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Abstract
Background and Objective: Benign Prostatic Hyperplasia (BPH) has been reported to be attributed to hyperproliferation, oxidative stress
and chronic inflammation of epithelial cells in the prostate. Herein, the study aimed to explore the potential of diallyl disulfide (DADS),
a garlic derivative with anti-inflammatory, antioxidant and anticancer activities, on BPH in vitro. Materials and Methods: The Human
Prostate Epithelial cell line (RWPE-1) and immortalized Benign Prostatic Hyperplasia cell line (BPH-1) were utilized to observe the effect
of DADS (0-100 µg/mL) on BPH in vitro. Cell proliferation, viability and apoptosis were analyzed by EdU staining, CCK-8 kit and Annexin
V/PI staining. The commercial kits were applied to assess pro-inflammatory cytokines and oxidative stress-related markers. Western blot
was  carried  out  to investigate markers of AR signaling, apoptosis and Nrf2 signaling. Results: The DADS suppressed dihydrotestosterone-
induced  hyperproliferation  in  RWPE-1  cells  and  the  cell  viability, proliferation and AR, PSA and PCNA expressions in BPH-1 cells.
However, there is no influence on BPH-1 cell apoptosis when exposing DADS with the concentration range of 10-100 µg/mL.
Lipopolysaccharide (LPS) stimulated the increase of TNF-", IL-8 and IL-6 secretion in RWPE-1 cells, which was significantly attenuated by
DADS. Similarly, DADS could also reverse LPS-induced the decrease of GSH-Px and CAT and the increase of MDA. Moreover, LPS impaired
the nucleus translocation of Nrf2 while this process was markedly suppressed by DADS. Conclusion: The DADS could suppress the
hyperproliferation of dihydrotestosterone-treated RWPE-1 cells and BPH-1 cells and alleviate LPS-induced inflammation, oxidative stress
and the Nrf2 signaling suppression in RWPE-1 cells.
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INTRODUCTION

Benign Prostate Hyperplasia (BPH), a noncancerous
growth status, is histologically characterized by the prostatic
epithelial and stromal cells with abnormal proliferation, of
which prevalence reaches 80% among men over eighty years
old1. During the aging process, the increase in the secretion of
androgens to the prostate induces uncontrolled proliferation
of epithelial cells in the transitional zone, which causes BPH,
thereby resulting in lower urinary tract symptoms that
seriously damage the quality of life2. Besides, BPH reportedly
elevates the risk of bladder cancer and prostate cancer3.
Hence, the exploration of treatment for patients with BPH
should never be overlooked.

The pathogenesis and progression of BPH are thought to
be related to several parameters, such as dietary factors4, sex
hormones5, inflammation6 and oxidative stress7. Even though
there is no consensus as to which is the primary one androgen
receptor (AR) signaling is commonly assumed to exert a
dominant role in the pathogenesis of BPH8. The 5-Alpha-
Reductase (5AR) is responsible for regulating steroid
metabolism, which can convert the testosterone that is
generated in the testis to Dihydrotestosterone (DHT) in the
prostate. Then, DHT binds to AR to trigger its transcription
factor function, which in turn enhances the transcription of
androgen-dependent genes, causing hyperproliferation and
thereby contributing to BPH development. Thus, the 5AR-AR
axis is used as the primary target for the treatment of BPH9.
Finasteride, a 5AR inhibitor, was considered the first-line
therapy when lower urinary tract symptoms first occur during
BPH10. However, about 30% of patients with BPH have no
response to the treatment with 5ARI, suffer worsened
symptoms and even require surgery at last11,12. Therefore,
novel treatment strategies with multiple targets are required.

Since the great accumulation of daily use experiences and
appreciable treatment effects for multiple disorders, the use
of compounds of natural origin for BPH has gained recent
interest been an increasing interest worldwide13-15. Diallyl
disulfide (DADS), an oil-soluble constituent that is abundant in
garlic, exhibited various pharmacological activities, which
include anticancer, antioxidant, anti-inflammatory,
neuroprotective,   as   well   as   cardiovascular   protective
activities16. A previous study demonstrated that DADS is able
to suppress the proliferation of prostate cancer cells via
inducing apoptosis17. Moreover, the essential role of both
oxidative stress and inflammation in BPH progression has
been increasingly highlighted over the past decade, which
suggested  the  therapeutic  potential  of  DADS on BPH with

multiple targets. However, no studies have investigated this.
Accordingly, the present study conducted in vitro experiment
behind the assumption that DADS, which has anti-
inflammatory, antioxidant and anticancer activities, can be a
potential therapeutic agent for BPH.

MATERIALS AND METHODS

Study area: This study was conducted at Ninghai County First
Hospital from September 2022 to September 2023.

Cell culture and treatment: The Human Prostate Epithelial
cell  line  (RWPE-1)  was purchased from iCell Bioscience Inc.
(Cat no. iCell-h286) while the human immortalized Benign
Prostatic Hyperplasia cell line (BPH-1) was supplied by
Shanghai Lianmai Biological Engineering Co., Ltd. (Cat no.
LM8C1116). The RWPE-1 and BPH-1 cells were, respectively
cultured in keratinocyte-serum-free and RPMI 1640 medium
(Gibco) plus 10% fetal bovine serum (Gibco) and 1% penicillin-
streptomycin (Gibco) in a 5% CO2 incubator at 37EC.

Depending on the experimental design, the RWPE-1 cells
were exposed to DHT (Sigma‒Aldrich) or lipopolysaccharide
(LPS; Sigma‒Aldrich) prior to the treatment of DADS
(Sigma‒Aldrich); while the BPH-1 cells only received DADS
treatment.

Cell viability detection: To evaluate the optimal
concentrations of DADS for the subsequent experiments,
RWPE-1 cells were incubated with various concentrations of
DADS (0-100 µg/mL) for 24 hrs. Cell viability was monitored
using the Cell Counting Kit-8 (CCK-8) by the DOJINDO
Laboratories as per the manufacturer’s protocol. After finishing
the treatment, the media were removed and replaced with
fresh media containing 10% CCK-8 reagent (v/v) and the cells
were incubated for another 2 hrs. The absorbance was
measured in a microplate reader (Bio-Rad, Hercules, California,
USA) at 450 nm for cell viability calculation. Concentrations
showing cytotoxicity to RWPE-1 cells were excluded from
subsequent analyses.

The DHT (10 nM) was exploited to induce the
hyperproliferation of RWPE-1 cells for the establishment of the
in vitro  BPH model. After exposing DHT for 24 hrs, RWPE-1
cells were incubated with various concentrations of DADS for
another 24 hrs. The detection of cell viability was performed
as above. The RWPE-1 cells without any treatment served as
the control. Concentrations showing significant suppression
of DHT-induced hyperproliferation were further chosen for
subsequent analyses.
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The BPH-1 cells were treated with various concentrations
(designed according to the  results  of  above  analysis) of
DADS for 24 hrs. After finishing the treatment, the media were
removed  and  replaced  with  fresh  media  containing 10%
CCK-8 reagent (v/v) and the cells were incubated for another
1.5 hrs. The absorbance was measured in a microplate reader
at 450 nm.

EdU proliferation assay: The proliferative ability of BPH-1 cells
was assessed using the EdU Cell Proliferation Kit (Beyotime
Biotechnology). In brief, cells were labeled with EdU (10 µM)
for  24 hrs, followed  by  fixation  with 3.7% formaldehyde for
15 min and three time-washing with PBS containing 3% BSA.
Cell nucleus staining was performed using DAPI. Finally, the
images of the EdU-positive cells were captured using a
fluorescent microscope. The cell proliferation was represented
as the percentage of EdU-positive cells that was calculated by
dividing the number of EdU-positive cells by the number of
DAPI-stained cells.

Cell apoptosis analysis: Cell apoptosis was investigated by
using  the  Annexin  V-fluorescein  isothiocyanate or Annexin
V-propidium iodide (Annexin V-FITC/Annexin V-PI) apoptosis
detection kit. After finishing the treatment with DADS (10, 50
and 100 µg/mL), BPH-1 cells were harvested, exposed to
Annexin V-FITC and Annexin V-PI and then examined by flow
cytometer. Annexin V positive cells were considered as
apoptotic cells (of which PI negative means early stage while
PI positive means lately).

Enzyme-Linked Immunosorbent Assay (ELISA): After
inducing the inflammation with 10 µg/mL LPS for 24 hrs,
RWPE-1 cells were administrated with 0, 10, 50 and 100 µg/mL
of DADS for another 24 hrs. Then, the commercially available
ELISA kits specific for tumor necrosis factor-alpha (TNF-"; Cat
no. ABIN6574140), Interleukin (IL)-8 (Cat no. ABIN6574136)
and IL-6  (Cat   no.  EH2IL6)  supplied  by  antibodies-online 
Inc.  and  Thermo  Fisher  Scientific  were  used  to  analyze
pro-inflammatory cytokine levels in cultured supernatant of
RWPE-1 cells according to the manufacturer’s instructions.

Antioxidant defense and oxidative stress biomarkers
measurement: After treating RWPE-1 cells with LPS alone or
combined with 10, 50 and 100 µg/mL of DADS, glutathione
(GSH; Cat no. KBH1462), catalase (CAT; Cat no. KBH1462) and
malondialdehyde (MDA; Cat no. LS-F40103) in cultured
supernatant of treated RWPE-1 cells were measured using
commercial kits from Krishgen Biosystems and Lifespan
Biosciences according to the manufacturer’s instructions.

Western blotting: Protein lysates of BPH-1 or RWPE-1 cells
were prepared using RIPA buffer containing protease and
phosphatase inhibitor cocktail. For the extraction of
cytoplasmic and nuclear protein fractions, the nuclear and
cytosol fractionation kit (Thermo Scientific) were applied
according to the manufacturer’s instructions.

After quantification by BCA kit, 30 µg of protein from each
sample was loaded onto an SDS-PAGE gel and then
transferred onto a PVDF membrane via immunoblotting. The
membranes were further incubated overnight at 4EC with
primary antibodies to detect specific proteins in each sample,
which included antibodies against as follows: AR (Cat no.
A00542; Boster Bio), PSA (Cat no. MBS9403566; MyBioSource),
PCNA (Cat no. FNab06217; Wuhan Fine Biotech Co., Ltd.), Bax
(Cat no. FNab00810; Wuhan Fine Biotech Co., Ltd.), Bcl-2 (Cat
no. FNab00839; Wuhan Fine Biotech Co., Ltd.), Nrf2 (Cat no.
FNab05855; Wuhan Fine Biotech Co., Ltd.), Lamin B (Cat no.
A01238-2; Boster Bio) and $-actin (Cat no. FNab00869; Wuhan
Fine Biotech Co., Ltd.). Subsequently, membranes were rinsed
three times and then incubated with a secondary antibody.
Finally, protein bands were visualized and quantified by using
the ECL Substrate Kit (Pierce, Rockford, Illinois, USA) and
ImageJ software (version 1.41; National Institute of Health,
Bethesda, Maryland, USA), respectively.

Statistical analysis: The values of quantitative analysis are
quantified as Mean±Standard Error of the Mean (SEM). The
one-way ANOVA test was utilized to analyze the difference
among more than two groups. All statistical analyses in this
study were conducted using GraphPad Prism software. Data
were considered significant when p-values were less than
0.05.

RESULTS

DADS  suppresses  the  hyperproliferation  of  BPH-1  and
DHT-stimulated RWPE-1 cells: The chemical structure and
formulation of DADS were displayed in Fig. 1a. Initially, RWPE-
1 cells were treated with 0.1, 0.5, 1, 5, 10, 50 and 100 µg/mL of
DADS. The CCK-8 assay revealed that DADS with a
concentration range from 0.1 to 100 µg/mL has no cytotoxicity
on  RWPE-1  cells  under  normal  physiological  conditions
(Fig. 1b). After exposure to DHT, the cell viability of RWPE-1
cells was significantly increased, which revealed that DHT
could trigger the hyperproliferation of RWPE-1 cells,
simulating  the  pathological characteristics of BPH in vitro
(Fig. 1c). When the concentration  reaches  1  µg/mL,  DADS 
can significantly impair the  DHT-stimulated hyperproliferation 
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Fig. 1(a-e): Effect of DADS on the hyperproliferation of DHT-stimulated RWPE-1 and BPH-1 cells, (a) Chemical structure and
formulation of DADS, (b) CCK-8 assay detects the cell viability of RWPE-1 cells after treatment with 0, 0.1, 0.5, 1, 5, 10,
50 and 100 µg/mL of DADS, (c) CCK-8 assay detects the cell viability of RWPE-1 cells with or without DHT stimulation
after treatment with 0, 0.1, 0.5, 1, 5, 10, 50 and 100 µg/mL of DADS, (d) CCK-8 assay detects the cell viability of BPH-1
cells after treatment with 0, 1, 5, 10, 50 and 100 µg/mL of DADS and (e) EdU staining investigated the cell proliferation
of BPH-1 cells after treatment with 0, 10, 50 and 100 µg/mL of DADS 
*p<0.05, **p<0.01 and ***p<0.001, vs. the 0 µg/mL DADS group and #p<0.05, ##p<0.01 and ###p<0.001, vs. the DHT group

in RWPE-1 cells (Fig.  1c). Then, in order to confirm the anti-
proliferative activity of DADS on BPH, BPH-1 cells were
cultivated with 1, 5, 10, 50 and 100 µg/mL of DADS. THE DADS
repressed the proliferation of BPH-1 cells in a concentration-
dependent way (Fig. 1d), verifying the suppressive role of
DADS in the hyperproliferation during BPH. Notably, this
finding was further confirmed by the EdU staining (Fig. 1e).

DADS inhibits the AR signaling pathway: Due to the pivotal
role  of  the  AR  signaling  pathway  in BPH development, the

effect of DADS on the expression of AR signaling-related
proteins was investigated. As expected, the expression levels
of AR, PSA, as well as PCNA in BPH-1 cells were significantly
suppressed by the treatment of 10, 50 and 100 µg/mL of DADS
(Fig. 2a-b).

DADS has little effect on the apoptosis of BPH-1 cells: A
previous study indicated that DADS exerts a pro-apoptotic
effect to suppress the proliferation of prostate cancer cells, we
therefore explored whether DADS induce cell  apoptosis  and
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Fig. 2(a-b): Effect of DADS on the AR signaling pathway, (a) Bands of western blot showed the expression of AR, PSA and PCNA
in BPH-1 cells after treatment with 0, 10, 50 and 100 µg/mL of DADS and (b) Quantification of the expression levels
of AR, PSA and PCNA in BPH-1 cells after treatment with 0, 10, 50 and 100 µg/mL of DADS
*p<0.05, **p<0.01 and ***p<0.001, vs. the 0 µg/mL DADS group

Fig. 3(a-d): Effect of DADS on cell apoptosis, (a) Flow cytometry combined with annexin V-FITC/PI double staining detected cell
apoptosis of BPH-1 cells after treatment with 0, 10, 50 and 100 µg/mL of DADS and (b-d) Western blot detected
apoptotic markers (Bax and Bcl-2) in BPH-1 cells after treatment with 0, 10, 50 and 100 µg/mL of DADS 

as a result, represses the hyperproliferation. Surprisingly,
within  the  effective  concentration  that inhibits cell  activity
(10, 50 and 100 µg/mL), DADS has almost no effect on cell
apoptosis. There was no significant change in the Annexin V
positive cell ratio and the expression of Bax and Bcl-2 of BPH-1
cells following DADS treatment (Fig. 3a-d).

DADS alleviates the inflammation and oxidative stress of
LPS-induced RWPE-1 cells: Next, to explore the potential of
DADS on the inflammation and oxidative stress during BPH
development, RWPE-1 cells were induced by LPS. It was
observed that the secretion of pro-inflammatory cytokines
including  TNF-",  IL-6  and  IL-8  was markedly strengthened
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Fig. 4(a-f): Effect of DADS on LPS-induced inflammation and oxidative stress, (a-c) ELISA kits determined the secretion of TNF-",
IL-6 and IL-8 from RWPE-1 cells with or without LPS stimulation after treatment with 0, 10, 50 and 100 µg/mL of DADS
and (d-f) Commercial kits detected the content of GSH, CAT and MDA from RWPE-1 cells with or without LPS
stimulation after treatment with 0, 10, 50 and 100 µg/mL of DADS 
***p<0.001, vs. the control group, nsp>0.05, #p<0.05, ##p<0.01 and ###p<0.001, vs. the LPS group

following LPS stimulation (Fig. 4a-c). In comparison with the
LPS group, there was no significant difference in the secretion
of pro-inflammatory cytokines after treatment with 10 µg/mL
of DADS, while the secretion of pro-inflammatory cytokines
was obviously reduced  with  the  administration  of  50 and
100 µg/mL of DADS (Fig. 4a-c). In the meantime, the trend of
the secretion of antioxidant defense-related factors was
contrary to that of pro-inflammatory cytokines, as revealed by
that DADS significantly blocked LPS-induced the decrease of
GSH and CAT (Fig. 4d-e). While the trend of the content of
MDA was consistent with that of pro-inflammatory  cytokines
(Fig. 4f). These results suggested that DADS effectively
attenuates LPS-induced inflammation and oxidative stress in
RWPE-1 cells.

DADS regulates the activation of the Nrf2 signaling
pathway: Finally, results found that compared with the
control, the expression of Nrf2 in the nucleus was decreased
while   those   in   the   cytoplasm   were   increased   after  LPS

induction (Fig. 5a-c). The DADS at 10 µg/mL does not affect
the nuclear  translocation  of  Nrf2.  After  DADS  was  given at
50  and  100  µg/mL,  DADS  could  significantly  reverse the
LPS-induced   changes    in    the   Nrf2   signaling   pathway
(Fig. 5a-c).

DISCUSSION

Accumulating evidence has supported multilateral and
complementary theories behind the occurrence and
progression of BPH. Herein, the study investigated the
pharmacological effect of DADS against BPH because of its
therapeutic potential with multiple targets for various
diseases18. It was widely accepted that DHT functions as a
critical regulator of the development of BPH due to its high
affinity to AR activation19. Besides, an enlarged prostate
caused by the aberrant proliferation of epithelial and stromal
cells is the most obvious pathological feature of BPH20. Given
these,  the  current research exploited two major prostate cell
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Fig. 5(a-c): Effect of DADS on the Nrf2 signaling pathway, (a) Bands of western blot showed the expression of Nrf2 in the
cytoplasm and nuclear of RWPE-1 cells with or without LPS stimulation after treatment with 0, 10, 50 and 100 µg/mL
of DADS and (b-c) Quantification of the expression levels of Nrf2 in the cytoplasm and nuclear of RWPE-1 cells with
or without LPS stimulation after treatment with 0, 10, 50 and 100 µg/mL of DADS
***p<0.001, vs. the control group; nsp>0.05, #p<0.05, ##p<0.01 and ###p<0.001, vs. the LPS group

models, DHT-stimulated RWPE-1 and BPH-1 cell lines, to mimic
the overgrowth of epithelial compartment in the development
of BPH. As a result, our data indicated that DADS significantly
repressed the hyperproliferation of both DHT-stimulated
RWPE-1 and BPH-1 cells, as reflected in the reduced cell
viability and EdU-positive cell ratio.

As the basis of cell growth homeostasis, the balance of
cell apoptosis and proliferation is thought to be disrupted
during the progression of BPH21. So, the study further explore
the pharmacological activity of DADS on the BPH-1 cell
apoptosis. However, DADS has no effect on cell apoptosis in
BPH-1  cells.  Moreover,  our  research  also  found that DADS
has the capability of modulating the AR signal in BPH-1 cells.
These findings suggested that DADS may effectively suppress
the overgrowth of epithelial compartments by modulating the
AR signal but not inducing apoptosis.

The role of inflammation in the progression of BPH has
drawn extensive attention since its degree seems to be related
to the severity of urological lower urinary tract symptoms and
a higher risk of acute urine retention22. The elevation of pro-
inflammatory cytokines, such as TNF-" and ILs (IL-6 and IL-8),
triggers tissue remodeling, resulting in the overgrowth of both
epithelial and stromal cells23. Particularly, inflammation has
recently been reported to influence the AR signaling
pathway24. A previous analysis based on BPH specimens from
105 patients revealed a significant correlation between
inflammation and AR, showing that BPH tissue samples having
inflammatory focus display significantly higher expressions of
PSA and AR25. Notably, current study data revealed that the
increased pro-inflammatory cytokine contents from cultured
supernatants were counteracted by DADS in LPS-induced
RWPE-1 cells, a model mimicking BPH in vitro. This suggests

that the suppressive role of DADS in inflammation may
contribute to its effect on AR signaling in prostatic cells.

Oxidative stress and its resulting DNA damage usually
occur in adult males, which might be another contributor to
the  BPH  pathogenesis26.  Accumulating  evidence  reported
that oxidative  stress  in  the  BPH  environment  is  related  to
the onset of inflammation27. Moreover, it has been assumed
that oxidative stress might trigger compensatory cellular
proliferation to aggravate the hyperplastic growth of the
prostate 7. Antioxidant defenses such as superoxide dismutase
enzyme, GSH and CAT play an essential role in neutralizing
oxidative stress to protect cells against injury. However, in the
case of BPH, their contents are relatively low. Herein, LPS
induced not only the decrease of GSH and CAT but also the
increase of MDA concentrations, which reflected an increase
in cell damage by oxidative stress, while this condition was
effectively reversed by the treatment with DADS.

The Nrf2 signaling pathway, a beneficial cytoprotective
mechanism response to environmental deleterious stress
activation, has been reported to be responsible for the effect
of antioxidants, detoxification and metabolic control of
multiple agents. The nuclear translocation of Nrf2 is a critical
step in its activation28. Under BPH conditions, Nrf2, a nuclear
transcription factor that functions as the primary regulator in
redox homeostasis, was expressed low in prostate tissue from
BPH patients29. Consistent with this report, current study
finding found that the activation of Nrf2 was reduced in
RWPE-1 cells after exposing LPS. Under homeostatic
conditions, Nrf2 activation is blocked by the Nrf2-Keap1
complex that limits Nrf2 translocation to the nucleus. The
nuclear translocation of Nrf2 enhances multiple vital functions,
such  as  antioxidant activity, maintaining redox homeostasis,
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as well as detoxification, by binding to antioxidant-responsive
elements  in  cells30.  A  previous  study demonstrated that
DADS  acts  as  an  anti-inflammation and antioxidative agent
for emphysema by activating the Nrf2 pathway31. In this
investigation, DADS promotes the nuclear accumulation of
Nrf2 in LPS-treated RWPE-1 cells, suggesting the notion that
Nrf2 activation mediates the protection of DADS in BPH.

CONCLUSION

Overall, current study first emphasized the role of DADS
in orchestrating cell proliferation, inflammation and oxidative
during the progression of BPH. However, prostatic
inflammation is attributed to the multitude of pathogenic
factors, LPS alone may not entirely mimic the complexity of
the in vivo environment.  Hence,  it   is   required   to  perform
in vivo experiments based on the BPH animal model to
validate the therapeutic potential of DADS on BPH in future
exploration. This study, for the first time, provides evidence of
the beneficial effects of DADS on BPH in vitro by alleviating
cell proliferation, inflammation and oxidative stress.
Mechanistically, the effect of DADS on the development of
BPH might be mediated by the activation of Nrf2.

SIGNIFICANCE STATEMENT

The pathogenesis of BPH has been reported to be
attributed to multiple complex steps and mechanisms. Hence,
novel treatment strategies with multiple targets are required.
This study provides evidence of the beneficial effects of DADS
on BPH in vitro by attenuating cell proliferation, inflammatory
response and oxidative stress. Mechanistically, the effect of
DADS on the development of BPH might be mediated by the
activation of Nrf2. Our findings suggest DADS may serve as a
promising treatment for BPH.
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