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ABSTRACT

Benign prostatic hyperplasia (BPH) is a common urinary disease among the elderly, characterized by
abnormal prostatic cell proliferation. Neferine is a dibenzyl isoquinoline alkaloid extracted from
Nelumbo nucifera and has antioxidant, anti-inflammatory and anti-prostate cancer effects. The beneficial
therapeutic effects and mechanism of action of neferine in BPH remain unclear.

A mouse model of BPH was generated by subcutaneous injection of 7.5 mg/kg testosterone propionate
(TP) and 2 or 5 mg/kg neferine was given orally for 14 or 28 days. Pathological and morphological char-
acteristics were evaluated. Prostate weight, prostate index (prostate/body weight ratio), expression of
type II 5a-reductase, androgen receptor (AR) and prostate specific antigen were all decreased in prostate
tissue of BPH mice after administration of neferine. Neferine also downregulated the expression of pro-
caspase-3, uncleaved PARP, TGF-B1, TGF-B receptor II (TGFBR2), p-Smad2/3, N-cadherin and vimentin.
Expression of E-cadherin, cleaved PARP and cleaved caspase-3 was increased by neferine treatment.

1-100 puM neferine with 1 uM testosterone or 10 nM TGF-B1 were added to the culture medium of the
normal human prostate stroma cell line, WPMY-1, for 24 h or 48 h. Neferine inhibited cell growth and
production of reactive oxygen species (ROS) in testosterone-treated WPMY-1 cells and regulated the
expression of androgen signaling pathway proteins and those related to epithelial-mesenchymal transi-
tion (EMT). Moreover, TGF-p1, TGFBR2 and p-Smad2/3, N-cadherin and vimentin expression were
increased but E-cadherin was decreased after 24 h TGF-B1 treatment in WPMY-1 cells. Neferine reversed
the effects of TGF-B1 treatment in WPMY-1 cells. Neferine appeared to suppress prostate growth by reg-
ulating the EMT, AR and TGF-B/Smad signaling pathways in the prostate and is suggested as a potential
agent for BPH treatment.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

(Rastrelli et al., 2019). Testosterone (T) is converted into dihy-
drotestosterone (DHT) by 5a-reductase and acts on the prostate

Benign prostatic hyperplasia (BPH) is a common urinary condi-
tion in middle-aged and elderly men (Paniagua Cruz et al., 2020).
Lower urinary tract symptoms (LUTS), including dysuria, urinary
tract infection and occasional complications, such as obstructive
nephropathy and impaired renal function are seen (Parsons et al.,
2020). BPH progression depends on high androgen Ilevels
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androgen receptor. On DHT binding, AR enters the nucleus and reg-
ulates gene expression (Heinlein and Chang, 2002; Roy and
Chatterjee, 1995). Prostate specific antigen (PSA) is a marker of
BPH, regulated by the androgen receptor (AR). BPH medications
include o-adrenoceptor blockers and 5a-reductase inhibitors
which reduce prostate volume and relieve LUTS.

The epithelial-mesenchymal transition (EMT) is involved in
embryogenesis, cancer metastasis, fibrosis and BPH (Bakir et al.,
2020; Lu et al., 2012; Marconi et al., 2021). Epithelial cells lose
their polarity during the EMT, cell-cell adhesion is disrupted and
a mesenchymal phenotype is acquired (Micalizzi et al., 2010) with
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reduction of the epithelial marker, E-cadherin, and increase in the
mesenchymal markers, N-cadherin and vimentin (Wang et al.,
2021a). Reversing the EMT has been suggested as a BPH treatment
target. The cytokine, TGF-B, participates in cell proliferation, differ-
entiation, apoptosis, migration and the EMT (Larson et al., 2020;
Wang et al., 2021b) and is highly expressed in BPH patients, caus-
ing tissue inflammation and angiogenesis (Afdal et al., 2019).
Exogenous TGF-B induced migration, EMT of prostatic epithelial
cells and promoted the proliferation of prostatic stromal cells
(Huang and Lee, 2003; Zhu and Kyprianou, 2005).

Chinese traditional medicine encompasses plant phytochemi-
cals with various pharmacological activities against disease. Nefer-
ine is a bisbenzylisoquinoline alkaloid extracted from Nelumbo
nucifera Gaerth (Lotus) and is used both as food and Traditional
Chinese Medicine. Neferine has anti-cancer (Manogaran et al.,
2022), antioxidant (Qi et al., 2021), anti-diabetic (Marthandam
Asokan et al., 2018) and anti-inflammatory (Chiu et al., 2021) activ-
ities. Neferine, liensinine and isoliensinine inhibited prostate can-
cer growth by down-regulating the expression of AR, PSA and
type Il 5a-reductase in prostate cancer (Liu et al., 2021). However,
the therapeutic benefits and mechanism of action of neferine on
BPH remain unclear.

The present study examined the effects of neferine on BPH
development in vivo and in vitro and its impact on the EMT and
TGF-B/Smad signaling pathway. The aim was to clarify the effects
of neferine in BPH to prevent disease development and progression.

2. Materials and methods
2.1. Chemicals and reagents

Neferine of 95-99% purity (cat. no. BP0987) was purchased
from Chengdu Biopurify Phytochemicals, Ltd (Chengdu, China)
and finasteride (cat. no. F156753), testosterone (cat. no.
T102169) and testosterone propionate (cat. no. T101368) from
Aladdin Biochemical Technology Co., Ltd (Shanghai, China). PSA
ELISA kits (cat. no. JM-02752 M1) were purchased from Jiangsu
Jingmei Biotechnology Co., Ltd (Jiangsu, China). Dulbecco’s Modi-
fied Eagle Medium (DMEM) was supplemented with 10% fetal
bovine serum (FBS), both from Cellmax (Beijing, China), and peni-
cillin (100 U/ml)-streptomycin (100 pg/ml) from Beyotime Insti-
tute of Biotechnology (Haimen, China). Reactive oxygen species
assay kit (cat. no. BL714A) was obtained from Biosharp (Hefei,
Anhui, China). Recombinant Human TGF-B1 (cat. no. P00121) was
purchased from Solarbio (Beijing, China); antibodies against p actin
from MilliporeSigma (cat. no. A5441; Massachusetts, USA); against
androgen receptor (AR; cat. no. CY5030), TGF-B1 (cat. no. CY2179)
and 5o-reductase type II (cat. no. CY8576) from Abways Technol-
ogy (Shanghai, China). Primary antibodies against PSA (cat. no.
ab76113) were purchased from Abcam (Shanghai, China); against
E-cadherin (cat. no. 3195), N-cadherin (cat. no. 13116), vimentin
(cat. no. 5741), PARP (cat. no. 9542), caspase-3 (cat. no. 14220),
cleaved caspase-3 (cat. no. 9664) and cleaved PARP (cat. no.
5625) from Cell signaling technology (Shanghai, China). Antibodies
against TGFBR2 (cat. no. AF5449), Phospho-Smad2/3 antibody
(cat. no. AF3367) and Smad2/3 (cat. no. AF6367) were purchased
from Affinity Biosciences LTD (Shanghai, China). Anti-rabbit IgG
HRP-linked antibody (cat. no. 7074) and anti-mouse IgG
HRP-linked antibody (cat. no. 7076) were purchased from Cell
Signaling Technology.

2.2. Animal experiments

7-week-old male Institute of Cancer Research (ICR) mice (Hun-
nan SJA Laboratory Animal Co., Ltd.) were acclimatized for 7 days
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prior to experimentation at 22 + 2 °C with a 12-h light/12 h dark
cycle. All experiments were approved and conducted according
to the guidelines of the Animal Care and Ethics Committee of
Yichun University (Approval No. 2022006). A dose of 7.5 mg/kg
testosterone propionate was given to induce BPH (Gu et al,
2021; Huang et al.,, 2017; Solanki et al., 2021; Zou et al., 2017). A
previous study indicated that neferine at 1 and 10 mg/kg has
vasorelaxant and antihypertensive effects and intermediate doses
of 2 and 5 mg/kg were selected for the current study (Wicha
et al., 2020). Mice were randomly divided into five groups: (A) con-
trol (vehicle, n = 6); (B) testosterone propionate model (TP, 7.5 mg/
kg, n = 6); (C) TP + neferine (2 mg/kg, n = 6) (D) TP + neferine (5 mg/
kg, n = 6) (E) TP + finasteride (10 mg/kg, n = 6). The BPH model was
induced by subcutaneously injecting 7.5 mg/kg testosterone propi-
onate (TP) dissolved in corn oil. Neferine and finasteride were dis-
solved in corn oil and given orally once a day. Treatment was given
for 14 or 28 days and the weights of mice were measured weekly.
Mice were sacrificed at 14 or 28 days and the prostate/body weight
ratio was calculated to give the prostate index. Prostate
index prostate wight of mice (g)/ body weight of mince
(g) x 1000. Serum was collected for determination of PSA concen-
tration by ELISA kit, according to the manufacturer’s instructions.

2.3. Histopathological examination

Prostatic specimens were fixed in 10% formalin overnight,
embedded in paraffin and sliced into 4 pm sections. Slides were
stained with hematoxylin and eosin (H&E) solutions and morphol-
ogy was examined under a 10x40 inverted microscope (Nikon
TI DH).

2.4. Cell lines and cell culture

Immortalized normal prostate stromal cells (WPMY-1) were
purchased from Shanghai Fuheng Biotechnology Co., Ltd. (Shang-
hai, China) and cultured in DMEM media supplemented with peni-
cillin (100 U/ml)-streptomycin (100 pig/ml) and 10% FBS at 37Cin a
humidified atmosphere with 5% CO,.

2.5. Determination of cell survival rate by MTT assay

WPMY-1 cells were plated in 96-well plates at a density of
1x10* cells per well and allowed to reach 80% confluency before
treatment with neferine (10, 100 uM) or finasteride (10, 100 uM)
with/without 1 pM testosterone for 24 h or 48 h. 10 pl of 5 mg/
ml MTT was added to the 100 pl well volume and incubated for
4 h at 37 °C. Medium was discarded and 100 pl/ well DMSO was
added to dissolve formazan crystals with incubation at room tem-
perature for 20 min. Absorbance was measured at 570 nm with a
BIO-RAD microplate reader.

2.6. Determination of reactive oxygen species content

WPMY-1 cells were inoculated into a 6-well plate at a density of
1x10° cells/well and incubated at 37 °C in a 5% CO, incubator for
48 h. Cells were treated with 1 or 10 pM neferine with or without
1 uM testosterone and incubated at 37C for 24 h before fixing with
10 pM H2DCFH-DA in the dark and washing twice with serum free
medium. Cells were re-suspended in PBS and reactive oxygen spe-
cies (ROS) were analyzed by flow cytometry (NovoCyte Flow
Cytometer, Santa Clara, USA). NovoExpress software was used to
interpret the data.
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2.7. Western blot analysis

Cells were extracted by M-PER and prostate tissues by T-PER
(Thermo Fisher Scientific, Inc.). Protein was quantified by Pierce
Coomassie Protein Assay Kit (Thermo Scientific, Inc.) and 20 pg
loaded per lane, separated by SDS-PAGE and transferred to PVDF
membrane. Membranes were blocked with protein-free blocking
solution (Shanghai epizyme Biotechnology Co., Ltd.) at room tem-
perature for 30 min and incubated with primary antibodies raised
against the following proteins: AR (1:1000), PSA (1:1000), Type IT
5a-reductase (1:1000), E-cadherin (1:1000), N-cadherin (1:1000),
vimentin (1:1000), B-actin (1:8000), PARP (1:1000), caspase-3
(1:1000), cleaved caspase-3 (1:1000), cleaved PARP (1:1000),
Smad2/3 (1:1000), p-Smad2/3 (1:1000), TGF-p1 (1:1000) or
TGFBR2 (1:1000) at 4 °C overnight. Membranes were washed and
incubated with secondary antibodies, anti-rabbit IgG HRP-linked
antibody (1:1000) and anti-rabbit IgG HRP-linked antibody
(1:1000) and anti-mouse IgG HRP-linked antibody (1:1,000) at
room temperature for 1 h before detection of chemiluminescence
by ultra-sensitive kit (ECL, Biosharp). Densitometry was performed
by Image] 1.52a software (National Institutes of Health, USA).

2.8. Statistical analysis

All data are expressed as mean + standard error of mean (SEM).
One-way analysis of variance was used to compare differences
among more than two groups followed by Tukey’s post hoc test.
A p-value 0f<0.05 (p < 0.05) was considered to indicate statistical
significance.

3. Results
3.1. Neferine attenuated prostatic hyperplasia in TP-induced BPH mice

Prostates were dissected (Fig. 1) and weights and prostate index
(PI) were measured (Fig. 2A-D). TP treatment increased prostate
weight, PI and serum PSA levels relative to the solvent control
but these changes were reversed in a dose-dependent manner by
treatment with 2 or 5 mg/kg neferine. Finasteride was used as a
positive control and treatment with 5 mg/kg neferine vs 10 mg/
kg finasteride attenuated the increase in prostate weight by
95.8% vs 80.0%, PI by 91.6% vs 63.7% and PSA by 99.9% vs 62.4%
at 28 days. H&E staining revealed increased prostatic epithelial
height and basal membrane folding in BPH mice compared with
controls but daily treatment with 2 or 5 mg/kg neferine or
10 mg/kg finasteride improved the morphological changes
(Fig. 3). Neferine ameliorated the changes to the histological struc-
ture, prostate weight and PI produced by BPH.

3.2. Effects of neferine on viability of WPMY-1 cells

1 pM testosterone was used in the current study as in several
previous studies (Baek et al., 2022; Chen et al., 2021; Hong et al.,
2020; Karunasagara et al., 2020). Cell survival rates of neferine or
finasteride treated WPMY-1 cells decreased relative to controls in
both the presence and absence of 1 UM testosterone (Fig. 4). Cell
survival rates with 100 uM neferine were 31.98 + 7.54 % of control
rates and with 100 puM finasteride, 71.76 + 2.01 %, in the absence of
testosterone at 48 h (Fig. 4A, 4B). Moreover, the survival rates with
neferine (1-10 uM) and finasteride (1-10 pM) treatments were
also examined in the absence of testosterone at 24 h and 48 h
(Fig. 4A, 4B). Testosterone increased the growth of WPMY-1 cells
at 48 h. Neferine (10-100 uM) inhibited growth of WPMY-1 cells
at 24 h and 48 h in the presence of testosterone. Cell survival rate
after 100 uM neferine treatment was 15.10 + 3.43 % of control rate
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Testosterone Propionate
(TP; 7.5 mg/kg)

Neferine Finasteride

Control
2 mg/kg

VYvevw

5mgkg 10 mg/kg

14th day

Y¥wvw

28th day

Fig. 1. Effects of neferine (2, 5 mg/kg) and finasteride (10 mg/kg) on prostate in
testosterone propionate (7.5 mg/kg)-induced BPH mouse model at 14th and 28th
days.

in the presence of testosterone at 48 h. Neferine thus antagonized
the proliferative effect of testosterone on WPMY-1 cells (Fig. 4C,
4D).

3.3. Neferine inhibited testosterone-stimulation of the androgen
receptor signaling pathway

Expression of type II 5a-reductase, AR and PSA were measured
in vivo and in vitro. Treatment with neferine (2, 5 mg/kg) or finas-
teride (10 mg/kg) inhibited expression of type II 5a-reductase, AR
and PSA in TP-induced BPH mice and expression of all three pro-
teins was also inhibited by 24 h treatment of WPMY-1 cells with
testosterone plus neferine or finasteride (Fig. 5A-F). The mecha-
nism by which neferine regulates prostate growth may involve
the downregulation of the AR signaling pathway.

3.4. Effects of neferine on apoptosis-related protein expression in TP-
induced BPH mice

There have been previous reports of anti-apoptotic effects in the
hyperplastic prostate. Expression of the apoptotic markers, pro-
caspase-3 and uncleaved PARP, were upregulated in TP-induced
BPH mice (Fig. 6A-B). Pro-caspase-3 and uncleaved PARP were
decreased in neferine and finasteride treatment groups. However,
cleaved caspase-3 and cleaved PARP were induced after neferine
and finasteride treatment (Fig. 6A-B). These results indicate that
neferine stimulates apoptosis in TP-induced BPH mice.

3.5. Neferine inhibited benign prostatic hyperplasia by regulating TGF-
p/Smad signaling pathway and the EMT

The progression of BPH is androgen-dependent and TGF-8 is
known to interact with the hormone to promote the EMT and
fibrosis in the prostate (Alonso-Magdalena et al., 2009). TGF-B1,
TGFBR2 and p-Smad2/3 were upregulated in TP-induced BPH
mouse prostate, as were the EMT-associated mesenchymal mark-
ers, N-cadherin and vimentin, while expression of the epithelial
maker, E-cadherin, was decreased (Fig. 7A, 7C). The same changes
were observed in 24 h testosterone-treated WPMY-1 cells (Fig. 7B,
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Fig. 3. The effects of neferine on prostate histology by H&E staining.

7D). Neferine and finasteride treatments reversed these effects ine and finasteride (Fig. 8A-B). In conclusion, testosterone and TGF-
both in vivo and in vitro. TGF-p1 promoted the EMT by regulating B1 affect the EMT and prostate growth and neferine inhibited
E-cadherin, N-cadherin and vimentin expression in WPMY-1 cells, benign prostatic hyperplasia by regulating TGF-B/Smad signaling
effects which were prevented by treatment of the cells with nefer- pathway and the EMT.
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3.6. Neferine prevented ROS-production in WPMY-1 cells

Oxidative stress and ROS production were detected in BPH tis-
sue or cells. During the current study by DCFH-DA staining, 24 h
treatment with 1 pM testosterone increased ROS production in
WPMY-1 cells, an effect which was prevented by 1-10 uM neferine
(Fig. 9). Neferine ameliorated BPH through the regulation of oxida-
tive stress.
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4. Discussion

Neferine has been shown to inhibit the growth of human pros-
tate cancer stem cells or prostate cancer cells by promoting apop-
tosis and autophagy through the p38 MAPK/JNK and JNK signaling
pathway (Erdogan and Turkekul, 2020). Indeed, neferine inhibited
prostate cancer cell growth by inhibiting 5a-reductase and andro-
gen receptor expression via the PI3K/AKT signaling pathway in our
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previous study (Liu et al., 2021). Neferine also reduced oxidative
stress by activating the Nrf2-ARE pathway in a BPH epithelial cell
line (Jahan et al., 2021). Proliferation of prostate stroma cells
in vitro and inhibition of prostate enlargement in vivo in TP-
induced BPH mice has been shown during the present work.
Androgen, age and metabolic syndrome may all affect the pro-
gress of BPH. The androgen /AR signaling pathway has been shown
to promote the proliferation of prostate epithelial cells (Silva et al.,
2001) and such cells support the growth of stromal cells during
BPH development (Bayne et al., 1998). The nuclear androgen recep-
tor binds testosterone and dihydrotestosterone and regulates the
expression of genes, including PSA, which regulate prostate
growth. Thus, abnormal activation of the androgen /AR signaling
pathway may result in BPH or prostate cancer. The current study
found that neferine reduced prostate enlargement and stromal cell
growth by inhibiting expression of the androgen receptor, type II
5a-reductase and PSA in vivo and in vitro. Prostatic inflammation
contributes to the pathogenesis of BPH and has been observed in
BPH patients and testosterone propionate-induced BPH animals
(Fang et al., 2021; Gandaglia et al., 2013; Zang et al., 2021). Testos-
terone increased ROS levels in WPMY-1 cells, an effect which was
reduced by neferine, indicating its anti-oxidative stress activity.
Impairment of the balance between apoptosis and proliferation
results in the abnormal cell proliferation which characterizes BPH
(Shah et al., 2021). The cysteine protease, caspase-3, is a key
effector in apoptosis and poly (ADP-ribose) polymerase (PARP) is
activated by the stress or DNA damage that accompanies apopto-
sis. The conversion of pro-capase-3 to cleaved caspase-3 is consid-
ered as activating apoptosis. Previous studies have shown that
down-regulation of pro-caspase-3 levels implies upregulation of
cleaved caspase-3 after drug treatment (Lee et al., 2009; Ye et al.,
2012). Pro-caspase-3 and uncleaved PARP were upregulated in
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TP-induced BPH mice but neferine and finasteride treatment
decreased expression. Cleaved PARP and cleaved caspase-3 were
induced after neferine treatment. Thus, neferine treatment induced
apoptosis in BPH mice.

The EMT is a physiological process related to cell migration,
invasion, resistance to apoptosis and metastasis in cancer cells
(Gundamaraju et al., 2022; Mashouri et al., 2019). BPH is thought
to be composed of 88.4% stromal cells, which contribute to tissue
remodeling and progression of BPH, and 9.0% epithelial cells
(Svindland et al., 1996). Indeed, abnormal growth of prostatic stro-
mal cells due to androgen /AR signaling and expression of growth
factors and cytokines drives BPH (Saez et al., 1999). Stromal cells
consist of fibroblasts and myofibroblasts, the latter of which
secrete growth factors to stimulate epithelial and stromal cell
growth. The human prostatic stromal myofibroblast cell-line,
WPMY-1, showed increased expression of EMT-associated
mesenchymal markers, N-cadherin and vimentin, and decreased
E-cadherin on testosterone treatment, as did the TP-induced BPH
mouse model, consistent with a previous study (Kim et al,
2021). Thus, the androgen /AR signaling pathway was shown to
regulate the EMT during prostate growth and neferine and finas-
teride treatments to downregulate the EMT in vivo and in vitro.

TGF-B has an impact on cell growth, differentiation and apopto-
sis and has been shown to induce the proliferation of WPMY-1 cells
(Cao et al., 2022; Thongphichai et al., 2022; Webber et al., 1999).
The relationship of the EMT to increased androgen /AR and
TGF-B/Smad signaling, activated by LPS/TLR4 signaling in BPH
progression has been previously demonstrated (He et al., 2016).
TGFBR2 is predominant in BPH tissue (Royuela et al., 1998) and
the TGF-B/Smad signaling pathway is activated by phosphorylated
Smad2/3. Abnormal TGF-/Smad activation may stimulate BPH
progression. The current study found testosterone to induce the
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Fig. 10. Mechanism of neferine inhibition of prostate growth in testosterone propionate-induced BPH mouse model and in testosterone-stimulated WPMY-1 cells. In the
present study, neferine blocked androgen /AR signaling pathway, TGF-B/Smad signaling pathway and reversed EMT in the prostate. EMT: epithelial mesenchymal transition;
Nef: neferine; PSA: prostate specific antigen; AR: androgen receptor; DHT: dihydrotestosterone; ARE: androgen response elements; TGF-B: transforming growth factor-p.
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EMT and to activate the TGF-B/Smad signaling pathway in vivo and
in vitro while neferine decreased the expression of TGF-B1, TGFBR2
and p-Smad2/3. TGF-B1 also induced the EMT but neferine
reversed the effect in WPMY-1 cells. In summary, Neferine inhib-
ited TGF-B/Smad signaling and reversed the EMT in BPH.

5. Conclusion

In conclusion, neferine relieved BPH and reduced prostate
enlargement by inhibiting the androgen/AR signaling pathway
and inducing apoptosis (Fig. 10). Neferine prevented TGF-B-
mediated EMT and had anti-oxidative stress activity. Neferine is
suggested as a potential therapeutic agent for BPH.
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