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Abstract: Hypogonadism, associated with low levels of testosterone synthesis, has been implicated in
several diseases. Recently, the quest for natural alternatives to prevent and treat hypogonadism has
gained increasing research interest. To this end, the present study explored the effect of S-allyl cysteine
(SAC), a characteristic organosulfur compound in aged-garlic extract, on testosterone production.
SAC was administered at 50 mg/kg body weight intraperitoneally into 7-week-old BALB/c male
mice in a single-dose experiment. Plasma levels of testosterone and luteinizing hormone (LH) and
testis levels of proteins involved in steroidogenesis were measured by enzymatic immunoassay and
Western blot, respectively. In addition, mouse testis-derived I-10 cells were also used to investigate the
effect of SAC on steroidogenesis. In the animal experiment, SAC significantly elevated testosterone
levels in both the plasma and the testis without changing the LH level in plasma and increased
phosphorylated protein kinase A (p-PKA) levels. Similar results were also observed in I-10 cells. The
findings demonstrating the increasing effect of SAC on p-PKA and mRNA levels of Cyp11a suggest
that SAC increases the testosterone level by activating the PKA pathway and could be a potential
target for hypogonadism therapeutics.

Keywords: S-allyl cysteine; testosterone; protein kinase A

1. Introduction

Testosterone is predominantly produced in Leydig cells of the testes [1]. Its synthesis
depends on the release of luteinizing hormone (LH) from the pituitary gland, which
requires gonadotropin-releasing hormone from the hypothalamus. In Leydig cells, LH
binds to the luteinizing hormone receptor, a G-protein-coupled receptor that activates
adenylate cyclase (AC) and enhances intracellular cAMP, which activates protein kinase
A (PKA) and cAMP response element-binding protein (CREB). Subsequently, cholesterol
is transported to the inner mitochondrial membrane by steroidogenic acute regulatory
protein (StAR), converted to pregnenolone by CYP11A1, and eventually converted to
testosterone by other steroidogenic enzymes [2].

Over-aging males develop late-onset hypogonadism, where Leydig cells gradually
reduce their capacity to produce testosterone, and consequently, the blood testosterone
level also declines [3]. A previous study showed that the testosterone levels in males
start to decrease from their middle age by 2% per year [4]. Apart from the primary
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role of testosterone as a sex hormone in the male reproductive system, low testosterone
levels are associated with the development of many diseases such as osteoporosis, type
2 diabetes, and cardiovascular diseases [5]. Low testosterone levels are also associated
with obesity, depression, fatigue, reduced muscle mass, and loss of cognitive function [6].
Therefore, it is particularly important to maintain physiological testosterone levels to
sustain a healthy life. To overcome hypogonadism or age-related testosterone decline in
males, testosterone replacement therapy (TRT) has been a popular medication for several
decades [7]. However, its applicability has raised some controversy, as a few cases of
cardiovascular events have been reported, followed by TRT [8,9], warranting the search
for alternative resources, such as nutritional supplements or natural compounds in diets
that have the potential to boost testosterone levels. In this direction, several natural
compounds that have the potential to enhance testosterone production either in vitro or
in vivo have been explored [10–14]. For instance, vitamin K2 homolog menaquinone-4,
geranylgeraniol, and cysteine sulfoxide have been shown to enhance testosterone levels
via PKA activation [11–13]. Moreover, numerous flavonoids and isoflavonoid molecules
have also been reported to have steroidogenic effects on Leydig cell lines or animal-based
models [10,14]. In addition, ginger, onion, and honey have been demonstrated to have a
testosterone-elevating effect in animal-based studies [15–17].

S-allyl cysteine (SAC) (Figure 1) is a water-soluble organosulfur compound found in
fresh garlic in little amount and is most abundant in aged garlic extract [18,19]. SAC is a
potential antioxidant, anti-inflammatory, and anticancer agent [20,21]. Numerous studies
have suggested that SAC ameliorates many diseases, such as cardiovascular disease,
diabetes mellitus, and hypertension [22–25]. Furthermore, a pharmacokinetic study of SAC
in animals such as rats and dogs revealed that SAC has high oral bioavailability, limited
metabolism, and extensive renal reabsorption [26]. For the treatment of hypertension in
human subjects, SAC in garlic extract revealed no apparent toxicity [27]. Moreover, garlic
has been used as a traditional medicine and consumed as a spice since ancient times [19].

Figure 1. Structure of S-allyl cysteine.

Recent studies suggest the protective role of SAC against oxidative damage of the
male reproductive organ—SAC restored erectile dysfunction in a diabetes-induced rat
model by reducing reactive oxygen species production [28]. It has also been shown that
SAC could improve the number, motility, and DNA synthesis in sperm and reduce the
oxidation marker protein in an old rat model [29]. Additionally, the potential of SAC to
improve motility, plasma membrane integrity, and mitochondrial activity in spermatozoa
was also documented in boar [30]. However, its effects on testosterone production have not
been explored. Therefore, in this study, we investigated the effect of SAC on testosterone
production in mouse testes and in mouse testis-derived I-10 tumor cells. The results
suggested that SAC might activate PKA independent of cAMP for its steroidogenic effect.

2. Results
2.1. Effect of SAC on Testosterone Production in Testes and Plasma of Mice

Testosterone levels in mouse testes and plasma were measured using the enzyme
immunoassay (EIA) method. Plasma testosterone levels in the plasma of SAC-treated mice
significantly increased compared to the controls (Figure 2A). Testosterone levels in the
testes, the primary site for its synthesis, were significantly higher in SAC-treated mice
(Figure 2B). However, there was no change in the plasma LH levels in the SAC-treated
group compared to the control group (Figure 2C). These results suggest that SAC might
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work locally on Leydig cells of the testes rather than targeting the hypothalamus and
pituitary gland.

Figure 2. S-allyl cysteine (SAC) enhances testosterone production in mice. BALB/c mice were
administered SAC at 50 mg/kg body weight intraperitoneally for 6 h. Testosterone level in (A) plasma
(n = 6–7) and (B) testis (n = 7–8) was measured by enzyme immunoassay (EIA). (C) Plasma luteinizing
hormone (LH) was measured in plasma by ELISA (n = 6). Data are presented as the mean ± standard
error (SE). Data were analyzed by Student’s t-test. * p < 0.05 compared to the control group.

2.2. Effect of SAC on Steroidogenic Protein Levels in the Testes of Mice

Next, we analyzed the levels of proteins involved in testosterone synthesis in the testis.
We found that PKA levels did not change after SAC treatment, whereas the phosphorylated
PKA (p-PKA) level was significantly higher in the SAC-treated group (Figure 3) than in
the control group. The ratio of p-PKA to total PKA was also significantly high in the
SAC-treated group. These results suggest that SAC might enhance testosterone production
by activating PKA.

Figure 3. SAC activates protein kinase A (PKA) in the testes of mice. (A) Western blot image of
protein expression of PKA and phosphorylated PKA (p-PKA) in the testis. (B–D) Quantification of
protein expression of PKA, p-PKA, and p-PKA/PKA. Data are presented as the mean ± SE (n = 8).
Data were analyzed by Student’s t-test. * p < 0.05 compared to the control group.

2.3. Effect of SAC on Testosterone Production in I-10 Cells

To investigate the direct effect of SAC on steroidogenesis, we used a mouse testis-
derived I-10 cell line. First, we checked the cytotoxic or proliferative effect of SAC on
I-10 cells using the water-soluble tetrazolium salts-1 (WST-1) assay. We observed that
SAC has no cytotoxic or proliferation effect at a concentration of 1–100 µM on I-10 cells
after 24 h of incubation (Figure 4A). Next, we measured the testosterone levels in I-10
cells treated with SAC at concentrations of 1, 10, and 100 µM for 24 h. Testosterone was
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measured from the culture medium by the EIA method. The results showed that SAC
significantly enhanced the testosterone level at a concentration of 10 µM, whereas at a
higher concentration (100 µM), it enhanced testosterone levels by approximately two times
higher than that of the control group (Figure 4B).

Figure 4. SAC enhances testosterone production in I-10 cells. (A) Cells at a density of
3.6 × 104 cells/well were incubated in 96-well plates for 24 h with different concentrations of
SAC (0, 1, 10, and 100 µM). Cell proliferation was determined by the water-soluble tetrazolium salts-1
(WST-1) assay. Data are presented as the mean ± SE (n = 4–5). Data were analyzed by one-way
ANOVA. (B) Cells at a density of 6 × 104 cells/well were incubated in 12-well plates with SAC for
24 h. Testosterone was measured from the medium by the EIA method. Data are presented as the
mean ± SE (n = 3). Data were analyzed by Dunnett’s test. * p < 0.05 and ** p < 0.01 vs. 0 µM.

2.4. Effect of SAC on the Activation of PKA in I-10 Cells

Next, we investigated the expression levels of PKA and p-PKA in SAC-treated I-10
cells to elucidate the effect of SAC on the activation of PKA in I-10 cells. We observed
that SAC did not change the PKA level but significantly enhanced p-PKA expression in
I-10 cells (Figure 5A,B), which was consistent with the results of the animal experiment
(Figure 3; Section 2.2). Furthermore, we analyzed the mRNA expression levels of StAR and
Cyp11a1 in I-10 cells by quantitative RT-PCR. We observed that SAC significantly increased
the mRNA level of Cyp11a1 but did not change the StAR mRNA level after the indicated
incubation time (Figure 5C).

Figure 5. SAC activates PKA in I-10 cells. (A) Western blot image of PKA and p-PKA in I-10 cells.
Cells (2 × 106) were incubated for 1.5 h with 100 µM of SAC. Protein expression in the cell lysate was
determined by the Western blot method. (B) Quantification of PKA and p-PKA protein expression in
I-10 cells. (C) The mRNA expression level of StAR and Cyp11a1 in I-10 cells. I-10 cells at a density of
106 cells per 6 cm dish were treated with 100 µM of SAC for 3 h. mRNA expression was measured
by qRT-PCR. Data are presented as the mean ± SE (n = 3). Data were analyzed by Student’s t-test.
* p < 0.05 compared to the control group.
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3. Discussion

In this study, we used BALB/c mice as an animal model to study the effect of SAC on
testosterone production. We found that SAC elevates testosterone levels in both the testes
and plasma of BALB/c mice after a single intraperitoneal administration. As testosterone
synthesis depends on the secretion of LH from the pituitary gland into the circulation [31],
we measured LH levels in the plasma of mice. We found that SAC did not change the
LH level in the plasma of mice. These results suggest that SAC might act directly on
the testosterone-producing organ, the testis, rather than acting on the hypothalamus–
pituitary axis. To confirm the direct role of SAC in testosterone synthesis, we used the
testis-derived tumor cell line I-10, which secretes testosterone into the culture medium. We
found that SAC enhances testosterone secretion from I-10 cells without any cytotoxic or cell
proliferation effect at the indicated concentration. Taken together, these results from animal-
and cell-based experiments confirm that SAC directly enhances testosterone production in
Leydig cells.

Testosterone synthesis in Leydig cells is tightly regulated by a complex mechanism in
which PKA plays a pivotal role. Activated PKA promotes phosphorylation of CREB and
StAR proteins, which are indispensable for testosterone synthesis [32]. Therefore, in this
study, we measured PKA and p-PKA levels in both animal- and cell-based experiments.
We found that SAC enhances p-PKA levels in both mice and I-10 cells without enhancing
PKA levels. Activation of PKA during testosterone synthesis can be performed in a cAMP-
dependent and a cAMP-independent manner [33]. Hence, we measured intracellular
cAMP levels in I-10 cells and found that SAC has no effect on cAMP production (data not
shown). This suggests that activation of PKA by SAC might follow a cAMP-independent
mechanism. Furthermore, we measured the mRNA levels of StAR and Cyp11a1 in SAC-
treated I-10 cells and found that SAC can enhance the mRNA levels of Cyp11a1 but not
StAR after the indicated incubation time in I-10 cells.

The CYP11A1 protein, also known as the P450 cholesterol side-chain cleavage en-
zyme, catalyzes the first rate-limiting step of steroid hormone synthesis, which involves
converting cholesterol to pregnenolone in the mitochondria [34]. Pregnenolone is the
precursor of all steroid hormone synthesis and is considered the primary neurosteroid in
the brain [35]. In the brain, pregnenolone and other pregnenolone-derived neurosteroids
have been reported to have neuroprotective effects, such as neuronal cell survival, memory
function, and cognition [36]. In this study, we found that SAC enhances PKA activation
and Cyp11a1 gene expression in I-10 cells. Therefore, it can be inferred that SAC might have
a steroidogenic effect on other organs such as the adrenal gland and brain by activating
this pathway, although SAC has already been reported to have a neuroprotective effect on
isolated hippocampal neuron cell culture, in addition to amelioration of memory function
and depression in animal models by other mechanisms [37–40].

The StAR protein transfers cholesterol from the outer mitochondrial membrane to
the inner mitochondrial membrane to the CYP11A1 protein for pregnenolone synthesis in
steroidogenic cells [33]. The StAR protein can be phosphorylated by PKA for its maximal
action, although StAR-independent cholesterol transfer to the mitochondria has been
reported for steroidogenesis [41]. Either phosphorylation or transcription of StAR by
different PKA isoforms has also been reported in steroidogenic cells [42]. However, the
regulation of the StAR protein by activated PKA in I-10 cells has not been elucidated yet.
In our cell-based study, we did not find significant change in StAR mRNA expression
after SAC treatment at the indicated incubation time. Therefore, how the StAR protein is
regulated in I-10 cells warrants further study.

The pharmacokinetics of SAC have been extensively investigated in animal models like
rats and dogs. Two pharmacokinetic studies have demonstrated that SAC can metabolize to
its N-acetylated form and to a lesser extent its sulfoxide form in rats [26,43]. Although the
N-acetylated form of SAC and S-allyl cysteine sulfoxide (alliin) have not been reported to
have a steroidogenic effect in vivo or in vitro, structurally similar compounds like propenyl-
1-cysteine sulfoxide (isoalliin) and cycloalliin from onion extract have been reported to
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have a steroidogenic effect in I-10 cells [13]. Moreover, onion juice, which is rich in cysteine
sulfoxides, showed a steroidogenic effect in animal-based experiments [44]. Therefore, it is
probable that SAC, along with other cysteine derivatives, could be metabolized to other
functional compounds for steroidogenesis, thereby behaving as a prodrug.

Collectively, the findings of this study show that SAC can be used as a dietary supple-
ment and has therapeutic potential to prevent and treat age-related testosterone decline in
males. However, the mechanism of testosterone production by SAC via activation of PKA
and CYP11A1 should be elucidated by further in-depth investigation.

4. Materials and Methods
4.1. Materials

SAC was purchased from the Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
Mouse testis-derived I-10 tumor cells were obtained from the Health Science Research
Resource Bank (Osaka, Japan).

4.2. Animals

Six-week-old male BALB/c mice were purchased from CLEA Japan, Inc. (Tokyo,
Japan). The mice were maintained for 1 week in a 12 h/12 h dark/light cycle and had
free access to the F-2 laboratory diet (Funabashi Farm Co., Funabashi, Japan) and tap
water. SAC at a concentration of 50 mg/kg body weight in saline was administered to
mice (7 weeks of age) intraperitoneally in the treatment group (n = 8), and the control
group (n = 8) was injected with only saline. After 6 h, the mice were euthanized, blood
was collected from the heart using a heparinized syringe, and the testes were dissected for
further analysis.

4.3. Cell Culture

I-10 cells were maintained in Ham’s F-10 medium (Sigma-Aldrich, St. Louis, MO,
USA) supplemented with 10% fetal bovine serum (Cosmo Bio Co., Ltd., Tokyo, Japan),
50 U/L of penicillin, and 50 mg/mL of streptomycin (Gibco, Thermo Fisher Scientific,
Carlsbad, CA, USA) in a 10 cm dish in a humidified chamber at 37 ◦C and 5% CO2. The
cells were used for the experiments when they reached 70–80% confluence. SAC was
dissolved in water at a concentration of 200 mM and kept at −20 ◦C (stock solution). The
stock solution was further diluted with water before mixing with the medium. The final
concentration of water was 0.1% in the medium used for the experiments.

4.4. Testosterone and Luteinizing Hormone Measurement

Testosterone was measured using EIA according to the manufacturer’s instructions
(Cayman Chemical Co., Ann Arbor, MI, USA). Briefly, testes were homogenized in phos-
phate buffered saline (PBS) (100 mg testes: 5 mL PBS). Next, 1 mL of the testis homogenate
or 200 µL of plasma was mixed with 5 times’ volume of diethyl ether and centrifuged
at 1500× g for 3 min. Approximately 90% of the upper ether layer was collected in an-
other tube. This procedure was repeated three more times, and the collected ether layer
was evaporated using a vacuum evaporator (Spin Dryer Light VC-36R, TAITEC Corp.,
Saitama, Japan). After evaporation, the EIA buffer supplied with the kit was added to
the residue and testosterone was measured from this solution. The protein amount from
the testis homogenate was measured by the Lowry method [45]. Testosterone levels in
the testes were normalized to protein levels. For cell-based experiments, the medium was
centrifuged at 1000× g for 5 min, and the supernatant was collected. Testosterone levels in
the supernatant were measured using the EIA method. Luteinizing hormone levels in the
plasma were measured by ELISA according to the manufacturer’s instructions (Endocrine
Technologies, Newark, NJ, USA).
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4.5. Cell Proliferation Assay

I-10 cells at a density of 3.6 × 104 cells per well in 96-well plates were incubated
overnight, followed by replacing the medium with fresh medium containing 1, 10, and
100 µM of SAC. After 24 h of incubation, WST-1 reagent (Takara Bio Inc., Shiga, Japan) was
added to the medium. Absorbance at different time intervals was measured at 450 nm
using a microplate reader XR (Bio-Rad, Hercules, CA, USA), and the proliferation rate was
calculated from the absorbance data.

4.6. Western Blot

I-10 cells were collected by scraping in lysis buffer (50 mM Tris-HCl at pH 7.5, 150 mM
NaCl, 0.1% SDS, 5 mM EDTA) containing phosphatase inhibitor and protease inhibitor
(Roche Applied Science, Mannheim, Germany). For animal samples, the testes were ho-
mogenized with PBS containing phosphatase inhibitor and protease inhibitor. Proteins
were denatured in gel-loading buffer, and approximately 15 µg of proteins were resolved
in 10–20% SDS-polyacrylamide gel (Wako Pure Chemical Industries, Osaka, Japan) by
electrophoresis. Proteins separated from the gel were transferred into polyvinylidene
difluoride membranes (Millipore, Billerica, MA, USA). The membranes were blocked for
2 h in TBS-T buffer (10 mM Tris-HCl at pH 7.5, 150 mM NaCl, and 0.1% Tween 20) con-
taining 5% skim milk or 3% bovine serum albumin. The membranes were then incubated
overnight with blocking buffer containing an antibody against PKA, and phosphorylated
PKA (Cell Signaling Technology, Danvers, MA, USA), followed by incubation for 1 h with
horseradish peroxidase (HRP)-tagged secondary antibody. Antibodies against α-tubulin
(Sigma-Aldrich) were incubated for 1 h followed by HRP-tagged secondary antibody.
The immunoreactive band was detected using Immobilon Western Detection Reagent
(Millipore) and visualized using a LAS-4000 mini luminescent image analyzer (Fujifilm,
Tokyo, Japan). Relative protein expression levels were measured by normalizing with the
expression of α-tubulin or β-actin.

4.7. RNA Extraction and mRNA Quantification

Total RNA was extracted from the cells using Isogen reagent (Nippon Gene, Tokyo,
Japan) according to the manufacturer’s instructions. RNA purity and quantity were mea-
sured spectrophotometrically using a NanoDrop spectrometer (NanoDrop Technologies,
Wilmington, DE, USA) from the absorbance at 260 nm in relation to that at 280 nm. RNA
(4 µg) was used as a template for cDNA synthesis. RNA was denatured at 65 ◦C for
5 min with 2.5 µM oligo-dT primer (Hokkaido System Science Co., Sapporo, Japan) and
0.5 mM dNTP (GE Healthcare, Tokyo, Japan). cDNA was synthesized from the denatured
RNA using 50 U SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA)
and 20 U RNaseOUT RNase inhibitor (Invitrogen) in RT buffer (50 mM Tris-HCl at pH
8.3, 75 mM KCl, 3 mM MgCl2, and 5 mM dithiothreitol) at 50 ◦C for 60 min. An aliquot
of this cDNA was used as a template to amplify the target sequence using gene-specific
primers (Table 1) and SYBR Premix Ex Taq solution (Takara Bio, Otsu, Japan). Quantitative
RT-PCR was performed using the CFX96 Touch Real-Time PCR Detection System (Bio-Rad
Laboratories Inc., Hercules, CA, USA). The mRNA levels were then normalized to the
levels of eukaryotic elongation factor 1α1 (Eef1a1).

Table 1. Nucleotide sequence of the primers used for quantitative RT-PCR.

Gene Name Forward Primer Reverse Primer

Cyp11a1 5′-CGTGACCTTGCAGAGGTACACT-3′ 5′-GCTGGAATCTTGTAATTACGAAGCA-3′

StAR 5′-GGAGCTCTCTGCTTGGTTCTC-3′ 5′-TTAGCACTTCGTCCCCGTTC-3′

Eef1a1 5′-GATGGCCCCAAATTCTTGAAG 5′-GGACCATGTCAACAATTGCAG-3′
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4.8. Statistical Analysis

Data are presented as the mean± standard error (SE). Statistical analysis was per-
formed using Student’s t-test or one-way ANOVA, followed by Dunnett’s test using
SigmaPlot version 12.5 (Systat Software Inc., San Jose, CA, USA). All statistical analyses
were conducted with a significance level of α = 0.05 (p < 0.05).
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