'?? lung injuries," and diabetes mellitus.'> There have
also been numerous reports that SAC inhibits oxidative damage,
which has been implicated in aging and a variety of diseases.®®
However, this study provides the first report of SAC associated
protective effects on sperm function during aging.

SAC treatment prevented the decrease in total sperm motility
and the increase of oxidation-modified proteins such as HNE and
oxidized DJ-1 that occur with age. These results suggest that
SAC improved the ability of sperm to respond to oxidative stress
which happen in the testes of older males. In particular, it has
been reported that DJ-1 is localized to the surface of the posterior
part of the head and the anterior part of the midpiece in ejaculated
spermatozoa.?¥ DJ-1 was also present on the sperm flagella,
suggesting it has two putative roles in fertilization: binding to the
egg and flagella movement.®® In addition, DJ-1 serves as a scav-
enger for ROS through oxidation of its cysteine residues. ® It has
previously been shown that DJ-1 is related to male infertility,
however, this study is the first to show that DJ-1 decreases and
oxidized DJ-1 increases in the epididymis with age. At age 50
weeks, oxidized DJ-1/DJ-1 ratio significantly increased, however,
sperm motility and sperm number moderately decreased. There-
fore, the ratio could be as an earlier biomarker for sperm dysfunc-
tion. Moreover, the detection of oxidized DJ-1/DJ-1 ratio before
the expression of sperm dysfunction may lead to develop a
strategy for preventing the functional deterioration.

In humans, sperm ATP content is correlated to mobility.?®
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