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Abstract
Purpose  Benign prostatic hyperplasia (BPH) poses a significant public health challenge, affecting a substantial portion of 
aging men worldwide. Current therapeutic options offer limited efficacy. The pathogenesis of BPH is multifactorial, involv-
ing ferroptosis, oxidative stress, and chronic inflammation. Hydroxycitric acid (HCA) is a natural compound with diverse 
pharmacological activities, including the inhibition of ferroptosis, anti-inflammatory, anti-oxidative stress, and anti-tumor 
effects. However, its role in BPH remains unexplored. This study aimed to investigate the effects of HCA on BPH and elu-
cidate the underlying mechanisms, with the goal of providing novel therapeutic insights for BPH treatment.

Methods  C57BL/6J mice were used to establish a BPH model induced by testosterone propionate (TP). Animals were then 
randomly assigned to the following groups: Sham, BPH, BPH + Lip-1, BPH + Bru, BPH + HCA + Bru, and BPH + HCA. 
Prostate index (PI) was determined, and histopathological changes were evaluated by hematoxylin and eosin (HE) staining. 
Mitochondrial morphology was analyzed by TEM. The levels of Fe2+, MDA, and GSH in prostate tissues were measured. 
Western blot analysis was performed to assess the protein expression of Nrf2 and GPX4.Results: Compared to the Sham 
group, the prostate tissues of the BPH group exhibited typical histopathological features of hyperplasia, including epithelial 
cell proliferation, increased glandular lumen size. Concurrently, the levels of ferroptosis markers Fe2+ (P < 0.01) and MDA 
(P < 0.001) were significantly elevated, while the expression of GSH (P < 0.01) and GPX4 (P < 0.05) was downregulated. 
Furthermore, mitochondrial morphology showed abnormalities. HCA treatment significantly reduced PI (P < 0.01) and atten-
uated epithelial cell proliferation and glandular lumen enlargement (P < 0.01, P < 0.001, respectively). HCA also reduced 
the levels of Fe2+ (P < 0.05) and MDA (P < 0.05), and elevated GSH levels (P < 0.01). Furthermore, HCA upregulated the 
expression of Nrf2 (P < 0.01) and GPX4 (P < 0.01). The Nrf2 inhibitor Brusatol increased the levels of Fe2+ (P < 0.05) 
and MDA (P < 0.05), and downregulated the expression of Nrf2 (P < 0.05) and GPX4 (P < 0.05), thereby attenuating the 
protective effects of HCA. However, co-administration of HCA and Brusatol partially reversed changes in Fe2+ (P < 0.05) 
and MDA (P < 0.05) levels, and increased the expression of Nrf2 (P < 0.05) and GPX4 (P < 0.05), indicating reduction in 
Brusatol-induced effects. Furthermore, HCA treatment did not significantly affect liver and kidney function markers (AST, 
ALT, SCR, and UR) (P > 0.05).
Conclusion  HCA inhibits ferroptosis by activating the Nrf2/GPX4 pathway, thereby ameliorating the pathological changes 
in BPH induced by TP. This study suggests a novel therapeutic strategy for BPH.
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Graphical abstract

A proposed model elucidates the therapeutic effects of hydroxycitric acid (HCA) on benign prostatic hyperplasia (BPH). On one hand, HCA 
enhances the transcription of Nrf2, which activates the Xe- system to upregulate the expression ofGPX4, thereby inhibiting ferroptosis. On the 
other hand, HCA reduces the accumulation of intracellular Fe2+, preventing the Fenton reaction and decreasing the production of lipid peroxides. 
In summary, HCA improves BPH by inhibiting ferroptosis and modulating iron metabolism.
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Introduction

Benign prostatic hyperplasia (BPH) is the most prevalent 
non-tumorous hyperplastic condition leading to lower uri-
nary tract symptoms (LUTS), which poses significant health 
risks to middle-aged and elderly men. Epidemiological stud-
ies indicate that the prevalence of BPH rises with age, with 
figures showing that the prevalence among men over 50 can 
reach as high as 50% [1, 2]. As the global aging population 
continues to expand, this proportion may surpass previ-
ous estimates, resulting in alarming implications that can 
severely impact patients’ quality of life and impose greater 
economic burdens on families [3]. BPH typically manifests 
in a region distinct from that of prostate cancer, predomi-
nantly occurring in the transitional zone. Anatomically, BPH 
is characterized by prostatic enlargement, histologically, 
the most notable feature is the non-tumorous hyperplasia 
of epithelial and stromal cells within the periurethral area, 
which is thought to arise from an imbalance between cell 
proliferation and apoptosis [4]. Clinically, this pathologi-
cal hyperplasia often manifests as bladder outlet obstruction 
and LUTS, with severe cases potentially resulting in chronic 
renal failure and cardiovascular complications [5]. Currently, 
the etiology and mechanisms underlying BPH have been 

extensively studied, identifying numerous factors closely 
associated with its onset and progression, including hor-
monal dysregulation [6], stromal-epithelial interactions [7], 
chronic inflammation [8], autoimmunity [9], oxidative stress 
[10], and metabolic syndrome [11]. Nonetheless, the precise 
pathogenesis of BPH remains elusive, and no consensus has 
yet been achieved.

Alpha-adrenergic blockers (e.g., tamsulosin) and 5-alpha 
reductase inhibitors (e.g., finasteride and dutasteride) are 
the primary medications currently used to treat benign pro-
static hyperplasia (BPH). These medications work through 
different mechanisms: alpha-adrenergic blockers selec-
tively inhibit alpha-1 adrenergic receptors in the prostate 
and bladder neck, reducing the tension in these areas; in 
contrast, 5-alpha reductase inhibitors function by inhibit-
ing the enzyme 5-alpha reductase, thereby decreasing the 
conversion of testosterone to dihydrotestosterone (DHT) 
[12, 13]. Although alpha-adrenergic blockers and 5-alpha 
reductase inhibitors have been recognized for their efficacy 
in treating mild BPH, long-term use may be associated 
with side effects such as erectile dysfunction, retrograde 
ejaculation, orthostatic hypotension, and gastrointestinal 
discomfort. Furthermore, discontinuation of these medica-
tions often results in symptom recurrence, making long-term 
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adherence challenging for patients [14–16]. Furthermore, 
the efficacy of these medications in patients with moderate 
to severe BPH remains limited. The presence of numerous 
adverse effects and limitations in the application of these 
medications has hindered their widespread adoption and use. 
Therefore, elucidating novel pathophysiological mechanisms 
underlying BPH is crucial for the development of safer, more 
effective alternative therapies with fewer side effects that are 
suitable for long-term use.

Ferroptosis is a newly discovered form of cell death, 
which significantly differs from traditional modes of cell 
death such as apoptosis, autophagy, and necrosis. It is 
characterized by excessive oxidative damage to cellular 
membrane lipids during the cell death process, resulting in 
the accumulation of lipid peroxides that exceed the clear-
ance capacity of the body's antioxidant systems, ultimately 
leading to ferroptosis. This process is typically triggered 
and regulated by various factors, including redox homeo-
stasis, antioxidant genes, iron ions, energy metabolism, 
and lipid metabolism [17, 18], all of which collectively 
facilitate the ferroptosis process. Nuclear factor eryth-
roid 2-related factor 2 (Nrf2), an antioxidant transcription 
factor, regulates the transcription of various antioxidant 
and ferroptosis-related enzymes, including glutathione 
peroxidase 4 (GPX4), which plays a critical role in the 
removal of lipid peroxide accumulation [19–23]. Research 
indicates that ferroptosis is involved in the progression 
of various pathological conditions, including malignant 
tumors [23, 24], neurodegenerative diseases [25, 26], 
and ischemia–reperfusion injury [27, 28]. Furthermore, 
an increasing number of studies suggest that ferroptosis 
also plays a regulatory role in physiological processes 
such as embryonic development and tissue homeostasis 
[18]. Recent studies have demonstrated that ferroptosis 
plays a key role in benign prostatic hyperplasia (BPH). 
For instance, research by Li [29] found that in BPH tis-
sues, there were not only low levels of apoptosis but also 
elevated levels of ferroptosis and autophagy. Zhou [30] 
transcriptomic and non-targeted metabolomic analy-
ses suggested that ferroptosis may play a critical role in 
BPH, identifying CBR3-AS1-has-miR-5p-MAP3K5 as 
one of the competitive endogenous RNA (ceRNA) net-
works involved in ferroptosis during the progression of 
BPH, potentially providing a novel therapeutic target for 
treating BPH. Additionally, Zhan [31] RNA sequencing 
results showed that taurine upregulated gene 1 (TUG1) 
was significantly associated with prostate volume and the 
degree of inflammatory infiltration in BPH patients. They 
discovered that TUG1 promotes the expression of GPX4 
by competitively binding with miR-188-3p, thereby influ-
encing ferroptosis. These findings open new avenues for 
elucidating the pathogenesis of BPH and identifying novel 

therapeutic targets, potentially establishing crucial targets 
for the treatment of BPH in humans.

Hydroxycitric acid (HCA), the main active component 
of Garcinia mangosteen extract, possesses a wide range of 
pharmacological activities, including antitumor, antioxi-
dative stress resistance, and anti-inflammatory properties 
[32–34]. Recent studies have also shown that HCA can 
mitigate organ ischemia–reperfusion injury by inhibiting 
ferroptosis [35]. However, the therapeutic efficacy and 
potential mechanisms of HCA in treating benign prostatic 
hyperplasia (BPH) have not been fully reported, while fer-
roptosis is considered one of the important mechanisms 
involved in the progression of BPH. Therefore, we hypoth-
esize that HCA may improve BPH by inhibiting ferropto-
sis and will explore the potential mechanisms of HCA in 
BPH, aiming to provide a new reference for the treatment 
of BPH.

Materials and methods

Reagents and antibodies

Testosterone propionate (TP) was obtained from Jingke 
Biochemical Products Co., Ltd. (Sichuan, China). Injectable 
penicillin G potassium was purchased from Keda Animal 
Pharmaceutical Co., Ltd. (Jiangxi, China). HCA was pro-
cured from QuanAo Biotechnology Co., Ltd. (Xi'an, China). 
A colorimetric iron content detection kit was obtained from 
Tongren Chemical Co. (Kyushu, Japan). A microplate 
reduction-type glutathione (GSH) assay kit was acquired 
from Nanjing Jiancheng Bioengineering Institute (Nanjing, 
China). A proteinase inhibitor cocktail and ECL detection 
reagents were obtained from Proteintech (Wuhan, China). 
RIPA lysis buffer and BCA assay kits were purchased from 
Yamei Biotechnology (Shanghai, China). Hematoxylin and 
eosin (H&E) staining kits and a malondialdehyde (MDA) 
lipid oxidation detection kit were acquired from Biyuntian 
Biotechnology (Shanghai, China). Liproxstatin-1, brusatol, 
DMSO, PEG 300, and Tween 80 were purchased from MCE 
(New Jersey, USA).

The following antibodies were used for the detection of 
relevant proteins: Nrf2 (Catalog No. 12721 T, CST), GPX4 
(Catalog No. ab20777, Abcam), and goat anti-rabbit/mouse 
secondary antibodies (Catalog No. S0001/S0002, Affinity 
Biosciences).

Animal experiments

Construction of Castration and Sham Surgery Models: Prior 
to the experimental procedures, mice underwent either cas-
tration or sham surgery. One hour post-surgery, the mice 
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were monitored for respiratory distress, signs of scrotal 
swelling, and any hemorrhage at the incision site. For all 
mice subjected to either castration or sham surgery, penicil-
lin G potassium (250,000 units/kg/day) was administered 
intramuscularly in the thigh for three consecutive days to 
prevent surgical site infections. The mice were then observed 
for a period of seven days. The specific procedures for cas-
tration and sham surgery are as follows:

Castration Surgery: Briefly, after induction of anesthesia 
with 5% isoflurane for five minutes, the mice were placed 
in a supine position on a surgical table. Scrotal hair was 
shaved to expose the surgical area, and standard disinfec-
tion procedures were performed. A longitudinal incision of 
approximately 1 cm was made in the midline of the scro-
tum. The tissues were dissected layer-by-layer until the testes 
were reached. The tunica was incised to expose both testes, 
which were subsequently excised. The remaining tissue was 
sutured with 5–0 surgical silk. After confirming that there 
was no significant bleeding, the tunica and skin were sutured 
in layers using 5–0 silk, followed by a second disinfection 
of the surgical area.

Sham Surgery: The procedure followed similar steps, 
with layer-by-layer dissection until both testes were reached, 
without excision. Subsequently, the tunica and skin were 
sutured in layers using 5–0 surgical silk, and the surgical 
area was disinfected once more.

Drug preparation

Preparation of Liproxstatin-1 Working Solution: Liproxsta-
tin-1 is an effective ferroptosis inhibitor. The preparation 
will strictly follow the instructions provided in the prod-
uct manual and the recommended in vivo concentrations. 
A specific mass of Liproxstatin-1 will be weighed and dis-
solved in DMSO to prepare a stock solution of 25.0 mg/
ml, which will be aliquoted and stored at – 20 °C for future 
use.The calculation of the specific dosing regimen is as fol-
lows: The actual body weight of the mice will be measured, 
and the working solution will be prepared according to the 
recommended solubilization scheme in the product manual: 
10% DMSO (from the stock solution) → 40% PEG300 → 5% 
Tween-80 → 45% sodium chloride. The required volumes of 
the solubilizing agents will be calculated, and the solutions 
will be added sequentially, mixed well, and prepared as a 
working solution of Liproxstatin-1 (2.5 mg/ml) for use.

Preparation of Brusatol Working Solution: Brusatol is 
a unique inhibitor of the Nrf2 signaling pathway, capable 
of suppressing intracellular Nrf2 transcriptional activ-
ity. The preparation will strictly follow the instructions 
provided in the product manual and the recommended 
in vivo concentrations. A specific mass of Brusatol will 
be weighed and dissolved in DMSO to prepare a stock 
solution of 25.0 mg/ml, which will be aliquoted and stored 

at – 20 °C for future use.The calculation of the specific 
dosing regimen is as follows: The actual body weight of 
the mice will be measured, and the working solution will 
be prepared according to the recommended solubilization 
scheme in the product manual: 10% DMSO (from the stock 
solution) → 40% PEG300 → 5% Tween-80 → 45% sodium 
chloride. The required volumes of the solubilizing agents 
will be calculated, and the solutions will be added sequen-
tially, mixed well, and prepared as a working solution of 
Brusatol (2.5 mg/ml) for use.

Preparation of HCA Working Solution:The dosing of 
HCA is determined by converting the human dosage to the 
mouse model equivalence as a reference [36, 37], with the 
final oral gavage dose for mice determined to be 4 g/kg/
day. A specific mass of HCA will be weighed and diluted in 
saline to prepare a working solution with a final concentra-
tion of 2 g/ml for future use.

Preparation of Testosterone Propionate (TP) Working 
Solution: After weighing, a syringe will be used to withdraw 
the testosterone propionate solution according to the dosing 
regimen of 5 mg/kg/day for future use.

Preparation of Saline Working Solution:After weighing, 
an equal volume of saline solution will be withdrawn using 
a syringe, following the administration method used for tes-
tosterone propionate, for future use.

Animal studies

Male C57BL/6  J mice, aged 6–8  weeks and weighing 
between 20 and 25 g, were obtained from the Kunming 
Medical University Experimental Animal Center. The mice 
were housed in a controlled environment with a tempera-
ture of 23.0 ± 2 °C, humidity of 50 ± 10%, and a light–dark 
cycle of 12 h. During the experimental period, all mice had 
ad libitum access to standard chow and drinking water. All 
experimental procedures involving animals were conducted 
in strict accordance with the Guidelines for the Care and Use 
of Laboratory Animals published by the National Institutes 
of Health (NIH). At the conclusion of the experiment, eutha-
nasia was performed on all mice via inhalation of excessive 
carbon dioxide to minimize suffering.

Figure 1 illustrates the experimental workflow. After 
weighing, the experimental mice underwent either castration 
or sham surgery and were randomly divided into six groups: 
Sham, BPH, BPH + Lip-1, BPH + Bru, BPH + HCA + Bru, 
and BPH + HCA, with eight mice in each group. Except for 
the Sham group, which received intraperitoneal injections 
of physiological saline, the remaining five groups were 
administered daily intraperitoneal injections of 5 mg/kg 
testosterone propionate. The working solution of Liprox-
statin-1 (Lip-1) was injected intraperitoneally 30  min 
prior to each use, while the working solution of Brusatol 
(Bru) was administered intraperitoneally 48 h before the 
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conclusion of the modeling phase. The HCA working solu-
tion was provided via gavage. The dosages of all substances 
were adjusted based on the daily weight measurements of 
the animals; all treatments, apart from Bru, continued for 
a duration of 4 weeks. Finally, to comprehensively assess 
the long-term effects of HCA on the liver and kidneys, we 
continued administering HCA (4 g/kg/d) by gavage once 
daily for one year following the completion of the 28-day 
modeling period.

Collection and processing of prostate tissue 
and serum samples

Following the final treatment, all animals were fasted for 
6–8 h. Once anesthesia was induced using 5% isoflurane, 
cardiac blood collection was performed, followed by the 
rapid excision of prostate tissue, which was subsequently 
washed with pre-chilled 1.15% KCl solution. After wash-
ing, the prostate tissue was dried and weighed, and the body 
weight of the mice was recorded to calculate the Prostate 
Index (PI). A portion of the prostate tissue was fixed in 4% 
paraformaldehyde and 2.5% glutaraldehyde for histological 
analysis, while the remaining tissue was stored at – 80 °C for 
biochemical analysis. The Prostate Index is an indicator used 
to evaluate the relative weight of prostate tissue in relation 
to the body weight of mice. This index is instrumental in 
studying the physiological and pathological changes in the 
prostate and serves as a critical marker of prostate health 
and function. The formula for its calculation is as follows:

Prostate  Index  (PI) = Prostate  Weight  (mg)/
Body Weight (g) × 100%

Blood samples were collected using the cardiac puncture 
method and allowed to stand at 4 °C for 2 h before centrifu-
gation at 3000 g for 10 min at 4 °C to obtain serum. The 
extracted serum was aliquoted and stored at – 80 °C for 
subsequent liver and kidney function assays.

Hematoxylin and eosin (HE) staining of prostate 
tissu

The ventral prostate tissue was fixed in 10% formalin for 
24 h, followed by dehydration through a gradient of ethanol, 
paraffin embedding, and xylene clearing. Sections were cut 
to a thickness of 4 μm, then placed on slides at 45 °C and 
dried at 60 °C, followed by a de-waxing procedure. After 
hydration, standard HE staining was performed, followed 
by dehydration through a gradient of ethanol, clearing 
with xylene, and mounting with neutral resin. Images were 
acquired using a fluorescence microscope (Zeiss, Axioscope 
5, Germany), and ImageJ software (NIH, USA) was utilized 
to quantify the epithelial cell membrane thickness and lumen 
area. The thickness of the epithelial cell membranes and 
lumen areas were calculated for each group.

Transmission electron microscopy (TEM)

Fresh prostate tissue was cut into cuboids measuring 
1 mm × 1 mm × 3 mm and fixed with 2.5% glutaraldehyde 
(P1126, Solarbio) at 4 °C for 1–1.5 h. The samples were 
then transferred to 1% osmium tetroxide (OsO4) and fixed 
at 4 °C for an additional 2 h. Following this, a series of 
ethanol dehydrations and a 5-min transition in acetone were 

Fig. 1   illustrates a schematic diagram of the experimental procedure. 
The BPH model was induced by the injection of testosterone propion-
ate. On day 7, sham surgery and castration were performed; on day 
17, grouping was conducted followed by administration of Lip-I and 
HCA; on day 43, intraperitoneal injection of Bru was carried out; 
and on day 45, modeling was completed and experiments were con-
ducted (including measurements of iron content, MDA, GSH, AST, 

ALT, CREA, UREA, as well as HE staining, WB, and TEM). BPH 
Benign Prostatic Hyperplasia; Lip- I Liproxstatin-1; HCA Hydroxy-
citric Acid; MDA Malondialdehyde; GSH Glutathione; ALT Alanine 
Aminotransferase; AST Aspartate Aminotransferase; CREA Serum 
Creatinine; UREA Urea Nitrogen; HE Hematoxylin and Eosin Stain-
ing; TEM Transmission Electron Microscopy
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performed before embedding the samples in epoxy resin 
and double staining with 2% uranyl acetate and 1% lead cit-
rate. Once the samples were dried, transmission electron 
microscopy (JEM-1400Plus, Japan) was used to observe the 
ultrastructure of the tissue mitochondria to determine the 
occurrence and severity of ferroptosis.

Measurement of iron content

To determine iron levels, we strictly followed the protocol 
provided by the colorimetric iron assay kit, adding 4 to 10 
times the volume of Assay Buffer to the collected superna-
tant for later use. Assay Buffer and Reducer solution were 
added to the sample tubes separately and incubated at 37 °C 
for 15 min. Then, 105 μl of each solution was transferred to a 
96-well plate, to which 100 μl of substrate working solution 
was added and incubated at 37 °C for 1 h. The absorbance 
was measured at 593 nm using a microplate reader.

Measurement of malondialdehyde (MDA) levels

We performed the measurement of MDA levels in prostate 
tissue following the instructions provided in the lipid per-
oxidation (MDA) detection kit. Briefly, a 10% prostate tissue 
homogenate was prepared in PBS on ice and then centri-
fuged (12,000 g, 10 min, 4 °C). Following the instructions, 
MDA working solution was added, mixed thoroughly, and 
then heated at 100 °C for 15 min before cooling in a water 
bath to room temperature. The mixture was then centrifuged 
again (1000 g, 10 min) to obtain the supernatant, and the 
MDA levels were measured by assessing the absorbance at 
532 nm.

Determination of GSH levels

We measured the levels of reduced glutathione (GSH) in the 
prostate tissue following the instructions of the microplate 
GSH assay kit. In brief, a precise amount of approximately 
0.02 g of tissue was weighed and mixed with reagent 1 to 
prepare a 10% homogenate of prostate tissue. The homoge-
nate was then centrifuged (3500 g, 10 min, 4 °C), and the 
supernatant was added separately to the coloring reagent and 
buffer solution. After mixing, the solution was allowed to 
sit for 5 min. The relative content of glutathione was deter-
mined by measuring the absorbance at 405 nm.

Assessment of liver and kidney function

To assess the potential damage of the drug to the liver and 
kidneys, we entrusted the Clinical Laboratory of Yuxi Peo-
ple’s Hospital to evaluate liver and kidney function param-
eters (AST, ALT, SCR, and UR) in serum samples.

Western blotting

Briefly, 0.5 ml of RIPA lysis buffer was used to prepare a 
tissue lysate from the mouse prostate, along with the addi-
tion of 0.1 ml of proteinase inhibitor mixture for mechanical 
homogenization. The mixture was lysed on ice for 30 min 
and then centrifuged (20,000 g, 10 min, 4 °C) to remove 
insoluble material. The supernatant was collected as the 
nuclear protein fraction, and protein concentration was 
determined using a BCA assay kit. Equal amounts of the 
sample were subjected to electrophoresis and transferred to 
a PVDF membrane, which was then blocked at room tem-
perature for 2 h with 5% fat-free milk. After washing, GPX4 
antibody (1:1000, ab20777, Abcam, USA) and NRF2 anti-
body (1:1000, 12721 T, Cell Signaling Technology, USA) 
were added and incubated overnight on a shaker at 4 °C. 
After washing, goat anti-rabbit/mouse secondary antibody 
(1:10,000, S0001/S0002, Affinity Biosciences, Jiangsu, 
China) was added and incubated at room temperature for 
2 h. The immunoreactive bands were visualized using ECL 
chemiluminescent reagents, and the chemiluminescent 
signals were detected using a fully automated gel imaging 
analysis system (iBright CL1500, Thermo Fisher Scientific, 
USA). Quantification of the bands was performed using 
ImageJ software (NIH, USA).

Statistical analysis

In this study, all data are presented as mean ± standard devia-
tion (M ± SD) and statistical analyses were performed using 
GraphPad Prism software (v10.1.2, GraphPad Software). To 
determine intergroup differences, we first applied the Shap-
iro–Wilk test to evaluate the normality of data distribution, 
followed by Student's t-test to compare means between two 
groups. Additionally, one-way ANOVA and Dunnett's post-
hoc test were used for multiple comparisons. All experi-
ments were performed at least in triplicate. Differences were 
considered statistically significant when P < 0.05.

Results

Ferroptosis as a pathological feature of the BPH 
animal model

To further confirm that ferroptosis may be one of the patho-
logical mechanisms in benign prostatic hyperplasia (BPH), 
we first analyzed prostate tissue from TP-induced BPH mice. 
Histological examination using hematoxylin and eosin (HE) 
staining revealed disorganized arrangement of epithelial cells, 
irregular duct and acinar morphology, and varying degrees of 
increased epithelial thickness, characterized by papillary or 
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villous projections into the lumen, resulting in a proliferative 
folding appearance (Fig. 2A). These findings are consistent 
with the pathological features of BPH, indicating successful 
model establishment. Subsequently, we evaluated the expres-
sion of GPX4 using Western blotting, which showed a signifi-
cantly decreased level of GPX4 compared to the normal con-
trol group (Fig. 2B). GPX4 is widely recognized as a marker 
for ferroptosis, and its expression level is negatively correlated 
with ferroptosis. Based on these findings, we collected pros-
tate tissue from the TP-induced BPH mouse model for further 
experiments.

Iron accumulation, lipid peroxidation, and reduced GPX4 
are established markers of ferroptosis [18, 38]. We then 
assessed the levels of lipid peroxidation, iron content, and 
GSH levels in prostate tissue. Compared to the Sham group, 
the TP-induced BPH group exhibited significantly elevated 
levels of malondialdehyde MDA and iron (Fig. 2D, E), while 
GSH synthesis was significantly reduced (Fig. 2F). Impor-
tantly, transmission electron microscopy (TEM) analysis of 
the mitochondrial morphology in the prostate epithelial cells 
of the BPH group revealed structural changes such as mito-
chondrial shrinkage and reduced cristae compared to the Sham 

group, which are noteworthy alterations associated with BPH 
(Fig. 2G, H). To further confirm the occurrence of ferropto-
sis, we administered Lip-1 (a ferroptosis inhibitor) intraperi-
toneally thirty minutes prior to TP injection. As expected, 
administration of Lip-1 reduced MDA levels (Fig. 2D) and 
successfully reversed iron overload (Fig. 2E), although its 
impact on GSH levels was not significant (Fig. 2F). Further-
more, HE staining indicated an improvement in prostatic 
hyperplasia (Fig. 2I). Western blot analysis further confirmed 
the upregulation of the key ferroptosis protein GPX4 (Figs. 2J, 
K). Overall, these results suggest that ferroptosis is involved in 
the pathogenesis and progression of BPH and can be reversed 
by ferroptosis inhibitors.

The effect of HCA on the phenotypic characteristics 
of a BPH animal model

Compared to the control group, the TP-induced BPH group 
exhibited a significant increase in prostate relative weight. 
Given that the prostate index (PI) is one of the indicators 
for assessing the therapeutic efficacy of prostatic hyper-
plasia, we calculated the PI for each group at the end of 

Fig. 2   Ferroptosis is involved in prostatic hyperplasia and can be 
reversed by ferroptosis inhibitors. A HE Staining Results of the BPH 
Group. B-C Expression levels ofGPX4 protein in prostatic hyperpla-
sia. D-F The levels of MDA, Fe2+ and GSH in the prostate homoge-
nates of different groups of mice. G-H Representative TEM images 
of mitochondria in prostate tissue observed by transmission electron 

microscopy (scale bars: 2 µm and I µm). I HE Staining Results of the 
BPH + Lip Group. J-K Changes in GPX4 protein levels in prostate 
tissue following Lip-I treatment. L XY plot of mouse weight changes. 
Data are presented as mean ± standard deviation (M ± SD). Com-
parisons with the Sham group **p < 0.0I, ***p < 0.00 I. comparisons 
with the BPH group *P < 0.05, **p < 0.01, ns > 0.05
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the experiment (Table 1). The PI of the BPH group was 
significantly increased compared to the Sham group. In 
comparison to the BPH group, both the BPH + HCA and 
BPH + Lip-1 groups exhibited a significant reduction in PI, 
while the BPH + Bru group showed no significant change. 
The PI of the BPH + HCA + Bru group was significantly 
reduced compared to the BPH + Bru group. Notably, 
in mice subjected to HCA intervention, we observed a 
decrease in appetite and overall body weight, which may 
be attributed to the competitive inhibition of ATP-citrate 
lyase activity [39].

The effect of HCA intervention on HE staining 
in the BPH animal model

Following 28 days of modeling and drug administration, 
prostate morphology was observed, revealing a significant 
increase in prostate volume in both the BPH and BPH + Bru 
groups. In contrast, after treatment with HCA and the ferrop-
tosis inhibitor (Lip-1), the prostate volumes in both groups 
markedly decreased when compared to the BPH group. 
with a notable reduction in the BPH + HCA + Bru group 
compared to the BPH + Bru group. To further observe and 
evaluate histological changes in the prostate, we performed 
HE staining analysis on prostate tissues from each group, as 
shown in the results (Fig. 3A).In the Sham group, the struc-
ture of prostate epithelial cells was intact and well-defined, 
arranged in a single layer with a regular glandular lumen 
shape, and pink secretions were present within the lumen. 
The BPH group exhibited a notable increase in gland num-
ber, with disordered arrangement of epithelial cells, irregular 
shapes of ducts and acini, and varying degrees of hypertro-
phy of glandular epithelial cells. Some cells extended into 
the lumen in a papillary or villous manner, leading to infold-
ing within the lumen. Occasional retention of pink secretions 
was noted, and there was significant stroma hyperplasia, 

consistent with the histopathological characteristics of BPH, 
confirming the successful establishment of the BPH model. 
After treatment with the ferroptosis inhibitor (Lip-1), the 
HE staining results in the BPH + Lip-1 group indicated a 
significant reduction in the degree of papillary hyperplasia 
of epithelial cells compared to the BPH group, alongside 
notable decreases in cell thickness and marked increases in 
lumen area. Following treatment with HCA and Bru, the 
HE staining results indicated that the lumen area of pros-
tate epithelial cells in the BPH + Bru group significantly 
decreased compared to the BPH group, while there was no 
noticeable change in thickness. Conversely, the BPH + HCA 
group demonstrated a significant reduction in epithelial cell 
thickness and a substantial increase in lumen area, with clear 
and intact glandular lumen shapes and tightly organized 
cells, nearly restoring a normal prostate tissue structure. In 
comparison to the BPH + Bru group, the BPH + HCA + Bru 
group showed significant reductions in epithelial cell thick-
ness and substantial increases in lumen area. The HE results 
across all groups indicated that the improvement in the 
BPH + HCA group was particularly pronounced. Finally, 
the thickness of epithelial cells and lumen area were quanti-
fied using ImageJ software, which further corroborated the 
results (Fig. 3B, C).

HCA improves the BPH animal model by inhibiting 
ferroptosis through the activation of the Nrf2/GPX4 
pathway

Our results have shown that ferroptosis is one of the mecha-
nisms involved in BPH. Combined with recent reports by Lu 
[35]. indicating that HCA inhibits ferroptosis, and supported 
by HE results confirming the improvement of BPH by HCA, 
we hypothesize that the beneficial effects of HCA on BPH 
are mediated through its impact on ferroptosis. To validate 
this hypothesis, we first assessed the effects of HCA on iron 

Table 1   Body weight, prostate weight, and prostate index in mice

Data are expressed as mean ± standard deviation (M ± SD) (n = 8 per group). Compared to Sham group **P < 0.05 and ***P < 0.001; compared 
to the BPH group ###P < 0.001, and ####P < 0.0001
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levels and lipid peroxidation. Consistent with our expecta-
tions, after HCA treatment, levels of Fe2⁺ and MDA were 
significantly reduced compared to the BPH group, while 
GSH levels showed a notable increase (Fig. 4A–C). It is 
well known that glutathione (GSH)-dependent antioxidant 
enzyme GPX4 plays a critical role in inhibiting ferroptosis 
by reducing lipid peroxidation. Therefore, we examined the 
expression changes of GPX4 following HCA intervention. 
Our analysis indicated that HCA treatment significantly 
upregulated the expression of GPX4 protein compared to the 
BPH group (Fig. 4D, E). These findings suggest that HCA 
not only reduces the levels of lipid peroxidation products and 
iron but also enhances the expression of GPX4 and GSH. 
Together with the significant improvement in pathological 
hyperplasia of BPH observed with HCA, these results fur-
ther confirm that HCA can inhibit ferroptosis.

Nrf2 is a transcription factor that regulates the expression 
of the GPX4 antioxidant response element and exerts its 
antioxidant function through nuclear translocation [40, 41]. 
Therefore, to further explore whether HCA inhibits ferrop-
tosis through the activation of the Nrf2/GPX4 pathway, we 
conducted additional experiments. Subsequently, we inter-
vened using the Nrf2 pathway inhibitor Brusatol (Bru). The 
expression levels of Nrf2 and its downstream target protein 
GPX4 were assessed using Western blotting. We found that 
under the intervention of Bru alone, the levels of MDA and 
Fe2⁺ were significantly elevated in the BPH + Bru group 
compared to the BPH group. The change in GSH levels 
was not significant. However, the expression of Nrf2 and 
GPX4 proteins was significantly suppressed. In contrast, 
with the intervention of HCA alone, the levels of MDA and 
Fe2⁺ were significantly reduced in the BPH + HCA group 

Fig. 3   illustrates the degree of prostatic hyperplasia in different 
groups. A Displays ex  vivo images of the prostate along with HE 
staining images; B A statistical analysis of the thickness of prostatic 
epithelial cells; C A statistical analysis of the lumen area of prostatic 
epithelial cells. The figure labels the various structures: SY seminal 

vesicle, CG coagulating gland, UB bladder, VRP ventral right pros-
tate, VLP ventral left prostate, and UR urethra. Data are presented 
as mean ± standard deviation (M ± SD).Comparisons with the Sham 
group indicate ***P < 0.001; comparisons with the BPH group indi-
cate #P < 0.05, ##P < 0.01, and ###P < 0.001
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compared to the BPH group. Furthermore, GSH levels were 
significantly elevated, along with significant upregulation of 
Nrf2 and GPX4 protein expression. Following the combi-
nation treatment of Bru and HCA, the levels of MDA and 
Fe2⁺ were significantly decreased in the BPH + HCA + Bru 
group compared to the BPH + Bru group. The change in 
GSH levels was not significant. However, the expression of 
Nrf2 and GPX4 proteins was significantly increased in the 
BPH + HCA + Bru group compared to the BPH + Bru group 
(Fig. 4A–F). These results suggest that HCA may promote 
the nuclear translocation of Nrf2, activate the transcription 
of antioxidant genes, and thereby activate the Nrf2/GPX4 
pathway to exert its protective effects against ferroptosis.

The effect of HCA on liver and kidney 
function‑related parameters in a BPH animal model

Most drugs are primarily metabolized and excreted by the 
liver and kidneys. Their effects on liver and kidney function 
can provide direct insights into the safety of drug therapy. 
Therefore, the impact of drugs on liver and kidney func-
tion is often a critical prerequisite for the selection of thera-
peutic agents in clinical practice. To evaluate the effects of 
HCA, testosterone propionate, Liproxstatin-1, and Brusatol 

on liver and kidney function-related biochemical markers 
in our experiments, we selected commonly used clinical 
markers for assessing liver and kidney function impair-
ment, including AST, ALT, SCR, and UR levels. Blood 
samples from each experimental group were subsequently 
analyzed. The results are shown in the figures. Compared to 
the Sham group, there were no significant elevations in AST, 
ALT, SCR, or UR levels in the BPH group (Fig. 5A–D). 
Similarly, the BPH + Lip-1, BPH + HCA, and BPH + Bru 
groups showed no significant increases in AST, ALT, SCR, 
or UR levels compared to the BPH group (Fig. 5E–H). 
When comparing the BPH + Bru and BPH + HCA groups 
to the BPH + HCA + Bru group, no significant changes were 
observed in AST, ALT, SCR, or UR levels (Fig. 5I–L). Fur-
thermore, there were no significant changes in AST, ALT, 
SCR, or UR levels in the BPH + HCA group compared to the 
BPH + Bru group (Fig. 5M-P). To further assess the effects 
of HCA on liver and kidney injury, a one-year intervention 
study was conducted. The results showed no significant dif-
ferences compared to the Sham and BPH groups (see Sup-
plementary Fig. 1). These results indicate that testosterone 
propionate, HCA, Liproxstatin-1, and Brusatol have no 
significant effects on the liver and kidney function-related 

Fig. 4   HCA mitigates ferroptosis. A-C Levels of MDA, Fe2+, and 
GSH in prostate homogenates of mice from different groups follow-
ing HCA treatment. D-F Changes in the levels of GPX4 and Nrf2 
proteins in the prostate of different groups following HCA treatment.

Data are presented as mean ± standard deviation (M ± SD).Compari-
sons with the Sham group show **P < 0.01 and ***P < 0.001; com-
parisons with the BPH group show #P < 0.05 and ##P < 0.01
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Fig. 5   The levels of AST (A, E, I, M), ALT (B, F, J, N), SCR 
(C, G, K, O), and UR (D, H, L, P) were assessed across different 
experimental groups. Comparisons with the Sham group (A, B, C, 
D) revealed no significant differences, with a p-value of ns p > 0.05. 
Similarly, there were no significant differences when compared to the 

BPH group (E, F, G, H), also with ns p > 0.05. Furthermore, com-
parisons with the BPH + HCA + Bru group (I, J, K, L) indicated no 
significant differences, maintaining a p-value of ns p > 0.05. Lastly, 
no significant differences were found in comparisons with the 
BPH + Bru group (M, N, 0, P), with ns p > 0.05
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markers (AST, ALT, SCR, and UR) in the BPH animal 
model.

Discussion

BPH is a prevalent health issue affecting middle-aged and 
older men worldwide, presenting a significant challenge to 
global public health. According to data compiled from vari-
ous countries and regions by the Global Burden of Disease 
study, the global incidence of benign prostatic hyperplasia 
(BPH) increased from 51 million in 2000 to 94 million in 
2019, indicating a rising burden of this disease over the years 
[42]. Studies indicate that BPH prevalence varies not only 
among different ethnicities—for example, African American 
and Hispanic men exhibit higher rates, while Asian men 
have relatively lower risks—but that Asian individuals are 
more susceptible to moderate to severe lower urinary tract 
symptoms (LUTS) associated with BPH compared to their 
European and American counterparts. Moreover, regional 
differences are pronounced, with the lowest prevalence of 
BPH observed in the central and southwestern populations, 
whereas the highest rates are found in the northwestern 
regions [43, 44]. These ethnic and regional disparities may 
be attributed to multiple factors, including genetic back-
grounds, lifestyle habits, dietary cultures, and healthcare 
access [43]. Patients with BPH often experience LUTS 
and may also present with a range of comorbidities, posing 
significant threats to their quality of life. Based on clinical 
symptoms, BPH can be classified into three stages: stor-
age symptoms, voiding symptoms, and post-voiding symp-
toms. Storage symptoms typically include increased urinary 
frequency, urgency, incontinence, and nocturia; during the 
voiding phase, patients may experience hesitancy, straining, 
and intermittency of urination; while post-voiding symptoms 
primarily manifest as a sensation of incomplete emptying 
and dribbling. The treatment goals for BPH are clear: the 
short-term objective is to alleviate LUTS, while the long-
term focus is on slowing disease progression and prevent-
ing related complications. Currently, while pharmacological 
and surgical interventions are important for the treatment of 
BPH, comprehensive management strategies should not be 
overlooked. This includes interventions in patient lifestyle 
behaviors and dietary adjustments, such as encouraging 
regular exercise, optimizing urination habits, engaging in 
pelvic floor exercises, and avoiding high intake of caffeine 
and alcohol. To better understand the pathogenesis of BPH 
and explore effective treatment options, numerous scholars 
have analyzed clinical characteristics and conducted exten-
sive experimental research leading to the development of 
various animal models of BPH, including testosterone induc-
tion, estrogen induction, high-fat diet induction, and trans-
genic methods [45–47]. Given that subcutaneous injection 

of testosterone propionate (TP) is commonly used to induce 
animal models of BPH, it serves as an effective method 
to confirm the etiology, pathophysiological evidence, and 
pharmacological data associated with BPH. This approach 
is characterized by high concordance with clinical diagnostic 
criteria, good reproducibility, and ease of model establish-
ment, making it one of the most frequently utilized mod-
eling techniques in contemporary research. Considering its 
advantages in model establishment simplicity and its close 
resemblance to clinical pathological diagnoses, this study 
adopts this method to induce a BPH mouse model. This 
model provides a crucial platform for subsequent research 
into the mechanisms of disease and the evaluation of thera-
peutic efficacy.

Ferroptosis, a newly discovered form of non-apoptotic 
programmed cell death, has garnered significant attention 
from the global scientific community since its introduction 
in 2012. Morphologically, ferroptosis differs significantly 
from apoptosis, necrosis, and autophagy, with four main 
characteristics: (1) Iron dependency: the process of ferrop-
tosis requires the involvement of iron, which is the primary 
reason for its naming; (2) Disruption of redox homeostasis: 
prior to ferroptosis, an abnormal increase in intracellular 
reactive oxygen species (ROS) can be detected, accom-
panied by a significant reduction in reduced NADPH; (3) 
Distinct morphological changes in mitochondria: under 
transmission electron microscopy, notable mitochondrial 
boundary shrinkage, reduced volume, shape change from 
elongated rod-like to dot-like, and increased density of the 
double membrane are characteristic features of ferroptosis; 
(4) Regulatability: Ferroptosis can be reversed by lipophilic 
antioxidants (such as Fer-1 and Lip-1) or iron chelators, 
but is resistant to inhibitors of apoptosis (such as Z-VAD-
FMK) or autophagy inhibitors (such as wortmannin) [17, 
48]. Studies have indicated that multiple transcription factors 
are associated with the pathogenesis of ferroptosis [48], and 
many genes related to iron metabolism and ferroptosis are 
regulated by the transcription factor Nrf2, including trans-
ferrin (TF), transferrin receptor 1 (TfR1), and ferroportin 
(FPN1) [49, 50]. Additionally, this includes heme oxygenase 
1 (HMOX1), glutathione (GSH), and glutathione peroxidase 
4 (GPX4) [21, 51]. Normal cells can regulate membrane 
damage caused by lipid peroxides through antioxidant sys-
tems such as GPX4. When the antioxidant system becomes 
inactive, or in the presence of molecular oxygen and iron 
ions, the accumulation of lipid peroxides surpasses their 
regulatory capacity, leading to the occurrence of ferrop-
tosis. GPX4 is an essential antioxidant enzyme for main-
taining cellular redox homeostasis; it converts glutathione 
(GSH) into oxidized glutathione (GSSG) and reduces cel-
lular lipid peroxides (PL-OOH) to their corresponding alco-
hols (PL-OH) [52]. Therefore, inhibition of GPX4 activity 
can lead to the accumulation of lipid peroxides, increasing 
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cellular sensitivity to ferroptosis, while upregulation of 
GPX4 expression can suppress ferroptosis. Research both 
domestically and internationally suggests that ferroptosis is 
closely related to the occurrence and development of benign 
prostatic hyperplasia (BPH) [29–31]. Our study shows that 
in a dihydrotestosterone-induced BPH model, significant 
changes in ferroptosis-related biochemical markers (such 
as Fe2+, MDA, GSH, and GPX4 levels) were observed. 
Furthermore, transmission electron microscopy revealed 
morphological changes, such as reduced mitochondrial size 
and a significant decrease in cristae, further corroborating 
the significant increase of ferroptosis in the BPH model. 
Interestingly, after intervention with the lipophilic anti-
oxidant Lip-1, the changes in ferroptosis-related markers 
were reversed, and HE staining results indicated significant 
improvement in tissue pathological damage, suggesting that 
inhibiting ferroptosis may help ameliorate BPH. In conclu-
sion, we propose that ferroptosis plays a role in regulating 
BPH and may further exacerbate tissue hyperplastic damage, 
which is critically important for the occurrence and progres-
sion of BPH.

Previous studies have shown that HCA effectively inhib-
its the activity of ATP citrate lyase in cells, reducing fat 
synthesis [39]. Additionally, HCA plays a significant role in 
combating obesity by increasing serotonin release, which 
suppresses hunger [53, 54]. Furthermore, an increasing body 
of evidence suggests that HCA has potential anti-tumor, 
anti-inflammatory, and antioxidant properties. These find-
ings provide a theoretical basis for the application of HCA 
in the treatment of other diseases, prompting us to further 
explore its therapeutic potential for benign prostatic hyper-
plasia (BPH). Thus, we aim to elucidate the therapeutic 
effects of HCA on BPH using murine models and to inves-
tigate the underlying mechanisms. Experimental results 
indicate that following HCA intervention, compared to the 
BPH group, the HE staining results revealed a significant 
reduction in epithelial cell thickness and a notable increase 
in gland lumen area, along with a reversal of changes in fer-
roptosis-related markers, suggesting that HCA may improve 
BPH by suppressing ferroptosis. Nrf2, as a key transcription 
factor in the antioxidant response, regulates the expression 
of GPX4. Upon administering the Nrf2 inhibitor Brusatol, 
we observed a marked decrease in the expression levels of 
Nrf2 and GPX4 in the BPH + BPH + Bru group compared 
to the BPH group. Concurrently, the levels of MDA and 
Fe2 + significantly increased, and HE staining indicated a 
notable reduction in the lumen area of epithelial cells. Fol-
lowing HCA treatment, compared to the BPH + BPH + Bru 
group, HCA significantly upregulated the expression of Nrf2 
and GPX4, inhibiting the elevations of MDA and Fe2 + lev-
els. HE staining results indicated a significant reduction 
in epithelial cell thickness and a substantial increase in 
lumen area, successfully reversing the effects of Brusatol. 

These findings indicate that the expression level of Nrf2 is 
directly related to sensitivity to ferroptosis, potentially due 
to enhanced antioxidant activity following increased Nrf2 
expression, which in turn reduces sensitivity to ferroptosis 
[55, 56]. This phenomenon can be attributed to the dual role 
of Nrf2: on one hand, Nrf2 promotes the expression of GSH 
and GPX4, enhancing the function of the antioxidant system; 
on the other hand, Nrf2 facilitates the expression of FPN1 to 
sequester or export excess iron, thereby reducing intracellu-
lar iron accumulation and preventing the onset of ferroptosis 
[57, 58]. Although there is still controversy regarding the 
impact of HCA on liver and kidney injuries, our findings 
did not reveal any evidence of increased hepatotoxicity or 
nephrotoxicity within the concentration range used in our 
experiments, consistent with previous reports [59–61]. How-
ever, it is important to note that our evaluation of HCA’s 
effects on liver and kidney function was limited to certain 
parameters, and we did not assess potential damage to other 
vital organs, such as the brain, lungs, heart, and gastroin-
testinal tract. Therefore, the results do not fully reflect the 
absolute safety of the drug, and further investigation into the 
systemic effects of HCA and its safety profile is warranted.

Although this study preliminarily validated that HCA 
improves pathological changes in BPH by activating the 
Nrf2/GPX4 pathway to suppress ferroptosis, several limi-
tations remain. Firstly, this study only performed in vivo 
experiments; given the complexity of the in vivo environ-
ment, it remains unclear whether HCA further treats BPH 
through other mechanisms or pathways. Secondly, the chem-
ical reagents used in the experiments (such as Liproxstatin-1 
and Brusatol) may have off-target effects, which could poten-
tially influence the experimental outcomes. Finally, in future 
research, we plan to complement our findings with in vitro 
experiments and utilize gene editing technologies (such 
as CRISPR/Cas9) to regulate specific genes or construct 
transgenic mouse models, allowing for a more in-depth 
verification of the role of ferroptosis in the pathogenesis of 
BPH. Additionally, we will explore other ferroptosis-related 
molecular pathways that HCA may be involved in and iden-
tify more potential therapeutic targets. These studies will 
provide a more comprehensive experimental basis for the 
application of HCA in the treatment of BPH.

Conclusion

In summary, this study demonstrates that ferroptosis is 
indeed involved in the pathogenesis of benign prostatic 
hyperplasia (BPH) in the testosterone propionate (TP)-
induced model. This finding provides strong evidence for 
further exploration of the pathogenesis of BPH and reveals 
the potential value of inhibiting ferroptosis as a novel 
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therapeutic target for BPH. Moreover, this study is the 
first to elucidate the therapeutic efficacy and mechanisms 
of action of HCA in BPH, providing a theoretical basis for 
clinical treatment of BPH.
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