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Abstract
Benign prostatic hyperplasia (BPH) is a nonmalignant enlargement of the prostate common in older men. Diallyl sulfide 
(DAS), a major component of garlic, has been reported to possess antioxidant, anti-inflammatory, and antiproliferative effects. 
However, the underlying protective immunomodulatory mechanism of DAS on BPH remains vague. Herein, experimental 
BPH was induced in rats by daily subcutaneous injection of testosterone propionate (TP) (3 mg/kg, s.c.) for 4 weeks. In 
parallel, finasteride (Fin) (5 mg/kg, p.o) or DAS (50 mg/kg, p.o.) was administered orally during BPH induction. TP-induced 
histological alterations and the immune-inflammatory cascade. On the other hand, DAS or Fin administration alleviated all 
abnormalities induced testosterone. Fin and DAS administration markedly reduced prostate weight by 53% with Fin, and by 
60% with DAS. Moreover, serum testosterone and DHT were reduced by 55% and 52%, respectively, with Fin and by 68% 
and 75%, respectively, with DAS, in concordance with decreased protein expression of androgen receptor (AR), and prostate-
specific antigen (PSA). Furthermore, both regime lessen immune-inflammatory milieu, as evidenced by decrease CD4+ 
T-cells protein expression and associated inflammatory cytokines. Concomitantly, Fin and DAS exhibited marked mitiga-
tion in insulin-like growth factor-1 (IGF-1), transforming growth factor-beta1 (TGF-β1), and phosphorylated extracellular 
signal-regulated kinase (ERK1/2) signaling. Besides alleviating oxidative stress by 53% and 68% in prostatic MDA and by 
27% and 7% in prostatic iNOS with Fin and DAS, respectively. In conclusion, this work highlighted a potential therapeutic 
approach of DAS as a dietary preventive agent against BPH via its anti-inflammatory and immunomodulatory effect along 
with suppression of the ERK pathway.

Keywords Benign prostatic hyperplasia · Diallyl sulfide · Testosterone propionate · Androgen receptor · Extracellular 
signal-regulated kinase

Introduction

Benign prostatic hyperplasia (BPH) is one of the most com-
mon diseases in men. It is characterized by benign enlarge-
ment of the prostatic gland causing constriction of the 
urethra and subsequent lower urinary tract symptoms that 
include difficult urination, frequent voiding, bladder obstruc-
tion, and dysuria. Such symptoms have a negative impact 
on the quality of life and the productivity of BPH patients 
(Paolone 2010).

The androgenic pathway is the most dominant patho-
physiology of BPH. Testosterone is activated by 5 alpha-
reductase enzyme, which converts it to dihydrotestoster-
one (DHT). DHT is considered the most potent prostatic 
androgen due to its high affinity to the androgen receptor 
(Andriole et al. 2004). Others elaborate on the role of DHT 
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in controlling differentiation and growth-promoting factors 
in BPH (Izumi et al. 2013). Moreover, hormonal regula-
tion of BPH also coordinates with other peptide hormones, 
most importantly, insulin-like growth factors (IGFs) (Mad-
ersbacher et al. 2019). In the same context, metabolic and 
inflammatory pathways have been recognized to contribute 
to the development of BPH (Chughtai et al. 2011; Sebasti-
anelli and Gacci 2018). This inflammatory cascade includes 
the activation of several chemokines, cytokines, and pro-
differentiation factors such as transforming growth factor 
(TGF), IGF, and extracellular signal-regulated kinase (ERK) 
(Xu et al. 2017) with consequent overgrowth of stromal and 
epithelial prostatic cells. Additionally, the chronic prostatic 
inflammation is accompanied by histological damage that 
sensitizes immune responses which manifested as the accu-
mulation of CD4+ T-lymphocytes (Krušlin et al. 2017).

Alpha-1 adrenergic receptor inhibitors represent the first-
line therapy for BPH patients with prostates < 30 ml; they 
can offer rapid relief of symptoms but cannot prevent disease 
progression (Marberger 2013). Unfortunately, these drugs 
can also cause a loss of libido and erectile dysfunction. 5 
alpha-reductase inhibitors such as finasteride (Fin) provide 
an additional therapeutic option to improve BPH symptoms 
and alleviate the risk of progression (Marberger 2013). 
However, 5 alpha-reductase inhibitors are not permitted for 
preventive strategies to men with no or mild urinary reten-
tion because of their unclear probable side effects (Maders-
bacher et al. 2019). Consequently, there is recent awareness 
concerning the use of natural products as effective and safe 
strategies to prevent the development of androgen-induced 
BPH (Ammar et al. 2015; Xu et al. 2018).

Garlic (Allium sativum) has been consumed worldwide as 
a traditional medicine for thousands of years. Garlic extracts 
have been reported to possess many biological activities 
including, antithrombotic, anti-diabetic, antiviral, fungicidal, 
bactericidal, antioxidant, and anticancer effects (Thomson 
and Ali 2003). Garlic is rich in organosulfur compounds, of 
which allicin is the most abundant, and it is naturally metab-
olized into several allyl sulfides (Zhang et al. 2006). Gar-
lic organo-sulfur compounds enhance the immune system 
and suppress the abnormal tissue growth. Hence, the garlic 
can modify the immunity by switch the balance from a pro-
inflammatory and immunosuppressive milieu to an enhanced 
anti-tumor response leading to tumor suppression (Schäfer 
and Kaschula 2014). The complex chemical composition of 
garlic elicits the need to study pure chemically active com-
pounds of garlic at defined concentrations. Among Garlic 
organo-sulfur metabolites, diallyl sulfide (DAS) is the chief 
lipid-soluble and medicinally beneficial sulfur compound 
obtained from allicin (Rao et al. 2015). DAS possess immu-
notherapeutic effect via acting as an immune booster (Kuttan 
2000). Other garlic-derived allyl sulfides, diallyl disulfide 
(DADS), and diallyl trisulfide (DATS) were also reported to 

have medicinal benefits (Wang et al. 2012; Yi and Su 2013); 
however, their consumption was associated with potential 
toxicity (Karmakar et al. 2007; Iciek et al. 2009). Though 
extensive work has been carried out to assess the protec-
tive and antitumor effects of DAS; no reports are available 
regarding the possible protective and immune-modulatory 
potential of DAS against BPH in vivo. This study aims to 
assess the possible protective effect of DAS against testos-
terone-induced BPH in rats and compare its activity to the 
standard used drug Fin.

Materials and methods

Animals

Adult male Wistar albino rats weighing 180–220 g, aged 
8–10 weeks old, were purchased from the faculty of Phar-
macy Animal Facility, Cairo University, Cairo, Egypt. 
Before setting up the experiment, the rats were adapted for 
2 weeks at 24 ± 2 °C with an alternate 12 h day/dark cycle 
in the Faculty of Pharmacy Animal Facility. Standard chow 
diet and free water access were allowed throughout the 
experimental study.

The protocols used in this experiment were met with The 
Guide for Care and Use of Laboratory Animals published 
by the US National Institutes of Health (NIH Publication 
No. 85–23, revised 2011) and were approved by the Ethics 
Committee for Animal Experimentation at the Faculty of 
Pharmacy, Cairo University (Permission Number: 2504). All 
efforts were exerted to alleviate the suffering of animals and 
to reduce the number of animals used.

Drugs and chemicals

Testosterone propionate (TP) and diallyl sulfide (DAS) were 
purchased from Sigma-Aldrich Co. (St Louis, MO, USA). 
Finasteride (Fin) was purchased under the trade name 
Prostride (ADWIA Pharmaceuticals, Obour City, Egypt). 
All other chemicals were of the highest analytical grade and 
supplied by Sigma-Aldrich Co. (USA).

Experimental design

Rats were randomly allocated into four groups (n = 10 
rats/group). Group I received bidistilled water orally, and 
corn oil s.c daily and served as a control group. Group II 
received TP (3 mg/kg; s.c) dissolved in corn oil, daily for 
4 weeks and served as a BPH control group (Ammar et al. 
2015). Group III received Fin (5 mg/kg; p.o) suspended 
in bidistilled water (Sayed et al. 2016) while group IV 
received DAS (50 mg/kg; p.o) dissolved in corn oil (Kim 
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et al. 2016). All treatments were administered daily for 
4 weeks and parallel to TP injection (Fig. 1).

One day before animals’ sacrifice, animals were treated 
with their daily regimen, then rats were placed into meta-
bolic cages to record urinary output over 3 h (Hardik et al. 
2014; Kantah et al. 2017).

Toward the end of the experiment, under light anes-
thesia, blood samples were collected and sera were sepa-
rated, then the animals were euthanized, and their prostate 
was rapidly removed and weighed. The isolated prostates 
were divided into 2 subsets; the first was used for his-
topathological and immunohistochemical examination 
where the prostates (n = 4 per group) were fixed in 10% 
(v/v) formalin for 24 h. In the second set of samples (n = 6 
per group) the right and the left portions of the prostate 
lobes were stored in RIPA buffer and PBS, respectively, at 
− 80 °C to be used for further analyses. All experiments 
were performed in triplet for each rat in the group.

During sample analysis for the assessed parameters, 
the investigators were blinded to sample identity; where 
sample coding and decoding were carried out by an inde-
pendent experimenter.

Biochemical parameters

Prostate weight and relative prostate weight

The isolated prostates were weighed individually then the 
relative prostate weight was calculated by dividing pros-
tate weight over its corresponding animal weight (Vyas 
et al. 2013).

ELISA technique

Serum testosterone, and DHT were measured using ELISA 
kits. Serum testosterone was assessed using the Picokine 
Rat ELISA kit (BosterBio., CA, USA, Cat.# EK7014), 
while serum DHT was measured by rat specific ELISA kit 
(Cusabio, Wuhan, China, Cat.# CSB E07879r). The results 
are expressed as ng/ml for testosterone and as pg/ml for 
DHT. Additionally, prostatic tissue samples were homog-
enized and further used to measure prostatic IL-6, IL-8, and 
IL-17 using Rat ELISA kits provided by Biovision (CA, 
USA, Cat.# K4145-100), Abbexa LLC (Houston, USA, 
Cat.# abx576575) and MyBioSource (CA, USA, Cat.# 
MBS2503506), respectively. Moreover, prostatic inducible 
nitric oxide synthase (iNOS) and malondialdehyde (MDA) 
were assessed as well using ELISA kits provided by MyBi-
oSource (CA, USA, Cat.# MBS263618 and MBS268427, 
respectively). All procedures were carried out in compliance 
with the manufacturer’s instructions. The results were pre-
sented as pg/mg tissue for IL-6, IL-8, and IL-17 as well as 
nmol/mg tissue for MDA and ng/mg tissue for iNOS.

Western blot analysis of total/p‑ERK1/2, TGF‑β1, 
and IGF protein levels

Protein levels of TGF-β1, IGF-1, and ERK1/2 were assessed 
using the Western Blot technique. For protein extraction, 
The ReadyPrep™ protein extraction kit (Bio-Rad, CA, USA, 
Cat.# 163–2086) was added to each sample of the homog-
enized tissues and Bradford protein assay kit (Bio basic, 
Markham Ontario, Canada, Cat.# SK3041) was applied to 
determine protein concentrations per sample. From each 
sample, protein concentration (20 μg) was loaded with an 
equal volume of 2 × Laemmli sample buffer at pH 6.8. Dena-
turation of protein was carried out by boiling the mixture 

Fig. 1  Schematic representation of the experimental design. BPH benign prostatic hyperplasia, DAS diallyl sulfide, p.o peroral, s.c subcutane-
ously, TP testosterone propionate
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mentioned above at 95 °C for 5 min before loading onto 
polyacrylamide gel electrophoresis. Samples were separated 
according to their molecular weights on a sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) 
using TGX Stain-Free™ FastCast™ Acrylamide kit (SDS-
PAGE) (Bio-Rad, CA, USA, Cat.# 161–0181). The gel was 
assembled in a transfer sandwich, which was placed in the 
transfer tank with 1 × transfer buffer. Subsequently, the blot 
was run at 25 V for 7 min to allow protein bands to transfer 
from gel to membrane using Bio-Rad Trans-Blot Turbo. The 
membrane was blocked using 20 mM Tris pH 7.5, 150 mM 
NaCl, 0.1% Tween 20 and 3% bovine serum albumin at room 
temperature for 60 min.

P r imar y  an t i bod i e s ;  an t i -TGF -β  (Abcam, 
MA,USA,Cat.#ab92486), anti-IGF-1 (Biovision, CA, USA, 
Cat.# 5121-30T), anti-p-ERK1/2 (R&D, MN, USA, Cat.# 
AF1018), and anti-total-ERK (Santa Cruz Biotechnology, 
Texas, USA, Cat.#sc-514302) were diluted in TBST. Moreo-
ver, incubation was done overnight in each primary antibody 
solution, against the blotted target protein, at 4 ͦ C, and then 
the blot was rinsed 3–5 times for 5 min with TBST. This was 
followed by incubation with HRP-conjugated to the anti-
rabbit antibody (Dianova, Hamburg, Germany).

The chemiluminescent substrate, Clarity™ Western ECL 
substrate (Bio-Rad, CA, USA, Cat#170-5060), was applied 
to the blot according to the manufacturer’s recommendation. 
The chemiluminescent signals were captured using a CCD 
camera-based imager. The band intensity of the target pro-
teins against the control sample of beta-actin (housekeeping 
protein) was read using image analysis software by protein 
normalization on the ChemiDoc MP imager (Bio-Rad, CA, 
USA).

Histopathological examination

The excised prostates were washed and fixed in formalin for 
24 h followed by routine processing and cutting of the paraf-
fin blocks by Leica RM 2155 microtome at 3–4 µm thick-
ness. Then regular H&E staining procedures were applied. 
Histological evaluation of the different groups was com-
pleted, and photomicrographs were captured at the power 
of (× 100).

Immunohistochemistry

Sets of positively charged slides were prepared for the 
immunohistochemical examination. The four groups were 
immunostained by primary antibodies in a dilution of 1:50 
for TGF-β1 (Abcam, MA, USA,Cat.#ab92486), andro-
genic receptor (AR;Cat.#M3562), prostate-specific antigen 
(PSA; Cat.#A0562), and  CD4+ T (Cat.#M7310) which 
were purchased from Dako, Copenhagen, Denmark. The 
standard avidin–biotin-peroxidase system was utilized, and 

the primary and secondary kits, as well as DAB chroma-
gen, were provided by Dako, Copenhagen, Denmark. The 
immune-stained sections were examined under light micros-
copy, and immunoreactive percentage areas in individual 
sections were traced and evaluated using the image analysis 
system (Leica Microsystems, QWin software 3000). Five 
fields (× 100) per slide are evaluated in the analysis.

Statistical analysis

Data are expressed as mean ± SD. For multiple compari-
sons one-way analysis of variance (ANOVA) was used, 
followed by Tukey post-hoc test. Moreover, Pearson’s 
correlation analysis was used to evaluate the relationship 
between relative prostate weight, serum testosterone, urine 
output, and TGF-β1. The significance level was considered 
at p value < 0.05. Statistical analysis was carried out using 
GraphPad Prism 6.0 (San Diego, CA, USA).

Results

Effect of Fin and DAS on the body weight, prostate 
weight, relative prostate weight, and urine output 
in TP‑induced BPH in rats.

Concerning body weight, there wasn’t any difference 
among groups. Meanwhile, testosterone injected ani-
mals positively increased prostate weight and its relative 
weight (p value < 0.0001) (Tables 1 and  2) and negatively 
affected urine output compared with the control group (p 
value < 0.0001). Conversely, Fin and DAS administra-
tion markedly reduced prostate weight to about 53% (p 
value < 0.0001) and 60% (p value < 0.001), respectively, 
and the relative prostate weight to 59.6% (p value < 0.0001) 
and 71% (p value < 0.01), respectively, compared with the 
TP-induced BPH group. However, neither Fin nor DAS 
managed to return the relative prostate weight to the normal 
value (Table 1). 

Effect of Fin and DAS on serum testosterone 
and DHT levels in TP‑induced BPH in rats.

TP-induced BPH group showed intensely elevated serum 
testosterone and DHT to about 550% and 516%, respectively, 
compared with the control rats (p value < 0.0001) (Fig. 2a, 
b). However, Fin and DAS treated groups ameliorated the 
elevation in testosterone to 55% and 68%, respectively (p 
value < 0.0001) (Fig. 2a). Moreover, DAS administration 
decreased serum DHT levels to approximately 75% of the 
TP group (p value < 0.0001); however, it was still greater 
than the standard Fin treated rats that only reached 52% of 
the TP group (Fig. 2b).
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Effect of Fin and DAS on AR, and PSA protein 
expressions in TP‑induced BPH in rats

The results showed that AR and PSA protein expressions 
were below the detection level in the normal prostate as dem-
onstrated by the negative immunohistochemical reaction. On 
the other hand, AR and PSA showed high protein expres-
sions detected by high staining intensity in TP-induced BPH 
group. Interestingly, upon treatment with Fin or DAS, there 
was a significant weak expression of both proteins as com-
pared with the BPH group (Fig. 2c, d). Interestingly, these 
effects were represented by Fin and DAS ability to induce 
a reduction in the calculated area percentage of AR by 65% 
and 55%, respectively (Fig. 2e) and of PSA by 57% and 70%, 
respectively (Fig. 2f), with the predominant effect of Fin.

Effect of Fin and DAS on prostate pro‑inflammatory 
cytokines, and CD4+ T‑cells immunohistochemical 
reactivity in TP‑induced BPH in rats

There was a significant rise in prostatic IL-6, IL-8, and IL-17 
protein levels in TP rats by 318%, 429%, and 486%, respec-
tively, compared with the control group (p value < 0.0001) 
(Fig. 3a–c). While co-treatment with Fin or DAS signifi-
cantly reduced the level of the aforementioned parameters 
(p value < 0.0001). It worth to mention that DAS caused 
normalization in the IL-6 level, which did not occur even 
with Fin treatment (p value = 0.1133).

The immunohistochemical examination demonstrated 
an increment in CD4+ T immunostaining in the BPH 

group, evidenced by up-leveling in its corresponding 
area percentage when compared with the control group 
(Fig. 3d, e). However, co-treatment with either Fin or DAS 
revealed minimal staining of CD4+ T (Fig. 3d, e).

Effect of Fin and DAS on ERK phosphorylation, 
TGF‑β1, and IGF‑1 protein levels in TP‑induced BPH 
in rats

It is well recognized that the mitogen-activated protein 
kinases (MAPK) pathway is involved in cell proliferation 
and apoptosis. Therefore, we examined whether the role 
of MAPKs in the mechanism of DAS-mediated positive 
effects in BPH is significant. The expression of phospho-
rylated ERK /total ERK was markedly increased in the 
BPH group by 385.5% when compared with the normal 
control group (p value < 0.0001). DAS markedly downreg-
ulated this protein level by 8.4%, compared to testosterone 
received animals (p value = 0.0136). However, Fin signifi-
cantly decreased the expression by 21.3% compared with 
the TP group (p value < 0.0001) (Fig. 4a). Intriguingly, Fin 
and DAS alleviated the dramatic increment in the expres-
sion of TGF-β1 as well as IGF-1 (Fig. 4b, c) when com-
pared with the TP-induced BPH group (p value < 0.0001). 
These observations imply the valuable effect of DAS 
against growth factors-mediated BPH in rats. Moreover, 
the relative prostate weight was strongly correlated to the 
TGF-β1 (p value < 0.0001) (Table 2).

Table 1  Effect of Fin (5 mg/kg, p.o) and DAS (50 mg/kg, p.o) admin-
istration on the prostate weight, relative prostate weight, and urine 
output in TP-induced BPH in rats: statistical analysis was performed 

using one-way analysis of variance (ANOVA) followed by Tukey’s 
Multiple Comparison test, *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001: significantly different from control

## p < 0.01, ###p < 0.001, and ####p < 0.0001: significantly different from the TP-induced BPH group
BPH benign prostatic hyperplasia, DAS diallyl sulfide, DHT dihydrotestosterone, Fin finasteride, PBS phosphate-buffered saline, p.o peroral, s.c. 
subcutaneously, TP testosterone propionate

Parameter group Bodyweight (gm) Prostate weight (gm) Relative prostate weight (%) Urine output (ml/ 3 h)

Control 277.8 ± 21.05 0.334 ± 0.14 0.120 ± 0.1 2.455 ± 0.25
TP 286.5 ± 19.98 0.995 ± 0.18**** 0.347 ± 0.1**** 1.592 ± 0.01****
Fin + TP 254 ± 16.90 0.526 ± 0.11*,#### 0.207 ± 0.05**,#### 2.186 ± 0.13*,####

DAS + TP 245.1 ± 12.73 0.601 ± 0.1**,### 0.245 ± 0.014***,## 1.988 ± 0.1****,###

Table 2  Correlation between serum testosterone, TGF-β1, and urine output and the relative prostate weight in different groups

Values represent Pearson’s correlation coefficient. Correlation is significant at p < 0.05
TGF-β1 transforming growth factor-beta1

Parameters Serum testosterone TGF-β1 Urine output

r p r p r p

Relative prostate weight 0.9 < 0.0001 0.8 < 0.0001 − 0.9 < 0.0001
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Effect of Fin and DAS on lipid peroxidation, 
and iNOS levels in TP‑induced BPH in rats

The BPH group displayed an upsurge in oxidative stress bio-
markers reflected by elevated lipid peroxidation as mani-
fested by increased MDA level as well as increased iNOS 
by sevenfold and threefold, respectively, compared with the 
control group (p value < 0.0001) (Fig. 5a, b). Conversely, 
Fin and DAS treatment showed powerful antioxidant effects 
by dampening MDA level by 53% and 68%, respectively (p 
value < 0.0001) (Fig. 5a) and reducing iNOS by 27% and 
7%, respectively (Fig. 5b) when compared with the TP-
induced BPH group (p value < 0.0001).

Histopathological examination

The histological analysis of H&E staining showed no 
remarkable hyperplasia or hypertrophy in the prostate of 
the normal control group (Fig. 6a). However, TP-induced 
BPH group showing marked hyperplasia and hypertrophy. 
Crowded acini and minimal mucosal infoldings were noted, 
together with inspissated secretions (thick arrow, Fig. 6b). 
While, co-treatment with either Fin or DAS showed mild 
hyperplasia or hypertrophy, mildly crowded acini, and focal 
mucosal infoldings (thin arrow, Fig. 6c, d, respectively).

Discussion

DAS, one of the garlic organosulfur active compound, has 
been reported to possess anti-inflammatory (Li et al. 2015), 
antioxidant (Chen et al. 2014), antimicrobial (Davis 2005), 
and anticancer (Zou et al. 2016) activities. In the current 
study, the administration of DAS concurrently for 28 days 
showed promising efficacy in relieving BPH in a dependent 
and independent manner from the androgenic cue.

The DHT forms a complex with AR (Gao et al. 2005) 
and undergoes nuclear translocation, DNA activation with 

stimulation of growth-promoting genes, and PSA produc-
tion. The elevated PSA and AR contribute to prostatic hyper-
plasia (Culig et al. 1996; Izumi et al. 2013); these events 
show up that the androgen/AR signaling pathway is the mas-
terpiece in BPH development; hence its targeting becomes 
one of the most effective strategies in BPH therapy (Izumi 
et al. 2013). In the same context, studies have demonstrated 
that estrogens and their receptors α and β (ERα, ERβ) also 
have an essential role in normal prostate growth. Activation 
of ERα is associated with the proliferation and anti-apop-
totic response; however, ERβ activation has antiprolifera-
tive and proapoptotic impacts (Fano et al. 2017), these are 
also strongly related to the inflammatory reaction (Vásquez-
Velásquez et al. 2020) and the ERK pathway (Zhang et al. 
2008).

Herein, the BPH rat model showed significant histopatho-
logical abnormalities, with an increase in serum testoster-
one and DHT levels tied with overexpression of AR protein 
expression. These findings are in line with previous stud-
ies (Atawia et al. 2013; Wang et al. 2016). In the present 
work, DAS attenuated the androgenic axis (testosterone/
DHT/AR protein expression), starting with suppressed tes-
tosterone level partly via subsequent reduction of IL-6. It 
was reported in previous studies that IL-6 could enhance 
intracrine androgen synthesis with the activation of AR to 
promote prostate growth (Chun et al. 2009; Culig and Puhr 
2012). DAS diminished AR expression, the basal core for 
the androgenic cascade; this may be attributed to the anti-
oxidant property of DAS recorded here and was confirmed 
by other studies which showed the ability of DAS to upregu-
late NrF2 signaling in in vitro models (Ho et al. 2012; Rao 
et al. 2015). Khurana and Sikka (2018) documented the 
potential of NrF2 to suppress AR. Stan and Singh (2009) 
studied the chemopreventive ability of organosulfur com-
pounds and allyl compounds against prostate cancer using 3 
prostate cell lines (LNCap, C4-2 and Tramp-c1) and in the 
transgenic adenocarcinoma mouse prostate. They concluded 
that DAS directly suppress AR promoter activity, AR trans-
location and sequentially affected PSA level in LNCaP cell 
line utilizing immunoblotting technique and confirmed this 
mechanism by structure–activity relationships between allyl 
compounds and AR promoter activity. This study proves 
direct evidence of DAS interaction with the androgenic axis 
namely; AR and PSA. This finding confirms the results of 
the current manuscript for DAS on AR and PSA in in vivo 
BPH rat model. To yield insights into the prementioned AR 
signaling, the present study examined the protein expression 
of PSA, which represents a prostatic cellular differentiation 
and proliferation marker (Schalken 2004). Interestingly, 
DAS reduced the protein expression of testosterone-trig-
gered PSA. Similarly, the consumption of garlic extract in 
prostate cancer patients showed a significant reduction in 
PSA levels (Durak et al. 2003).

Fig. 2  Effect of Fin (5  mg/kg; p.o) and DAS (50  mg/kg; p.o) on 
serum levels of a testosterone, b DHT as well as the protein expres-
sion of c AR and d PSA and their corresponding expression area % 
(e, f), respectively, in TP (3 mg/kg, s.c)-induced BPH. Protein expres-
sion detected by high staining intensity. Data are expressed as the 
mean ± SD (n = 6) of each experiment performed in triplet for ELISA 
technique and 3 for immunohistochemistry analysis. Statistical analy-
sis was performed using one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s multiple comparison test, *p < 0.05, ***p < 0.001, 
and ****p < 0.0001: significantly different from control. ##p < 0.01, 
###p < 0.001, and ####p < 0.0001: significantly different from the TP-
induced BPH group. @p < 0.05, and @@@p < 0.001: significantly dif-
ferent from the Fin + TP group. Fin and DAS were administered 1 h 
before TP. AR androgenic receptor, BPH benign prostatic hyperpla-
sia, DAS diallyl sulfide, DHT dihydrotestosterone, Fin finasteride, p.o 
peroral, PSA prostate specific antigen, s.c. subcutaneously, TP: testos-
terone propionate

◂
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Aside from the androgenic pathway, chronic inflamma-
tion plays a crucial role in the pathogenesis of BPH (Pace 
et al. 2011; Gandaglia et al. 2013). Several studies have 
confirmed a relevance relationship between inflammation 
and prostatic insults such as BPH; aberrant arachidonic 
acid metabolism, which accompanied with an elevation in 
cyclooxygenase-2 and 5-lipoxygenase expressions as well as 
prostaglandin-2 and leukotriene A4 levels, has been linked 
with cellular proliferation in BPH (Altavilla et al. 2012). In 
the same context, overflow of infiltrated T-cells increased 
pro-inflammatory cytokine secretion. Co-culture of human 
BPH cells with active CD4+ T-cells enhanced Th17 produc-
tion of IL-17, which stimulates the stromal cells to produce 
inflammatory molecules viz; IL-6, IL-8, and iNOS (Steiner 

et al. 2003; Kramer et al. 2007). As well, Kuwabara et al. 
(2017) presented IL-17 as a bridge between T-cell activa-
tion and the inflammatory cascade in chronic inflammatory 
diseases; this is concomitant with IL-17 presence in BPH 
provoked by TP as previously observed (Yang et al. 2014). 
Herein, for the first time, the increments of CD4+ T-cells 
in the TP-induced rat model, were recorded. Together, no 
previous data noted the immunoregulatory properties of Fin 
and DAS afforded by suppressed CD4+ T-cells, as well as 
IL-17 in the TP-induced BPH model. The inhibitory effect 
of DAS on CD4+ T-cells and their downstream may be par-
tially attributed to the depression of PSA, which has been 
reported to enhance CD4+ T-cells (Klyushnenkova et al. 
2004). Consequentially, DAS reduced IL-17; this result is 

Fig. 3  Effect of Fin (5  mg/kg; p.o) and DAS (50  mg/kg; p.o) on 
protein levels of prostatic a IL-6, b IL-8, and c IL-17, as well as 
the protein expression of d CD4+ T and its expression area % e in 
TP (3  mg/kg, s.c)-induced BPH. Thin arrow in TP-induced BPH 
group showing minimal staining of stromal T-lymphocytes. Protein 
expression detected by high staining intensity. Data are expressed 
as the mean ± SD (n = 6) of each experiment performed in triplet for 
ELISA technique and 3 for immunohistochemistry analysis. Statis-
tical analysis was performed using a one-way analysis of variance 

(ANOVA) followed by Tukey’s multiple comparison test. **p < 0.01, 
and ****p < 0.0001: significantly different from control. ##p < 0.01, 
and ####p < 0.0001: significantly different from the TP-induced BPH 
group. @p < 0.05, @@p < 0.01, and @@@@p < 0.0001: significantly dif-
ferent from the Fin + TP group. Fin and DAS were administered 1 h 
before TP. BPH benign prostatic hyperplasia, DAS diallyl sulfide, 
DHT dihydrotestosterone, Fin finasteride, p.o per oral, s.c. subcutane-
ously, TP testosterone propionate
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similar to that of Allium sativum, which inhibits IL-17 gene 
expression in vitro (Moutia et al. 2016).

The light shed on the main executors of prostate cell 
development in BPH; IL-6 and IL-8 where their levels 
upsurge in the TP-induced model and these elevations were 
noted by Yang et al. (2014). Herein, the elevation of IL-6 is 
critical since it shifts the TGFβ-1-enhanced differentiation 
of naive T-cells toward pathogenic Th17 cells (Veldhoen 
et al. 2006; Bettelli et al. 2006). In the present study, the 
ameliorative effect of DAS on local growth proteins could 
be linked to the noted reduction of CD4+ T-cells and the 
break-up of the IL-17 link. Thus IL-17, IL-6, and TGFβ-1 

can afford a sustained positive loop and augmentation of 
the immune-inflammatory process in BPH (Steiner et al. 
2003; Bettelli et al. 2006). Beside the previous data, IL-8 
appears to be the most reliable and predictive surrogate 
marker to diagnose BPH (Penna et al. 2007). In the present 
data, DAS suppressed pro-inflammatory IL-8 production 
and this similar to the in vitro study in virally infected cell 
lines (Hall et al. 2017). This chemokine acts as an autocrine/
paracrine growth factor for BPH cells (Penna et al. 2009). 
The anti-IL-8 afforded by DAS may be partially referred 
to the DAS-suppression of IL-6 that subsequently affects 
IL-8 expression (Khurana and Sikka 2018). Additionally, 

Fig. 4  Effect of Fin (5 mg/kg; p.o) and DAS (50 mg/kg; p.o) on pro-
tein levels of a p-ERK1/2/total ERK1/2, b TGF-β1, c IGF-1 as well 
as the protein expression of d TGF-β1 and its expression area % e 
in TP (3  mg/kg, s.c)-induced BPH. Protein expression detected by 
high staining intensity. Data are expressed as the mean ± SD (n = 6) 
of each experiment performed in triplet for Western Blot technique 
and 3 for immunohistochemistry analysis. Statistical analysis was per-
formed using a one-way analysis of variance (ANOVA) followed by 
Tukey’s multiple comparison test, ***p < 0.001, and ****p < 0.0001: 

significantly different from control. #p < 0.05, and ####p < 0.0001: sig-
nificantly different from the TP-induced BPH group. @@@p < 0.001, 
and @@@@p < 0.0001: significantly different from the Fin + TP group. 
Fin and DAS were administered 1 h before TP. BPH benign prostatic 
hyperplasia, DAS diallyl sulfide, ERK 1/2 extracellular signal-reg-
ulated kinase 1/2, DHT dihydrotestosterone, Fin finasteride, IGF-1 
insulin-like growth factor-1, p.o peroral, PSA prostate specific anti-
gen, s.c. subcutaneously, TGF-β1 transforming growth factor-beta1, 
TP testosterone propionate
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DAS reduced prostatic weight with improved urinary blad-
der voiding could be mediated through amelioration of IL-8 
and subsequent reduction of growth factors, namely TGF-β 
(Ficarra et al. 2014) and IGF; this outlined the anti-growth, 
immunomodulatory, and anti-inflammatory impacts of DAS 
that mitigated the cycle of chronic immuno-inflammation.

Prostatic cells release TGFβ-1 and IGF-1 in response 
to cytokine-induced damage that drives local growth; this 
milieu was observed and highly expressed histologically in 
human prostate hyperplasia tissue (Scott Lucia and Lambert 
2008; Afdal et al. 2019). In the current study, TGFβ-1 and 
IGF-1 protein levels, were elevated in BPH rats, which is 

concurrent with the study by Kim et al. (2015). Moreover, 
DAS inhibited TGFβ1-induced myofibroblast formation by 
activating Nrf2-related antioxidant enzyme in lung medical 
research council cell strain 5 (MRC-5) cells (Ho et al. 2017). 
Regarding IGF-1, DADS lowered its protein expression 
dose-dependently in the prostate cancer cell line (Arunku-
mar et al. 2012). This modulation may feature the antipro-
liferative and anti-mitogenic effects of DAS reported herein.

Many growth factors like IGF are known as ERK cas-
cade stimulants and are found to be over-expressed in BPH 
(Habib and Chisholm 1991). ERK activation is essential 
for prostate growth and development (Papatsoris and 

Fig. 5  Effect of Fin (5 mg/kg; p.o) and DAS (50 mg/kg; p.o) on levels 
of a MDA, and b iNOS in the prostate tissue in TP (3 mg/kg, s.c)-
induced BPH. Protein expression detected by high staining intensity. 
Data are expressed as the mean ± SD (n = 6) of each experiment per-
formed in triplet for ELISA technique. Statistical analysis was per-
formed using one-way analysis of variance (ANOVA) followed by 
Tukey’s Multiple Comparison test, ****p < 0.0001: significantly dif-

ferent from control. ####p < 0.0001: significantly different from the 
TP-induced BPH group. @@@@p < 0.0001: significantly different from 
the Fin + TP group. Fin and DAS were administered 1 h before TP. 
BPH benign prostatic hyperplasia, DAS diallyl sulfide, Fin finasteride, 
iNOS inducible nitric oxide synthase, MDA malondialdehyde, p.o 
peroral, s.c. subcutaneously, TP testosterone propionate

Fig. 6  Histological examination of the prostatic tissues of different 
groups, H&E X100. a Control: showed no remarkable hyperplasia 
or hypertrophy in the prostate. b TP: thick arrow showed marked 
hyperplasia and hypertrophy, crowded acini and minimal mucosal 

infoldings, together with inspissated secretions. c Fin + TP and d 
DAS + TP: thin arrow showed mild hyperplasia or hypertrophy, 
mildly crowded acini, and focal mucosal infoldings
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Papavassiliou 2001), and it was enhanced in BPH (Youn 
et al. 2017). Peterziel et al. (1999) reported that androgens 
could contribute either directly to or by the production 
of mitogens in activating the ERK cascade. On the other 
hand, Gao et al. (2006) demonstrated that the function of 
ERK as a prostate growth stimulator was independent of 
androgen signaling. In our findings, ERK was dramatically 
triggered in the BPH group and then was decreased mark-
edly by DAS treatment. In agreement with our results, 
Ko et al. (2018) demonstrated that garlic oil and DADS 
considerably inhibited ERK activation in airway inflam-
mation elicited by cigarette smoke and lipopolysaccharides 
in mice. Once again, a low level of growth factors in DAS 
treated group would reduce ERK1/2 activation. This find-
ing strongly supports the idea that DAS protective action 
in BPH is partially mediated by ERK dephosphorylation.

Persistent inflammation activates the production of ROS 
and RNS with nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-kB) that encodes the expression 
of iNOS (Paulis 2018). iNOS is the main factor in all pro-
static inflammatory cells, which releases reactive nitrogen 
that damage cells (Baltaci et al. 2001). Previously, DAS 
was shown to raise immunocompetence through inhibi-
tion of inflammatory cytokines in lipopolysaccharide 
(LPS)-stimulated RAW264.7 macrophages, thereafter 
suppression of NO and PGE2 release (Chang et al. 2005). 
Macrophages are the typical source for both immune oxi-
dative responses as well as iNOS. The expression of iNOS 
can be transcriptionally upregulated by pro-inflammatory 
cytokines (Kleinert et al. 2003). The current study showed 
a marked elevation in the iNOS protein level in BPH ani-
mals. Elevated iNOS in TP-treated rats is further clarified 
by Gradini et al. (1999) who demonstrated the incorpo-
ration of testosterone in iNOS induction. The reduced 
iNOS in DAS-treated rats in the present study was also 
observed in LPS-treated cell lines and viral infected cell 
lines (Chang and Chen 2005; Hall et al. 2017).

Oxidative stress plays an essential role in the pathology 
of BPH (Ammar et al. 2015). The current study showed 
an elevated end-product of lipid peroxidation in BPH rats 
in concomitant with Sun et al. (2020). Indeed, the anti-
oxidant activity of DAS is manifested by decreased MDA 
level. This complies with the inhibitory effect of DAS on 
oxidative stress triggered by testosterone in BPH model in 
mice (Prasad et al. 2006). Moreover, it was reported that 
DAS blocked the increase in lipid peroxidation and mye-
loperoxidase activity caused by bleomycin (Kalayarasan 
et al. 2008). Notably, DAS pretreatment also induced Nrf2 
expression upregulation, this action was confirmed to be 
the crucial molecular shift responsible for the antioxidant 
effects of DAS in a rat thoracic aorta smooth muscle cell 
line (A7r5) and lung MRC-5 cells (Ho et al. 2012; Rao 
et al. 2015).

Conclusion

Taken together, this work provides insights to a potential 
therapeutic approach of DAS in BPH via its anti-inflam-
matory, immunomodulatory and ERK pathway repressor 
actions.
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