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Abstract: The inflammatory process is proposed to be one of the factors to benign prostatic en-
largement (BPH), and this is the first study examining the anti-inflammatory ability of phloretin in
treating rats with testosterone-induced BPH. BPH would be induced by testosterone (10 mg/kg/day
testosterone subcutaneously for 28 days), and the other groups of rats were treated with phloretin
50 mg/kg/day or 100 mg/kg/day orally (phr50 or phr100 group) after induction. Prostate weight
and prostate weight to body weight ratio were significantly reduced in the Phr100 group. Reduced
dihydrotestosterone without interfering with 5α-reductase was observed in the phr100 group. In
inflammatory proteins, reduced IL-6, IL-8, IL-17, NF-κB, and COX-2 were seen in the phr100 group. In
reactive oxygen species, malondialdehyde was reduced, and superoxide dismutase and glutathione
peroxidase were elevated in the phr100 group. In apoptotic assessment, elevated cleaved caspase-3
was observed in rats of the phr100 group. Enhanced pro-apoptotic Bax and reduced anti-apoptotic
Bc1-2 could be seen in the phr100 group. In histological stains, markedly decreased glandular hyper-
plasia and proliferative cell nuclear antigen were observed with reduced expression in the phr100
group. Meanwhile, positive cells of terminal deoxynucleotidyl transferase dUTP nick end labeling
were increased in the phr100 group. In conclusion, the treatment of phloretin 100 mg/kg/day could
ameliorate testosterone-induced BPH.

Keywords: prostatic hyperplasia; phloretin; anti-inflammatory; antioxidants; apoptosis

1. Introduction

Prostatic enlargement (PE), which is clinically diagnosed when the volume of the
prostate is >30 mL on ultrasound and features hyperplasia in both stromal and epithelial
cells in the prostate. It is mostly caused by an adenoma, called benign prostatic hyper-
plasia (BPH), in different zones and can lead to an elevated detrusor muscle pressure
and decreased micturition flow rate in urodynamic, leading to bladder outlet obstruction
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(BOO). BPH is most frequently diagnosed at the transition zone of the prostate, and BOO
may become worse if the PE protrudes into the bladder or if the median lobe is extremely
enlarged. BOO, which can be either storage or voiding symptoms, is the most common
problem for men with PE seeking medical help and can lead to costly medical expenses.
According to the literature [1], most urologists and patients start treatment with medicines
of alpha-blockers or 5-α reductase (5α-R) inhibitors, with the most frequently prescribed
drug being alpha-blockers [1]. Although alpha-blockers are more efficient in improving
the maximal flow rate than in combination with a 5α-R inhibitor, it is insufficient in con-
trolling the International Prostate Symptom Score, prostatic volume, and transitional zone
volume [2]. However, a combination of an alpha-blocker and 5α-R inhibitor would result
in more significant adverse effects such as problems in ejaculation, erection, and libido [2].
These adverse effects would compromise men’s quality of life and decrease adherence to
therapies.

Epidemiologically, the prevalence of PE and BPH increases with aging. Evidence
from autopsies has demonstrated that the prevalence of BPH was >50% and >80% in
men >60 and >70 years old, respectively [3]. Androgens have an essential role in BPH.
Testosterone is transformed into its active metabolite dihydrotestosterone (DHT) by type-2
5α-R in the stromal and epithelial cells of the prostate. It then stimulates cell growth via
autocrine or paracrine signal [4]. Aside from the influence of androgens, inflammation has
emerged as a factor that can affect the development of BPH [5], with a three-hit process
being proposed. After an initial infectious episode caused by either bacteria or viruses (the
first hit), inflammation would be sustained by abnormal metabolic conditions (the second
hit), particularly hypercholesterolemia, and eventually be maintained by hypogonadism
and/or hyperestrogenism (the third hit), leading to overexpressive Lectin-like oxidized
low-density lipoprotein receptor-1 (LOX-1) and reactive prostatic cell. A complete or partial
of this three-hit process would result in the overexpression of the toll-like receptors (TLR4)
in the prostatic cells, which would then act as antigen-presenting cells (APC) and stimulate
the human prostate-associated lymphoid tissue (PALT). The final stimulus of PALT, made
up of T and B lymphocytes and existing in the periglandular stroma, would eventually
lead to the excessive production of growth factors, promoting hyperplasia. According to a
previous study, inflammatory components such as COX-2 and interleukins (ILs) have been
proven to be significantly associated with this three-hit hypothesis [5].

Another issue brought about by inflammation was oxidative stress (OS), a status
wherein there are more reactive oxygen species (ROS) than can be detoxified in the tissues.
OS is particularly elevated when macrophages or neutrophils overproduce free radicals [6].
OS can influence cells through DNA point mutation, DNA deletion, DNA rearrangement,
or reducing DNA repair. These would alter a cell from its normal cycle and might prevent
apoptosis. This process possibly contributes to hyperplasia as well. In real-world practice,
chronic inflammation was associated with worse symptoms [7], and OS was significantly
decreased 60 days after prostatectomy to BPH [8].

On the basis of the abovementioned role of inflammation and OS in BPH and the
current limitation in medicines, this study aims to examine a new derivative with a phenolic
structure from a natural extract possessing antioxidative abilities and its effective treatment
dosage in controlling BPH. To our knowledge, polyphenolic compounds in fruits, such as
apples, could help lower cardiovascular events, reduce the risk of cancer, downregulate
inflammation, and prevent metabolic disease. Phloretin, a flavonoid extracted from apple
leaves [9], could not only improve the metabolic conditions but also suppress the expression
of macrophage and proinflammatory genes [10]. Suppressing the former could interrupt
the three-hit process and decrease APC in the prostate, whereas suppressing the latter could
downregulate OS in the prostate. Moreover, the ability of phloretin to induce apoptosis,
which can attenuate the development of prostate cancer, was also researched [11]. This
makes phloretin a possible and attractive derivative to prevent BPH. This study is the first
animal model discussing the therapeutic effect of phloretin on BPH.
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2. Materials and Methods
2.1. Animals

Sprague–Dawley rats used in this study were obtained from the National Labora-
tory Animal Center (Taipei, Taiwan). All procedures using animals were reviewed and
approved by the Institutional Animal Care and Use Committee of the National Chung
Hsing University (NCHU), and the study protocols were approved by the Committee on
Animal Research and Care in NCHU (No. 110046). The rats were placed in sterile cages
that were regulated for temperature (22 ± 3 ◦C), humidity (55 ± 5%), and 12 h day/night
cycle conditions. The rats were provided with ad libitum free access to sterilized mouse
food and water.

2.2. BPH induction and Dosage

The rats were divided into 5 groups of 5 rats each. In the control group, the rats
received corn oil/DMSO vehicles (v/v, 95%/5%) and served as the normal control. In
the BPH group, the rats were administered with a daily dose of 10 mg/kg testosterone
subcutaneously for 28 days. In the other 3 groups, BPH was induced in rats by administer-
ing testosterone 10 mg/kg in olive oil subcutaneously and simultaneous treatment with
different doses of phloretin (50 and 100 mg/kg × body weight; phr 50 and phr 100 group,
respectively) or finasteride (5 mg/kg × body weight; fina group) per orem, for 28 days.
Phloretin was administered orally at 2 doses (50 mg/kg, 100 mg/kg) on the basis of our
previous studies [12,13]. At the end of the treatment period, the mice were sacrificed by
using carbon dioxide (air displacement rate, 30% of the chamber volume/min). The rats
were exposed to 50% CO2 until they were unconscious and experienced cardiac arrest.
The vital parameters such as prostate weight (PW), prostate weight-to-body weight (BW)
ratio (PW/BW), DHT, 5α-R level, expression of ROS, and the inflammatory and apoptotic
proteins in the prostate tissue were evaluated.

2.3. Prostate Weight

After the rats were sacrificed on day 28, their prostate tissues were excised, rinsed, and
weighed immediately after removal. The PW/BW ratio was calculated using the following
equation: PW/BW ratio = (prostate weight of each rat from the experimental group/body
weight of each rat from the experimental group) × 100.

2.4. Histological Examination

After the rats were sacrificed on day 28, their prostate tissue samples were fixed in
4% formalin, dehydrated with a graded alcohol series, embedded in paraffin, and then cut
into 4-µm-thick sections. The sections were stained with hematoxylin and eosin (Sigma-
Aldrich Inc., St. Louis, MO, USA). The images were captured by using a microscope
(Leica, Wetzlar, Germany) under a 10× eyepiece and a 10× objective lens (100×). The
epidermal thickness was measured using ImageJ software (National Institutes of Health
[NIH], Bethesda, Montgomery County, MD, USA).

2.5. Determination of DHT in Serum

The DHT analyses were performed by using the serum from centrifuged blood (4 ◦C
and 10,000 rpm for 5 min) of sacrificed rats on day 28. The levels of DHT were determined
by using commercial enzyme-linked immunosorbent assay (ELISA) kits (cat. 11-DHTHU-
E01, ALPCO Diagnostics, Salem, NH, USA) and performed according to the manufacturer’s
instructions. Results were expressed in pg/mL units.

2.6. Assay for Antioxidant Markers in Prostate Tissue

On day 28, the total protein was isolated from 100 mg of prostate tissue by homog-
enization in 1 mL of a tissue protein extraction reagent (Pierce, Rockford, IL, USA) with
protease inhibitors (Roche, Indianapolis, IN, USA). The supernatants obtained after cen-
trifugation of the homogenates (10,000 g for 5 min at 4 ◦C) were used for protein assays,
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with the remainder of the supernatant stored at −80 ◦C for further analysis. The protein
concentrations were quantified by a bicinchoninic acid protein assay kit (Thermo Fisher
Scientific, Waltham, MA, USA). The prostate concentrations of malondialdehyde (MDA)
levels, superoxide dismutase (SOD), and glutathione peroxidase (GSH-px) were deter-
mined using commercial kits purchased from the MyBiosource Company (San Diego, CA.
USA). All procedures were performed according to the manufacturer′s recommendations.

2.7. Assay for Cytokine Expressions in Prostate Tissue

Prostate tissues from rat were collected by the end of day 28. The assay for the levels
of IL-6, IL-8, and IL-17A was performed in the prostate tissue of BPH and treated groups
using specific ELISA kits (MyBiosource Company, San Diego, CA. USA). All procedures
were performed according to the manufacturer′s recommendations.

2.8. Immunohistochemistry

After rats were sacrificed on day 28, their prostate tissues were removed and sectioned
in the sagittal plane. Then, prostate tissues would be embedded into paraffin blocks to
support the tissue structure. The paraffin-embedded slides were de-paraffinized and
rehydrated before antigen retrieval. Antigen was retrieved with citrate buffer in a high-
pressure cooking pot, followed by quenching of endogenous peroxidase and blocking
with normal serum. The slides were incubated overnight at 4 ◦C with antibodies to the
proliferative cell nuclear antigen (PCNA; polyclonal, ab18197, dilution to 1:200; Abcam,
Cambridge, UK). Tissue sections were subsequently washed and incubated with HRP-
conjugated goat anti-rabbit secondary antibody (polyclonal; 111-035-144; dilution to 1:2000;
Jackson ImmunoResearch, West Grove, Chester PA, USA) for overnight at 4 ◦C. Enzyme
activity was then detected by adding 3,3′-diaminobenzidine (DAB) chromogen (LabVision
Corp., Fremont, CA, USA). The images were captured by using a microscope (Leica,
Wetzlar, Germany) with a 10× eyepiece and a 40× objective lens (400×). Then, 5 randomly
distributed fields within the ventral prostate lobe on each slide were analyzed. The cells
with brown nuclei were considered PCNA-positive, counted, and expressed as a percentage
of the total cells.

2.9. Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling Staining of Prostate Tissue

Prostate tissues from rats were collected by the end of day 28. The paraffin-embedded
slides were de-paraffinized and rehydrated. TUNEL staining was performed by using a
Click-iT™ TUNEL Colorimetric IHC Detection Kit (Thermo Fisher Scien-tific, Waltham,
MA, USA). The images were captured using a microscope (Leica, Wetzlar, Germany) with
a 10× eyepiece and a 20× objective lens (200×).

2.10. Assay for Cleaved Caspase-3 in Prostate Tissue

Prostate tissues from rats were collected by the end of day 28. The total protein was
isolated from 100 mg of prostate tissue by homogenization in 1 mL of a tissue protein extrac-
tion reagent (Pierce, Rockford, IL, USA) with protease inhibitors (Roche, Indianapolis, IN,
USA). The supernatants were obtained after centrifugation of the homogenates (10,000× g
for 5 min at 4 ◦C). The prostate concentrations of the MDA levels were measured by using
an active caspase-3 ELISA kit (MBS7244630, MyBioSource).

2.11. NF-κB Activity Assay

On day 28, the prostate tissues were harvested by homogenization in 1 mL of a tissue
protein extraction reagent (Pierce, Rockford, IL, USA) with protease inhibitors (Roche,
Indianapolis, IN, USA), and the nuclear extracts were prepared by using the NE-PER
Nuclear and Cytoplasmic Extraction system (Thermo Fisher Scientific, Waltham, MA,
USA). For each assay, a total of 10 µg of nuclear extract was used in a TransAM NF-κB p65
ELISA kit (Active Motif, Carlsbad, CA, USA). The procedure was performed according to
the manufacturer’s instructions.
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2.12. Western Blot Analysis

Prostate tissues from rats were collected by the end of day 28. They were homogenized
and proteins were extracted with RIPA lysis buffer. Equal amounts (30 µg) of proteins were
loaded onto SDS-PAGE gels. Following electrophoresis, the proteins were transferred to
nitrocellulose membranes, which were incubated with primary antibodies against 5α-R
((SRD5A1), polycolonal, 1:1000; Thermo Fisher Scientific, Waltham, MA, USA), COX-2
(clone SP21, 1:1000; Thermo Fisher Scientific, Waltham, MA, USA), B-cell lymphoma-2
(Bcl-2) antigen (polycolonal, 1:1000; Thermo Fisher Scientific, Waltham, MA, USA), Bcl-
2 associated X protein (Bax) (polycolonal, 1:1000; (Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) and anti-GAPDH (polycolonal, 1:5000; Thermo Fisher Scientific,
Waltham, MA, USA). Following the additional washing with PBS-T, the membrane was in-
cubated with HRP-conjugated goat anti-rabbit secondary antibody (polyclonal; 111-035-144;
dilution to 1:10,000; Jackson ImmunoResearch, West Grove, PA, USA) for overnight at 4 ◦C,
and the immunoreactive bands were detected with an enhanced chemiluminescence (ECL)
(GE Healthcare Life Sciences) system and developed by using the Hansor Luminescence
Image System (Taichung, Taiwan). All bands in the blots were normalized to the level of
GAPDH for each lane. The band density was measured with the ImageJ v1.47 program for
Windows from the National Institute of Health (NIH) (Bethesda, Rockville, MD, USA).

2.13. Statistical Analyses

Values were presented as standard deviation, and the results were analyzed statistically
via one-way analysis of variance followed by Tukey′s multiple comparisons with GraphPad
Prism software (version 9.0; GraphPad Software, Inc., San Diego, CA, USA). Type-1 error
was set as 5%, and similar results were obtained from 3 independent experiments.

3. Results
3.1. Phloretin Prevents Hyperplasia in Testosterone-Induced BPH Rats

The mean prostate weight (PW) of rats in the BPH group was significantly increased as
compared to the normal rats, indicating that testosterone-induced BPH in rats (Figure 1A,B).
The PW was reduced considerably in the phr100 group and fina group rats (Figure 1A,B).
Moreover, administration of 100 mg phloretin and finasteride showed efficacy in reducing
the PW/BW ratio, as compared to BPH (Figure 1C). However, there was no difference
between the phr 50 group and BPH group (Figure 1C) in terms of PW and PW/BW.
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Representative images showing changes of prostatic tissues from each experimental group on day 
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and analyzed. Prostate weight to body weight (PW/BW) ratio. (**) p < 0.01, (***) p < 0.001 versus the 
BPH group, as determined by one-way ANOVA with Tukey’s multiple comparison test. 

3.2. Phloretin Suppressed the Hyperplastic Patterns in Prostate Tissue of BPH Rats 
Histological examination (Figure 2) of prostate tissue revealed that rats in the BPH 

group had more glandular hyperplasia with a decreased glandular luminal area (Figure 
2A) and increase thickness of the prostatic epithelial cell layer (Figure 2B) than control 
group. Rats of the phr50 group exhibited moderate suppression of prostate hyperplasia 
patterns, and rats of phr100 group markedly restored the cellular architecture from tes-
tosterone-induced BPH condition. The epithelial cell thickness was also reduced, and the 
luminal area increased considerably in the phr100 group (Figure 2A,B). There were near 
normal prostatic glands with mild focal inflammation in the fina group (Figure 2A). 

Figure 1. The effect of phloretin on enlarged prostate in testosterone-induced BPH rat model.
(A) Representative images showing changes of prostatic tissues from each experimental group on day
28. (B) Prostate weight (PW) and (C) prostate weight to body weight (PW/BW) ratio was measured
and analyzed. Prostate weight to body weight (PW/BW) ratio. (**) p < 0.01, (***) p < 0.001 versus the
BPH group, as determined by one-way ANOVA with Tukey’s multiple comparison test.

3.2. Phloretin Suppressed the Hyperplastic Patterns in Prostate Tissue of BPH Rats

Histological examination (Figure 2) of prostate tissue revealed that rats in the BPH
group had more glandular hyperplasia with a decreased glandular luminal area (Figure 2A)
and increase thickness of the prostatic epithelial cell layer (Figure 2B) than control group.
Rats of the phr50 group exhibited moderate suppression of prostate hyperplasia patterns,
and rats of phr100 group markedly restored the cellular architecture from testosterone-
induced BPH condition. The epithelial cell thickness was also reduced, and the luminal
area increased considerably in the phr100 group (Figure 2A,B). There were near normal
prostatic glands with mild focal inflammation in the fina group (Figure 2A).
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Figure 2. The effects of phorelatin on the hyperplastic patterns in prostate tissue of BPH rats. (A) 
Histological analysis for hematoxylin and eosin-stained prostatic tissues sections from each experi-
mental group on day 28 (original magnification × 100). (B) The epithelial thickness of the prostate 
tissues. (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 versus the BPH group, as determined by one-way 
ANOVA with Tukey′s multiple comparison test. 

3.3. Daily 100 mg/kg Phloretin Significantly Decreased the Serum DHT Level in BPH Rats 
The levels of serum DHT and prostatic tissue 5α-R were determined via ELISA kits 

and Western blotting, respectively. Data in Figure 3 indicated that the prostates of rats in 
BPH group had increased serum DHT (Figure 3A) and tissue 5α-R (Figure 3B,C) levels, 
compared with the control group. Besides, daily administration of finasteride decreased 
both the levels of DHT and 5α-R in serum and prostate tissue, respectively. Administra-
tion of phloretin 100 mg/kg could significantly decrease the level of serum DHT without 
affecting prostatic 5α-R (Figure 3A). However, although phloretin of 50 and 100 mg/kg 
could lower 5α-R, this effect did not reach a statistical difference (Figure 3B,C). 

Figure 2. The effects of phorelatin on the hyperplastic patterns in prostate tissue of BPH rats.
(A) Histological analysis for hematoxylin and eosin-stained prostatic tissues sections from each
experimental group on day 28 (original magnification ×100). (B) The epithelial thickness of the
prostate tissues. (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 versus the BPH group, as determined by
one-way ANOVA with Tukey′s multiple comparison test.

3.3. Daily 100 mg/kg Phloretin Significantly Decreased the Serum DHT Level in BPH Rats

The levels of serum DHT and prostatic tissue 5α-R were determined via ELISA kits
and Western blotting, respectively. Data in Figure 3 indicated that the prostates of rats in
BPH group had increased serum DHT (Figure 3A) and tissue 5α-R (Figure 3B,C) levels,
compared with the control group. Besides, daily administration of finasteride decreased
both the levels of DHT and 5α-R in serum and prostate tissue, respectively. Administration
of phloretin 100 mg/kg could significantly decrease the level of serum DHT without
affecting prostatic 5α-R (Figure 3A). However, although phloretin of 50 and 100 mg/kg
could lower 5α-R, this effect did not reach a statistical difference (Figure 3B,C).
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Figure 3. The effects of phloretin on the serum DHT and prostatic 5α-R level in rats of all groups. 
Serum and prostatic tissues’ homogenates (100 μg/well) were collected on day 28 from each group 
of rats. (A) Serum ELISA for DHT. (B) Prostatic tissues were collected on day 28, the protein expres-
sion levels of 5α-R were measured using Western blots. (C) Densiometric measurements of protein 
levels were normalized to the corresponding GAPDH protein level using ImageJ software. (*) p < 
0.05, (**) p < 0.01, (***) p < 0.001 versus the BPH group, as determined by one-way ANOVA with 
Tukey’s multiple comparison test. 

3.4. Phloretin Regulated the Expression of Inflammatory Markers in BPH Rats 
As shown in Figure 4, rats in BPH group had more increasing levels in IL-6, IL-8, and 

IL-17A than the control group (Figure 4A–C) in prostate tissues. Similarly, testosterone 
treatment (BPH group) could markedly increase the expression of nuclear NF-κB binding 
activity (Figure 4D) and COX-2 expression (Figure 4E,F) in prostate tissues. Although rats 
of the phr50, phr100, and fina group had decreasing effects on the abovementioned in-
flammatory factors (Figure 4A–F), only daily 100 mg/kg phloretin could down-regulate 
all these factors to a significant level. 

Figure 3. The effects of phloretin on the serum DHT and prostatic 5α-R level in rats of all groups.
Serum and prostatic tissues’ homogenates (100 µg/well) were collected on day 28 from each group of
rats. (A) Serum ELISA for DHT. (B) Prostatic tissues were collected on day 28, the protein expression
levels of 5α-R were measured using Western blots. (C) Densiometric measurements of protein levels
were normalized to the corresponding GAPDH protein level using ImageJ software. (*) p < 0.05,
(**) p < 0.01, (***) p < 0.001 versus the BPH group, as determined by one-way ANOVA with Tukey’s
multiple comparison test.

3.4. Phloretin Regulated the Expression of Inflammatory Markers in BPH Rats

As shown in Figure 4, rats in BPH group had more increasing levels in IL-6, IL-8, and
IL-17A than the control group (Figure 4A–C) in prostate tissues. Similarly, testosterone
treatment (BPH group) could markedly increase the expression of nuclear NF-κB binding
activity (Figure 4D) and COX-2 expression (Figure 4E,F) in prostate tissues. Although
rats of the phr50, phr100, and fina group had decreasing effects on the abovementioned
inflammatory factors (Figure 4A–F), only daily 100 mg/kg phloretin could down-regulate
all these factors to a significant level.

3.5. Phloretin Inhibited the Expression of PCNA in the Prostate

The expression of proliferating cell nuclear antigen (PCNA) protein was elevated in
the prostate tissues in the BPH group, compared with the control group. After finasteride
treatment, the expression of PCNA was reduced in the fina group, compared with the BPH
group (Figure 5A,B). Reduction of expression of PCNA protein was also observed in the
rats of phr100 group. Although the proliferative cells were decreased in the phr50 group,
this did not achieve a significantly statistical difference (Figure 5A,B).
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Figure 4. The expression of inflammatory markers in prostate tissue of all rats. Levels of (A) IL-6,
(B) IL-8, (C) IL-17 in prostate tissue homogenates. Prostate tissue (100 µg/well) was collected on day
28 from each group of rats for assessing cytokine profiles by ELISA. (D)NF-κB p65 DNA-binding
activity in nuclear extracts of prostate tissue homogenates was determined by using the TransAM
kit, representing the optical density at 450 nm (OD450) values. (E) Prostate tissue was collected on
day 28, the protein expression levels of COX-2 were measured using Western blots. (F) Densiometric
measurements of protein levels were normalized to the corresponding GAPDH protein level using
ImageJ software (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 versus the BPH group, as determined by
one-way ANOVA with Tukey’s multiple comparison test.

3.6. Effect of Phloretin on Prostatic MDA, SOD, and GSH-Px

The OS and antioxidants results are listed in Supplement Table S1. Testosterone
resulted in a significant increase in the level of MDA in the BPH group (13.1± 1.9 nmol/mg,
control group: 5.1 ± 1.2 nmol/mg; p < 0.001), whereas the administration of 100 mg/kg
phloretin (phr 100; 6.5 ± 1.6 nmol/mg; p < 0.001 versus BPH group) and finasteride (fina
group; 8.9 ± 2.2 nmol/mg; p < 0.05 versus BPH group) markedly decreased the levels of
MDA. A notable decrease in SOD (7.2± 1.2 U/mg, control group: 14.4 ± 1.5; p < 0.001) and
GSH-Px (27.4 ± 4.6 U/g control group: 45.2 ± 5.3 U/g; p < 0.001) was observed in the BPH
group. The levels of SOD and GSH-Px were significantly elevated in the phr 100 (SOD:
11.84 ± 1.9 U/mg; p < 0.01 versus BPH group, GSH-Px: 44.8 ± 7.6 U/g; p < 0.01 versus
BPH group) and fina groups (SOD: 10.3 ± 1.5 U/mg; p < 0.05 versus BPH group, GSH-Px:
38.3 ± 5.7 U/g; p < 0.05 versus BPH group) in comparison with the BPH group. Although
the phr 50 group had significantly lower levels of MDA (8.9± 2.7 nmol/mg; p < 0.05 versus
BPH group), the elevation of the levels of the antioxidants was not significant. These results
indicate that phloretin 100 mg/kg could significantly attenuate the OS in BPH.
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3.7. Phloretin Regulated the Expression of Apoptosis Markers in BPH Rats

In histological stains of Figure 6, there was no significant difference in the number of
TUNEL positive cells between the control group and the BPH group (Figure 6A). In the
phr100 group, there was a greatly increased number of TUNEL positive cells compared
with the BPH group. Additionally, there was a considerable increase in the cleaved caspase-
3 level in the prostate tissues of rats in the phr100 group (Figure 6B). Furthermore, in the
phr100 and fina groups, it showed a significant decrease in the anti-apoptotic protein Bcl-2
and an increase in the expression of the pro-apoptotic protein Bax, compared with the BPH
group (Figure 6C–E)
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Figure 6. The effects of phorelatin on the expression of apoptosis markers in the prostate of BPH
rats. (A) Representative photomicrographs of prostate tissue from each experimental group on day
28, showing apoptotic cells, determined by TUNEL staining (magnification, ×200). (B) Prostate
tissue (100 µg/well) was collected on day 28 from each group of mice for assessing cleaved caspase-3
protein expression by ELISA. The protein expression levels of (C) Bcl-2 and (D) Bax were measured
using Western blots. (E) Densiometric measurements of protein levels were normalized to the
corresponding GAPDH protein level using ImageJ software. (*) p < 0.05, (**) p < 0.01 versus the BPH
group, as determined by one-way ANOVA with Tukey′s multiple comparison test.

4. Discussion

From the three-hit process, the prostate cells in BPH could stimulate the secretion of
IL-6 and IL-8. Additionally, activating the alloreactive CD4 T cells could further release
IL-17, which in turn could amplify the production of IL-6 and IL-8 and form a positive
proinflammatory loop [14]. Recently, several bioactive agents that focused on interrupting
this loop have been studied, and their results have been promising [15,16]. Earlier, we
mentioned that the testosterone-type-2 5α-R-DHT axis could stimulate the growth of
stromal and epithelial prostatic cells [4] via autocrine or paracrine signaling, with the
inflammatory response as another possible pathway. In our experiment, we observed
elevated levels of IL-6, IL-8, and IL-17 in rats with testosterone-induced BPH, which may
imply that the effect of inflammation and androgens in stimulating the growth of prostate
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cells might not be independent of each other and may actually have a common pathway.
Our results also showed that phloretin 100 mg/kg/day could successfully attenuate the
ILs and DHT to decrease the PW and PW/BW.

NF-κB has long been studied for its role in the proinflammatory pathway. Its im-
portance in the development of prostate cancer was believed to be associated with its
anti-apoptotic function [17,18]. Activating the anti-apoptotic gene Bcl-2 could exert its abil-
ity to hamper prostate cells from normal decay. Additionally, NF-κB could upregulate the
gene-producing IL-6 and possibly stimulate the abovementioned loop, further enhancing
the proliferation of prostatic cells [17]. A study also mentioned that in low-dose bisphenol
A (BPA)-induced BPH, increased levels of NF-κB were also noted [19]. In our experimental
rat models, 100 mg/kg/day of phloretin not only attenuated both NF-κB and Bcl-2 but also
exerted its pro-apoptotic function by upregulating the apoptotic gene Bax. Additionally,
cleaved caspase-3, which performs apoptosis, was enhanced in our experiment, reflecting
the true pro-apoptotic effect of phloretin by upregulating Bax. In the tissue assessment
of PCNA and TUNEL, both the reduced effect of the former and the enhanced effect of
the latter simultaneously demonstrated the antiproliferative and pro-apoptotic effects of
phloretin.

In the inflammatory process, the arachidonic acid (AA) metabolic pathway is mostly
involved. Under the effect of prostaglandin (PG) synthases, AA will be degraded into
functional PGs, affecting the inflammatory and hormonal processes. Among them, COX-2,
a PG H synthase, will be significantly upregulated when induced by various factors such
as hormone and inflammation-related signals. In low-dose BPA-induced BPH, COX-2
was associated with the proliferation of prostatic cells, and suppressing it could promote
apoptosis and inhibit proliferation [19]. In our experiment, phloretin 100 mg/kg/day could
lower the COX-2 level. However, COX-2 is involved not only in the inflammation but also in
the protection of the gastrointestinal tract. Although the value of COX inhibitors in helping
improve the BOO of BPH in conjunction with alpha-blockers has been studied [20], its
clinical application has been restricted by the possible adverse effects on the gastrointestinal
tract [21]. If COX inhibitors also affected COX-1, the additional cardiovascular risk must be
considered [21]. In terms of cardiovascular risk, phloretin could exert its cardioprotective
benefits by inhibiting intracellular chloride channels [22,23]. In terms of its gastrointestinal
benefits, phloretin has been proven to attenuate ulcerative colitis in animal models via the
downregulation of OS [24], and it also provides hepatoprotection by increasing the levels
of antioxidants [25].

To assess OS, MDA, SOD, and GSH-px were studied to examine the function of
phloretin. Increased lipid peroxidation will result in the downregulation of the radical-
scavenging system, which will worsen the inflammatory condition. In clinical studies,
plasma MDA [26] has been shown to be related to inflammatory reactions [27] and even
cancer [28]. However, its correlation to prostate cancer and BPH are seldom discussed.
In a prospective study [29], several OS-related indices were comprehensively unveiled.
MDA was significantly related to prostate cancer; however, its relationship with BPH
was not significant. Notably, this study was underpowered and might represent a type-2
error. As for SOD and GSH-px, lower levels were observed in BPH than in normal healthy
patients [29]. Between SOD and GSH-px, the role of the latter has been studied more
often. In a meta-analysis, GSH-px was related to prostate cancer and BPH development,
and its level was lower in prostate cancer than in BPH [30]. Although the conclusion
regarding GSH-px and its relationship with prostate cancer and BPH suffered from great
heterogeneity, where I2 values were 88% and 91%, this might still provide a temporary
trend of assessment. In this study, phloretin 100 mg/kg/day could not only decrease MDA
but also increase the levels of SOD and GSH-px. This might imply that phloretin could not
only prevent BPH but also play a role in preventing prostate cancer.

In the developed countries of Asia, the Western lifestyle was hypothesized to be
related to the increasing trend of prostate cancer [31]. One example is a high-fat diet, which
was one of the essential contributing factors. This may have caused excessive production
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of ROS and OS, resulting in a rise in cases of BPH. Similar to our experiment, the impact of
a high-fat diet was investigated [32]. It could increase levels of IL-6 and COX-2, thereby
promoting the inflammatory process. Its anti-apoptotic ability was observed in increasing
NF-κB and Bcl-2 and downregulating Bax. At the same time, the increase in OS was evident
from the elevated levels of MDA and decreased levels of SOD and GSH-px. This way, the
proposed therapeutic effect of phloretin in this study might antagonize the effects of a
Western lifestyle and help ameliorate the increasing trend of prostate cancer and BPH.

Our study showed that 100 mg/kg/day of phloretin may prevent BPH by hampering
the proinflammatory and anti-apoptotic conditions, promoting apoptotic ability, and allevi-
ating OS (Figure 7). However, only a partial effect was observed when 50 mg/kg/day of
phloretin was administered. Except for the downregulated proinflammatory ILs, no pro-
apoptotic effect and decreased OS were observed. This partial effect might be attributed
either to the type-2 error in our small-size study or to an inferior dosage; an accurate
treatment effect for 50 mg/kg/day requires a larger sample size. To date, this is the first
animal model that verified the therapeutic effect of 100 mg/kg/day phloretin in preventing
BPH. Aside from the alpha-blockers and 5α-R inhibitors, phloretin might serve as a new
derivative in treating BPH. The design of its practical application should incorporate side
effects such as libido and erection into consideration. Aside from the abovementioned side
effects of alpha-blockers and 5α-R inhibitors, the possible gastrointestinal side effects of
phloretin, particularly gastritis and gastric ulcer, should be considered since it also pos-
sesses the ability to inhibit COX-2, as literature describing them is not yet available. Once
the lesser side effects of phloretin have been addressed, its use can be more widespread
and may increase the patients′ adherence to medications, thereby improving the quality
of life.
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activation. (B) After activation of the inflammatory process, the major ILs involved in stimulating hyperplasia were IL-17,
IL-6, and IL-8. All these factors were suppressed by phloretin 100 mg/kg/day. (C) In cellular aspects of TLR4 overexpression,
phloretin 100 mg/kg/day exerted its anti-hyperplasia ability through inhibiting COX-2, upregulating Bax and caspase-3,
downregulating Bcl-2, upregulating SOD and GSH-Px, and downregulating MDA and NF-κB.

5. Conclusions

Phloretin, a natural flavonoid, could help prevent BPH in rats by downregulating
proinflammatory ILs, inhibiting anti-apoptotic genes, promoting apoptotic activity, and alle-
viating OS. With an effective treatment dosage of 100 mg/kg/day examined successfully in
this study, future experiments could further focus on its cardiovascular and gastrointestinal
side effects in the animal model and extend it to human trials if proven safe.
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.3390/life11080743/s1, Table S1: The effect of phloretin on Prostatic MDA, SOD, and GSH-Px.
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