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Metabolic syndrome (MetS) is a combination of metabolic disorders that can predispose individuals to benign prostatic hyperplasia
(BPH). The inhibition of the cannabinoid 1 (CB1) receptor has been used to treat metabolic disorders in animal models. This study
reports the use of a peripherally restricted CB1 antagonist (AM6545) and a neutral CB1 antagonist (AM4113) to improve MetS-related
BPH in rats. Animals were divided into three control groups to receive either a normal rodent diet, AM6545, or AM4113. MetS was
induced in the fourth, fifth, and sixth groups using a concentrated fructose solution and high-salt diet delivered as food pellets for eight
weeks. The fifth and sixth groups were further given AM6545 or AM4113 for additional four weeks. Body and prostate weights were
measured and prostate sections were stained with hematoxylin eosin. Cyclin D1, markers of oxidative stress and inflammation, and
levels of the endocannabinoids were recorded. BPH in rats with MetS was confirmed through increased prostate weight and index, as
well as histopathology. Treatment with either AM6545 or AM4113 significantly decreased prostate weight, improved prostate
histology, and reduced cyclin D1 expression compared with the MetS group. Groups treated with CB1 antagonists experienced reduced
lipid peroxidation, recovered glutathione depletion, restored catalase activity, and had lower inflammatory markers interleukin 6 (IL-6)
and tumor necrosis factor alpha (TNF-a). MetsS rats treated with either AM6545 or AM4113 showed reduced concentrations of
anandamide (AEA) and 2-arachidonoylglycerol (2-AG) in the prostate compared with the MetS group. In conclusion, the CB1 antagonists
AM6545 and AM4113 protect against MetS-induced BPH through their anti-proliferative, antioxidant, and anti-inflammatory effects.
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Introduction
Benign prostatic hyperplasia (BPH) is a common histologic find-
ing in aging men and refers to nonmalignant development or
hyperplasia of prostatic tissue [1]. It is an important cause of
lower urinary tract symptoms, such as weak urinary stream,
impaired bladder emptying, post-void dribbling, and the sen-
sation of incomplete bladder emptying after voiding [2]. As
reported by the American Urological Association, the preva-
lence of BPH is over 50% in men over 60 years of age and
increases to 90% in men over 80 years of age [3]. Although
the mechanism of BPH development remains unclear, multiple
risk factors have been suggested, such as aging, inflammation,
direct infection, and oxidative stress [2]. In addition, recent
studies have demonstrated a clear association between BPH and
metabolic syndrome (MetS) [4-7].

MetS is a combination of metabolic abnormalities that
include central obesity, dyslipidemia, insulin resistance, and
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primary hypertension [8]. Similar to BPH, the prevalence of
MetS steadily increases with age [9]. Xu et al. [10] have shown
that metabolic disorders, including obesity and insulin resis-
tance, can promote the development of BPH in rats consuming a
high-fat diet. Another study demonstrated that the prevalence
of BPH is higher in people with MetS compared with those with-
out MetS [6]. This has been shown to be due to insulin-related
stimulation of prostate growth, induction of systemic inflam-
mation and oxidative stress, and sex hormone alterations [6].
The endocannabinoid system (ECS) plays a crucial role in
various physiological and pathological conditions, such as anal-
gesia, inflammation, cancer, MetS, and others. The ECS consists
of the human cannabinoid 1 receptor (CB1) and cannabinoid
2 receptor (CB2), endogenous lipid-signaling molecules (endo-
cannabinoids), primarily 2-arachidonoylglycerol (2-AG) and
anandamide (AEA), as well as the enzymes that synthesize and
degrade endocannabinoids. While CB1 is abundantly expressed
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in the central nervous system, CB2 is found mainly in immune
cells[11, 12]. In addition, CB1is peripherally expressed in several
tissues, such as the human prostate. Specifically, CB1 is present
on the human prostate epithelial layer and the sensory nerves
that innervate the human prostatic stroma [13, 14]. Further-
more, the human prostate expresses the enzyme fatty acid ami-
dohydrolase, which hydrolyzes AEA [13]. The expression of ECS
components in prostatic tissue indicates that this system may
influence normal prostate physiology. It has been suggested
that the ECS may play a role in the pathogenesis of BPH [15].
One study suggested that antagonism of the CB1 receptor with
rimonabant (SR141716) may be a useful and effective method for
the prevention and treatment of BPH by reducing the size of
a noncancerous hypertrophied prostate [16]. Therefore, more
research is needed to fully understand the important role of
ECS blockade using different modulators in the prevention and
treatment of BPH.

The correlation between MetS and BPH has offered new
potential targets for the treatment and prevention of both con-
ditions. In this regard, selective inhibition of CB1 has shown
promising therapeutic results in obesity-related metabolic
disorders [17]. Rimonabant was the first CBl-selective antago-
nist/inverse agonist approved for the treatment of obesity and
MetS [18]. However, in 2008, rimonabant was withdrawn due
to adverse psychiatric side effects, including suicide attempts,
anxiety, and depression, resulting from CB1 antagonism in the
central nervous system (CNS) [19]. To prevent the adverse
effects of CB1 antagonism in the CNS, different strategies to
design a peripherally restricted CB1 antagonist (AM6545) and
a neutral CBl antagonist (AM4113) have been developed in
this laboratory [20-24]. We recently showed that AM6545 and
AM4113 attenuated peripheral IR in rats with MetS. Addition-
ally, they exerted anti-hyperuricemia, anti-dyslipidemia, and
anti-inflammatory effects [25, 26].

Therefore, the current study aimed to investigate whether
peripheral blockade of CB1 might be useful in preventing MetS-
related BPH. For that, a concentrated 20% w/v fructose solution
and a high-salt diet as food pellets were used for eight weeks
to establish a rat model of MetS associated with BPH. The CB1
antagonists AM6545 and AM4113 were administered to MetS
rats to examine the effect of CB1 blockage on prostate structure
and function.

Materials and methods

Chemicals

The CBl antagonists AM4113 (5-(4-alkylphenyl)-1-(2,4-
dichlorophenyl)-4-methyl-N-(piperidin-1-yl)-1H-pyrazole-3-
carboxamide) and AM6545 (5-(4-[4-cyanobut-1-ynyl]phenyl)-
1-(2,4-dichlorophenyl)-4-methyl-N-(1,1-dioxo-thiomorpholin
0)-1H-pyrazole-3-carboxamide) were synthesized in our labo-
ratory at the Center for Drug Discovery at Northeastern College
in Boston, MA, USA, as described previously [20, 27]. Fructose
and sodium chloride salt were purchased from Sigma-Aldrich
(St. Louis, MO, USA). AM6545 is a peripherally acting CBI
neutral antagonist (the first neutral peripherally acting neutral
antagonist). On the other hand, AM4113 is also a neutral
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antagonist, but unlike AM6545, it enters the brain. AM4113 is
more lipid soluble and therefore should have better penetration
into prostate tissue than AM6545.

Animals

Forty-eight male Wistar rats (45 days old and 150-190 g
body weight) were procured from King Abdulaziz University
(KSA) to model the fructose-induced MetS as in our previous
published work [25]. There were no significant differences in
the baseline body weights of the animals. Rats were housed in
a temperature-controlled room (23 + 1 °C) with a 12-h light/-
dark cycle. Prior to the experiment, animals were fed standard
rat chow ad libitum and had unlimited access to water for
seven days.

Metabolic syndrome model and study design

Rodents were divided into six groups of eight animals each, as
previously reported [25]. Group I (control) was fed standard
rodent food and had free access to water. Groups II and III were
control groups that were administered AM6545 (A65 group)
or AM4113 (A41 group) drugs, respectively. Group IV (MetS
group) was fed standard rodent food but had free access to a
20% w/v fructose solution and food pellets with 3% salt for
8 consecutive weeks. Groups V and VI were MetS groups that
were treated with AM6545 (MetS + A65 group) or AM4113
(MetS + A41 group) drugs for an additional four weeks, while
groups I-IV continued to receive the same diet. Both compounds
were administered intraperitoneally (IP) to groups I, I11, V, and
VI as 0.5% carboxymethyl cellulose (CMC) suspension at a dose
of 10 mg/kg/day (dosing volume 10 mL/kg), whereas control
group and the MetS groups received only CMC.

After 12 weeks, rats were anesthetized with urethane (1g/kg
IP) [28]. The ventral prostates were excised and weighed.
A portion of the ventral prostate was rapidly removed from
each animal and immediately stored at —80 °C for biochem-
ical measurements. A different part of the ventral prostate
was kept in 10% formalin for histological examination. The
development of MetS was proven by increased body weight,
visceral fat accumulation, dyslipidemia, enhanced homeosta-
sis model assessment-estimated insulin resistance (HOMA-IR),
and increased mean arterial blood pressure, as reported in our
previous study [25].

Body and prostate weight

After dissection, the weight of the prostate of each rat was
recorded. Relative prostate weight was calculated by dividing
the prostate weight (g) by the body weight of the rat (g) and then
multiplying by 10 [29].

Prostate homogenates

Prostate specimens were homogenized by the ULTRA-
TURRAX® homogenizer using a homogenization buffer (1%
Triton X 100 + phosphate buffer saline, pH 7.4). Centrifugation
of the homogenates for 20 min at 4000x and 4 °C was then
performed. The supernatant was collected and kept at —80 °C
for subsequent analysis [30].
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Histological examination of the prostate

To prepare for sectioning, formalin-fixed prostate samples
were routinely processed and embedded in paraffin blocks.
Five micrometer (5 wm) thick paraffin sections were obtained
for staining. Hematoxylin and eosin (H&E) staining was used
to examine histological architecture. At least three of the
stained sections from each rat were examined by electric light
microscopy (Nikon Eclipse TE2000-U, NIKON, Japan), and the
height of the prostate glandular epithelium was determined by
Image J software (1.46a, NIH, USA).

Immunohistochemical staining for cyclin D1 detection
Immunohistochemical detection of the proliferation marker
cyclin D1 was performed on prostate sections kept in paraf-
fin. The tissue sections were dried, deparaffinized, and rehy-
drated in ethanol. The sections were then boiled for 5 min in a
10 mM sodium citrate buffer (pH 6.0) for 5 min, washed with
phosphate-buffered saline, and immunostained. Afterward, the
sections were kept for 2 h at room temperature in 5% bovine
serum albumin (BSA) in tris-buffered saline (TBS). This was fol-
lowed by overnight incubation with 1 pg/mL rabbit polyclonal
anti-cyclin D1 primary antibody at 4 °C (ABCAM, Cambridge,
UK). Slides were washed the next day with TBS before being
kept with the biotinylated secondary antibody using the Cell
and Tissue Staining Kit (R&D Systems, MN, USA). A light micro-
scope was used to examine the slides. Photomicrographs were
taken with a CCD camera and quantified using ImageJ software
(Image], 1.46a, NIH, USA) [31].

Measurement of oxidative stress markers

According to the manufacturer’s instructions, kits purchased
from Biodiagnostics (Cairo, Egypt) were used to determine
the concentrations of malondialdehyde (MDA, product no.
MD-252), superoxide dismutase (SOD, product no. SD-252), and
catalase (CAT, product no. CA-2516) in prostate homogenates.

Endocannabinoid measurements

According to the manufacturer’s instructions, Real-Gene Labs
(Lake Forest, CA, USA) kits were used to measure endocannabi-
noids AEA and 2-AG in prostate homogenates.

Measurements of inflammatory markers

An enzyme-linked immunosorbent assay (ELISA) was per-
formed to measure the concentrations of interleukin 6 (IL-6)
and tumor necrosis factor alpha (TNF-a) in prostate tis-
sue homogenates (ab234570, ab100785, ABCAM UK, respec-
tively). Quantification was performed using an automated
ELISA reader.

Ethical statement

All experimental animal procedures were performed at King
Abdulaziz University according to the “Guidelines for Animal
Care and Treatment of the Biomedical Ethics Research Commit-
tee” (Reference No. 479-16). Every effort was made to keep ani-
mal suffering to a minimum and reduce the number of animals
used.
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Table 1. Effect of AM6545 and AM4113 on prostate weight in
MetS-induced BPH in rats

Relative
Prostate prostate weight
weight (g) Body weight (g) (x103)
Control 0.25+18.3 26034221 0.96 £ 0.07
A65 0.24 +£20.1 254.0 + 217 0.9440.12
A41 0.27+£19.5 259.3420.8 1.04 4+ 0.01
MetS 0.64 +55.3 380.1+ 311 1.68 = 0.022b¢
MetS + A65 0.42 4335 343.4 4282 1.22 £ 0.04%bcd
MetS + A41 0.37430.1 32534271 113 4 0.182bd

Results are displayed as mean & S.D. (n = 8). Statistical significance is shown
when P < 0.05 by one-way ANOVA with Tukey’s post hoc test. a, b, ¢,
or d indicates a significant difference from the control, A65, A41, or MetS
groups, respectively. A65 is the AM6545-treated group, A4l is the AM4113-
treated group, MetS is the metabolic syndrome group, and MetS + A65
or MetS+ A41 groups are MetS groups treated with AM6545 or AM4113,
respectively. MetS: Metabolic syndrome; BPH: Benign prostatic hyperplasia;
ANOVA: Analysis of variance.

Statistical analysis

All data are presented as means + standard deviation (S.D.).
GraphPad Prism (Version 9) was used to analyze the differ-
ent groups using one-way analysis of variance (ANOVA) and
Tukey’s post hoc test for multiple comparisons. P < 0.05 was
used to indicate statistical significance.

Results

Body and prostate weight

Treatment of rats with AM6545 (A65 group) or AM4l13
(A41 group) alone did not adversely affect prostate weights
(P > 0.05) relative to the controls (Table 1). However, fructose
solution and high-salt food pellets fed (MetS group) rats signifi-
cantly increased relative prostate weight by 67% compared with
controls (P < 0.05). Importantly, administration of AM6545
(MetS + A65 group) or AMA4113 (MetS + A41 group) to MetS
rats significantly decreased relative prostate weight by approx-
imately 26% or 30%, respectively (P < 0.05).

Histological examination of the prostate

Histopathology of the control group (Figure 1A) and the groups
that received AM6545 (Figure1B) and AMA4113 (Figure 1C)
showed normal histoarchitecture with well-defined glandular
structures, single-layered epithelial cells lining the ductules,
well-differentiated stroma and well-defined interductal spaces.
After eight weeks of sustained fructose and salt feeding, marked
histological changes occurred in the prostatic ductules and
interstitial tissue in the MetS group. The prostatic ductules
showed dilated lumens, irregular boundaries, enlarged luminal
epithelium, and scanty secretion (Figure 1D). The interductal
spaces became wider and filled with interstitial tissue. The
luminal epithelium was greatly increased in height (Figure S1).
Treatment of rats with AM6545 and AM4113 (Figure 1E and 1F)
induced a dramatic improvement in the histologic profile of
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Figure 1. Impact of AM6545 and AM4113 treatment on prostate histopathology in MetS-induced BPH in rats. The MetS rats were treated with
10 mg/kg AM6545 or AM4113 daily for four weeks. Prostate sections stained with hematoxylin and eosin (H&E) are shown. (A) Control group showing
the normal prostate histoarchitecture; (B) AM6545 (A65) and (C) AM4113 (A41) alone groups showed no observable histological changes; (D) MetS group
showing hyperplasia with increased epithelial thickness; (E) MetS + AM6545 (MetS + A65) and (F) MetS + AM4113-treated (MetS + A41) groups showing
a clear reduction in hyperplasia and projections; (G) Graphical display of prostate glandular epithelium height. Results are shown as mean & S.D. (n = 8).
P < 0.05 was considered statistically significant by one-way ANOVA with Tukey’s post hoc test. a, b, ¢, d, or e indicates a significant difference from the
control, A65, A41, MetS, or MetS + A65 groups, respectively, at P < 0.05 employing one-way ANOVA followed by Tukey’s post hoc test. MetS: Metabolic

syndrome; BPH: Benign prostatic hyperplasia; ANOVA: Analysis of variance; S.D.: Standard deviation.

the prostate, which was almost similar to the control ones.
Prostatic ductules restored their normal outline. The luminal
epithelium had normal heights, and marked epithelial folds
protruded into the ductal lumens. The interductal spaces were
greatly reduced reaching normal spacing; the prostatic stroma
appeared crowded with ductules and interductal spaces. The
height of the luminal epithelium in the different experimental
groups is shown in Figure 1G. The groups treated with AM6545
or AM4113 did not show any changes compared with the con-
trol group. However, there was a marked increase in epithe-
lial heights by 300% in the MetS group relative to controls.
The epithelial heights in MetS rats cotreated with AM6545 and
AM4113 were significantly decreased by 30% and 52%, respec-
tively, compared with MetS rats.

Cyclin D1 assessment as a proliferation marker
Immunohistochemical analysis of the expression of cyclin D1
protein as a proliferation marker revealed a moderate amount
of stained cells in the control groups (Figure 2A-2C). On the
other hand, an increase in stained cells was observed in
the MetS group, indicating an increase in the proliferation
rate (Figure2D). Treatment of MetS rats with AM6545 or
AM4113 significantly reduced cyclin D1-positive cells compared
with MetS rats (Figure 2E and 2F). Densitometric analysis of
cyclin Dl-positive cells indicated that AM6545 and AM4113
reduced cyclin D1 expression by 26% and 54%, respectively
(Figure 2G).

Assessment of prostate oxidative stress markers

To assess the effects of AM6545 and AM4113 treatments on
oxidative stress in the prostate, measurements of MDA as a
lipid peroxidation marker as well as SOD and CAT activi-
ties in prostatic tissues were performed. The CB1 antagonist
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MDA (nmol/mg SOD (U/mg CAT (U/mg

protein) protein) protein)
Control 039+ 0.04 121409 66.4+5.2
A65 0.40 4 0.05 119410 62.8+5.4
A41 0.41+0.05 124411 63.2+58
MetS 3.26 + 0.312b¢ 7.3 4 0.6%b¢ 44.7 + 4.12bc
MetS+A65  2.21+0.23%bcd 9.8 4 0.92bcd 65.6 + 5.3¢
MetS+A41  1.07 £ 0.112bcde 10.3 £ 1.12bed 65.3 & 4.84

Results are shown as mean £ S.D. (n = 8). Results are shown as mean £ S.D.
(n=8). P < 0.05 was considered statistically significant by one-way ANOVA
with Tukey’s post hoc test. a, b, ¢, d, or e indicates a significant difference
from the control, A65, A41, MetS, or MetS+A65 groups, respectively. A65
is an AM6545-treated group, A4l is an AM4113-treated group, MetS is a
metabolic syndrome group, and MetS + A65 or + A4l groups are MetS
groups treated with AM6545 or AM4113, respectively. MDA: Malondialde-
hyde, SOD: Superoxide dismutase, CAT: Catalase; BPH: Benign prostatic
hyperplasia; MetS: Metabolic syndrome; S.D.: Standard deviation.

groups (A65 or A4l groups) did not cause changes in the mea-
sured oxidative stress markers (Table 2). On the other hand,
MetS rats showed a significant increase in the concentration
of MDA in prostate tissue by 736% compared with controls.
Administration of AM6545 (MetS + A65 group) or AM4113
(MetS + A4l group) to MetS rats caused a marked lowering
of MDA concentrations by 33% and 68%, respectively, com-
pared with MetS rats. Post hoc analysis demonstrated that MDA
reduction in the MetS + A4l group was superior to that in
the MetS + A65 group (P < 0.05). However, the activities of
the antioxidant enzymes SOD and CAT were decreased by 40%
and 33%, respectively, in the prostate tissue of the MetS rats
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Figure 2. Photomicrographs showing the effect of AM6545 or AM4113 treatment on the prostate expression of cyclin D1 in MetS-induced BPH
in rats. The MetS rats were treated with 10 mg/kg AM6545 or AM4113 daily for 4 weeks. The concentration of cyclin D1 expression was determined by
immunohistochemistry. (A) Control group; (B) AM6545-treated group (A65); (C) AM4113-treated group (A41); (D) MetS group; (E) MetS rats cotreated with
AM6545 (MetS + A65); (F) MetS rats cotreated with AM4113 (MetS + A41); (G) Quantification of cyclin D1 expression in the prostate in all groups. Scale bar
(50 wm). Results are displayed as mean £ SD (n = 8). a, b, ¢, d, or e indicates a significant difference from the control, A65, A41, MetS, or MetS+A65 groups,
respectively, at P < 0.05 employing one-way ANOVA followed by Tukey’s post hoc test. MetS: Metabolic syndrome; BPH: Benign prostatic hyperplasia;
ANOVA: Analysis of variance.
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Figure 3. Effect of AM6545 or AM4113 treatment on prostate content of TNF-o and IL-6 in MetS-induced BPH in rats. The MetS rats were treated
with 10 mg/kg AM6545 or AM4113 daily for four weeks. The concentration of (A) TNF-a and (B) IL-6 were determined in the prostate tissue. A65 is the
AM6545-treated group, A4l is the AM4113-treated group, MetS is the metabolic syndrome group, and MetS + A65 or MetS+ A41 groups are MetS groups
treated with AM6545 or AM4113, respectively Data are expressed as mean & S.D. (n = 8). a, b, ¢, d, or e indicates a significant difference from the control,
A65, Adl, MetS, or MetS+A65 groups, respectively, at P < 0.05 using one-way ANOVA followed by Tukey’s post hoc test. TNF-a: Tumor necrosis factor
alpha; IL-6: Interleukin 6; MetS: Metabolic syndrome; BPH: Benign prostatic hyperplasia; ANOVA: Analysis of variance; S.D.: Standard deviation.

compared with the control group. Administration of AM6545
or AM4113 markedly ameliorated the reduction of SOD activity
and increased it by 34% after AM6545 and by 41% after AM4113
relative to the MetS group. Similarly, CAT activity increased
by 46% upon treatment with both CB1 antagonists. There-
fore, the antioxidant activity of AM6545 and AM4113 might

be responsible for their protective effects on MetS-induced
BPH in rats.

Assessment of TNF-o and IL-6 in prostatic tissue
The anti-inflammatory activity of the CB1 antagonists AM6545
and AM4113 in MetS-induced BPH was explored. Controls had
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Figure 4. Effect of AM6545 and AM4113 on anandamide (AEA) and 2-arachidonoyl glycerol (2-AG) contents in the prostate of MetS-induced BPH in
rats. The MetS rats were treated with 10 mg/kg AM6545 or AM4113 daily for four weeks. The concentrations of (A) anandamide and (B) 2-AG were determined
in the prostate tissue. A65 is the AM6545-treated group, A41is the AM4113-treated group, MetS is the metabolic syndrome group, and MetS + A65 or MetS+
A41groups are MetS groups treated with AM6545 or AM4113, respectively Bars are mean & S.D. (n = 8). a, b, ¢, or d indicates a significant difference from the
control, A5, A41, or MetS groups, respectively, at P < 0.05 one-way analysis of variance (ANOVA) followed by the Bonferroni test for multiple comparisons.

MetS: Metabolic syndrome; BPH: Benign prostatic hyperplasia; S.D.: Standard deviation.

low concentrations of TNF-a and IL-6 (Figure 3). Treatment
of control rats with AM6545 or AM4113 alone did not change
the concentration of these inflammatory markers. However,
TNF-o and IL-6 levels were significantly increased by 167% and
176%, respectively, in the prostate tissues of MetS rats relative
to controls. Treatment of MetS rats with AM6545 or AM4113
(10 mg/kg) significantly decreased TNF-o by 24% and 46%,
respectively, and IL-6 by 24% and 37%, respectively (P < 0.05).

Measurement of the prostate content of anandamide (AEA) and
2-arachidonoyl glycerol (2-AG)

To assess endocannabinoid activity in the prostate of MetS
rats, concentrations of the endogenous cannabinoids AEA and
2-AG were measured in prostate homogenates. No change in
the concentration of prostatic AEA and 2-AG was observed in
control rats treated with either AM6545 (A65 group) or AM4113
(A41 group) (Figure 4). However, AEA and 2-AG contents were
markedly increased in the prostates of MetS rats by 118%
and 93%, respectively, compared with the controls. Treatment
of MetS rats with AM6545 (MetS + A65 group) or AM4113
(MetS + A41 group) significantly reduced the concentration of
AEA by 21% and 38% and of 2-AG by 13% and 25% in the prostate
relative to the MetS group. Post hoc analysis demonstrated that
the reduction of AEA was more significant in animals in the
MetS + A41 group than in the MetS + A65 group (P < 0.05).

Discussion
BPH is a common medical condition that affects men as they
age and is strongly associated with MetS. This noncancerous
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enlargement of the prostate gland significantly compromises
the outflow of urine from the bladder, leading to several symp-
toms such as urinary retention. Increased expression of CB1 has
been found in BPH and prostate cancer tissue, highlighting
the therapeutic potential of targeting this receptor in these
diseases [32-34]. However, CBL is also highly expressed in the
CNS. Hence, targeting this receptor has been associated with
severe psychiatric side effects, including depression, anxiety,
and suicide attempts [19]. Selective targeting of CB1 in the
periphery is a promising therapeutic strategy for managing
BPH. This work aimed to evaluate the therapeutic potential
of the peripheral CB1 antagonists AM6545 and AM4113 in the
treatment of BPH in rats.

In the present study, rats were maintained on a high-salt
diet and high-fructose drinking water to create a MetS rat
model. The accumulation of visceral fat, increased body
weight, insulin resistance, dyslipidemia, and increased
mean arterial blood pressure indicated the development of
MetS, as previously reported [35]. Most MetS symptoms
were mitigated by the CBl antagonists AM6545 or AM4113.
These findings are consistent with our previously published
work [25]. Similarly, the peripherally restricted CB1antagonists
JD-5006 and JD-5037 enhanced glucose tolerance and insulin
sensitivity [36]. Additionally, these drugs improve fatty liver
and dyslipidemia while normalizing body weight and MetS
in a mouse model of obesity [37, 38]. The results support the
hypothesis that blocking peripheral CB1 receptors is adequate
to achieve the most beneficial metabolic effects of globally
acting CBI.
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Furthermore, BPH was observed along with MetS, as shown
by a significant increase in prostate weight. Histological exam-
ination of the prostate revealed marked pathological changes
in the prostatic ductules marked by a substantial rise in
the prostate glandular epithelial height, which is consis-
tent with previous studies [10]. The CB1 antagonists AM6545
and AM4113 prevented these pathological changes in prostate
weight and histology. Our findings are consistent with an ear-
lier study that reported that CBI1 antagonist help prevent or
treat BPH by reducing the size of a noncancerous hypertrophied
prostate [16]. The observed effects of CB1 antagonists AM6545
or AM4113 against MetS-induced prostate hyperplasia might
be attributed to their antiproliferative properties, as shown
by the suppression of cyclin D1 expression. These results are
consistent with the known antiproliferative properties of the
selective CB1 antagonist rimonabant [39]. Rimonabant has pre-
viously been reported to inhibit the proliferation of human
peripheral blood mononuclear cells [40] and human breast can-
cer cells [39] by blocking the Gi/S phase of the cell cycle and
decreasing cyclin D expression. The cell cycle blockade induced
by CB1 antagonists is due to CB1 receptor inhibition rather than
nonspecific effects. Activation of CBI receptors has been shown
to stimulate the PI3K/AKT/mTOR signaling pathway, leading
to increased cell proliferation, whereas rimonabant attenu-
ates this signaling pathway resulting in cell cycle arrest [41].
Additionally, the CBI receptor has been reported to activate
the Wnt/B-catenin pathway, which regulates cell cycle pro-
gression and proliferation in cancer cells. Inhibition of Wnt/g-
catenin pathway by rimonabant was reported in colorectal
cancer cells, leading to cell cycle arrest [42]. Therefore, periph-
eral targeting of CB1 by AM6545 and AM4113 is a promising
therapeutic strategy in BPH treatment without the side effects
associated with rimonabant that stems from the central CB1
blockade [19].

It has been suggested that oxidative stress has a role in
the pathophysiology of MetS [41]. Our observations, consis-
tent with earlier research, demonstrated that MetS exacerbated
oxidative stress in the prostate, as shown by the accumulation
of MDA and the reduction in the activities of CAT and SOD [42].
Both AM6545 and AM4113 exhibited antioxidant activities, even
though AM4113 was significantly more effective in attenuating
the increase in MDA content associated with BPH in MetS.
Thus, the beneficial effects of AM6545 and AM4113 in this
study could be partly due to their significant antioxidant activ-
ities. These results are consistent with reports in the literature
indicating that CB1 activation is linked to oxidative stress and
inflammation [43-45]. The exact signaling pathways involved
in the antioxidant activities of AM6545 and AM4113 have not yet
been fully elucidated. However, a study by Chang et al. reported
thatblocking CB1receptors ammeliorated hepaticinflammation
and oxidative stress in a rat model of severely uncontrolled
diabetes. These protective effects of rimonabant were medi-
ated through increased activity of the Nrf2-AMPK signaling
pathway, a critical regulator of the cellular antioxidant defense
shield [43]. Hence, blocking CB1 in prostate tissue would have
the potential to alleviate oxidative stress and inflammation in
MetS-associated BPH.
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Prostatic inflammation is an essential factor that influ-
ences the development of BPH, particularly with MetS,
because this syndrome is pathologically characterized by
systemic inflammation [46]. Previous studies have reported
the anti-inflammatory effects of AM6545 and AM4113 in MetS
rat models [25, 47]. In the current study, AM6545 and AM4113
exhibited vigorous anti-inflammatory activities, as both agents
significantly ameliorated the increase in the expression of the
proinflammatory mediators TNF-a and IL-6 found in the MetS
group. In accordance with these results, blockade of CB1 in
adipose and liver tissues was found to attenuate the secretion
of inflammatory cytokines and activation of M1 macrophages
in rats [48,49]. Hence, these results confirm that prostatic
inflammation could be targeted using CB1 antagonists such as
AM6545 and AM4113 as a therapeutic intervention for the BPH
treatment.

The ECS has been shown to be dysregulated in many condi-
tions, including obesity and MetS. An increase in 2-AG levels,
but not AEA, has been reported in the plasma of patients with
MetS [50, 51]. In our recent study, we found an elevation in
the endocannabinoid activity in the liver, as indicated by an
increase in liver AEA and 2-AG concentrations in the high-
fructose/high-salt rat model of MetS [25]. Similarly, an increase
in AEA and 2-AG concentrations was observed in the prostate
of the MetS-induced BPH rat model. However, AM6545 and
AM4113 treatments decreased AEA and 2-AG contents in the
prostate. The reduction in AEA and 2-AG levels by CBI antag-
onism is proposed due to the negative feedback regulation of
endocannabinoid synthesis by CB1 receptor activation. How-
ever, when CBI receptors are blocked, the feedback loop is
disrupted, and AEA and 2-AG decrease. This effect has been
observed in various settings, including in animal models of
obesity and metabolic disorders in addition to clinical trials of
CB1 antagonists. The reduction in endocannabinoid levels is
believed to mediate the beneficial effects of CB1 antagonism on
cardiovascular and metabolic health. In addition, the decrease
in endocannabinoid levels may attenuate CB2-mediated signal-
ing in prostatic tissue, where CB2 receptors are expressed and
have been shown to regulate prostate growth and inflamma-
tion. However, additional research is required to determine
the exact contribution of CB2 receptors to the observed effects.
Overall, these findings indicate that dysregulation of endo-
cannabinoids in the prostate might contribute to the pathology
of MetS-induced BPH, which can be normalized by blocking the
CB1 receptor by peripherally acting antagonists.

In addition to the direct inhibition of CB1 receptors in the
prostate, it is indeed possible that improvements in blood glu-
cose levels or other metabolic parameters (such as glucose and
lipid levels) may have contributed to the observed reduction
in BPH. Preclinical studies have demonstrated that inhibition
of CBI receptors can improve metabolic parameters in animal
models of MetS [18]. Therefore, it is possible that the observed
reduction in BPH in the MetS group may be due to a combination
of direct CBI receptor inhibition in the prostate and improve-
ments in metabolic parameters. Further research is needed
to fully elucidate the underlying mechanisms and determine
whether CB1 receptor inhibition alone can reduce BPH.
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Conclusion

The CBI1 antagonists AM6545 and AM4113 protect against
MetS-induced BPH in rats. AM6545 and AM4113 exhibited
antiproliferative, antioxidant, and anti-inflammatory effects
in the prostate. AM4113 exhibited superior anti-proliferative
and antioxidant properties compared to AM6545. This may be
attributed to its superior lipid solubility compared to AM6545,
which gives it higher permeability to prostate tissue.
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Figure S1. Metabolic syndrome-induced histopathological changes in rat prostate tissues. Images were taken from the same group of rats and in some
cases from the same animal, but at different magnifications to show the changes in epithelial heights (indicated by arrows).
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