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A B S T R A C T   

Mitoquinone (MitoQ), a mitochondria-targeted antioxidant, has been used to treat several diseases. The present 
study aimed to investigate the therapeutic effects of MitoQ in benign prostatic hyperplasia (BPH) models and 
their underlying molecular mechanisms. In this study, we determined that MitoQ inhibited dihydrotestosterone 
(DHT)-induced cell proliferation and mitochondrial ROS by inhibiting androgen receptor (AR) and NOD-like 
receptor family pyrin domain-containing 3 (NLRP3) signaling in prostate epithelial cells. Molecular modeling 
revealed that DHT may combine with AR and NLRP3, and that MitoQ inhibits both AR and NLRP3. AR and 
NLRP3 downregulation using siRNA showed the linkage among AR, NLRP3, and MitoQ. MitoQ administration 
alleviated pathological prostate enlargement and exerted anti-proliferative and antioxidant effects by sup
pressing the AR and NLRP3 signaling pathways in rats with BPH. Hence, our findings demonstrated that MitoQ is 
an inhibitor of NLPR3 and AR and a therapeutic agent for BPH treatment.   

1. Introduction 

Benign prostatic hyperplasia (BPH) has been identified as a common 
clinical problem in men aged >50 years [1]. According to descriptive 
epidemiology, the incidence of BPH ranges from 12% to 42%, and one 
study showed that the lifetime risk of BPH is 29% [2–4]. The 2019 
Global Burden of Disease study revealed that the absolute burden of BPH 
is rising at an alarming rate. Globally, the estimated prevalence of BPH 
in 2019 was 11.26 million cases, up from 5.48 million in 1990 [5]. 
Histological determination of BPH is based on the abnormal prolifera
tion of epithelial and stromal cells of the prostate tissue, resulting in 
prostate growth, lower urinary tract symptoms (LUTS), and bladder 
outlet obstruction [6]. Several factors, including aging, hormones, 
chronic inflammation, growth factors, and oxidative stress, are consid
ered to influence BPH development [7]. While the exact underlying 
molecular mechanism remains unclear, sex hormones have been 

considered the main contributing factors for BPH [8]. 
Androgens mediate their action via the androgen receptor (AR) in 

the prostate, stimulating the differentiation and proliferation of 
epithelial and stromal cells [9]. Some studies suggest that androgen 
ablation therapy for volume reduction and changes in LUTS along with 
5α-reductase inhibitors (5ARIs), known as dihydrotestosterone (DHT) 
blockers should be primarily used to treat BPH. However, AR signaling is 
not the only modulator of BPH, as evidenced by the fact that more than 
25% of patients do not respond to 5ARIs. Hence, androgens play a major 
role in pathogenesis within the prostate tissue by stimulating inflam
mation. Accumulating evidence suggests the combined and interactive 
effects of androgens and inflammation on prostate tissues. Tong et al. 
suggested that as androgens can act on inflammation, which can also act 
on androgens [10]. Several studies have demonstrated the role of 
oxidant products and antioxidant depletion in patients with BPH. 
Prostate inflammation can lead to free radical production and oxidative 
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stress. Evidence has revealed that oxidative stress may result in cellular 
proliferation and BPH [11]. However, as the exact effects of reactive 
oxygen species (ROS) on BPH pathology have not been identified, their 
role must be investigated. 

A clinical study indicated that inflammasome components were 
elevated in prostate tissues from patients with BPH, suggesting that 
inflammasomes are important mediators of prostate inflammation 
associated with BPH [12]. The NOD-like receptor family pyrin 
domain-containing 3 (NLRP3) inflammasome is associated with a wide 
range of diseases, including chronic inflammatory disorders [13]. Upon 
detecting cellular stress, activation of NLRP3 recruits 
caspase-1-dependent proinflammatory cytokines, such as IL-1β and 
IL-18 [14,15]. The NLRP3 inflammasome reportedly perceives mito
chondrial dysfunction and may explain the positive correlation between 
mitochondrial ROS (mtROS) and inflammatory diseases [16]. Aberrant 
activation of the NLRP3 inflammasome promotes cellular proliferation 
and tumor pathogenesis, although its role in BPH development remains 
unclear [17,18]. 

Mitoquinone (MitoQ; 10-(4,5-dimethoxy-2-methyl-3,6-dioxo-1,4- 
cyclohexadien-1-yl)decyl triphenylphosphonium) was designed to 
decrease mtROS levels [19]. MitoQ has been evaluated in clinical trials, 
and numerous studies have shown that it protects against oxidative 
damage in a number of diseases. Although MitoQ has not been approved 
by the FDA as a drug yet, several studies have been conducted to eval
uate its effectiveness in various diseases. MitoQ has high bioavailability, 
and previous studies have reported its anti-inflammatory potential [20]. 
MitoQ exerts anti-inflammatory effects by inhibiting the NLRP3 
inflammasome and/or the mtROS/NLRP3 axis in experimental animal 
models [21,22]. Additionally, MitoQ exhibits anti-proliferative effects 
and induces apoptotic cell death in cancer cells [23,24]. However, the 
molecular mechanisms underlying the antioxidant and anti-proliferative 
effects of MitoQ in BPH development remain unclear. 

2. Materials and methods 

2.1. Cell culture and sample treatment 

The normal human prostate epithelial cell line, RWPE-1, was ob
tained from the American Type Culture Collection (Manassas, VA, USA). 
RWPE-1 cells were cultured in keratinocyte serum-free medium sup
plemented with 0.05 mg/mL bovine pituitary extract, 5 ng/mL human 
recombinant epidermal growth factor, and antibiotic-antimycotic solu
tion (Gibco®, Big Cabin, OK, USA). Cells were cultured in a humidified 
environment at 37 ◦C and 5% CO2. Cells were cultured in serum-free 
medium to block the effects of autocrine androgens. To mimic BPH 
induced by androgens in vivo, seeded cells were treated with 10 nM DHT 
for 72 h with or without various concentrations of MitoQ (25, 50, and 
100 μM). 

2.2. CCK-8 assay 

Cell viability and proliferation were measured using the Cell 
Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Inc., D.C., 
USA). RWPE-1 cells were seeded in 96-well plates (1 × 105 cells/well) 
and incubated for 24 h. The following day, cells were pretreated with or 
without various concentrations of MitoQ (3.125–200 μM) for 1 h prior to 
stimulation with 10 nM DHT for 24 h. After treatment, CCK-8 solution 
was added to each well and incubated for 4 h. The number of viable cells 
was monitored by measuring absorbance at 450 nm using an Epoch 
microplate reader (Biotek, Winooski, VT, USA). 

2.3. Immunofluorescence (IF) 

RWPE-1 cells treated with DHT and/or MitoQ (25, 50, and 100 μM) 
were fixed in 100% methanol, blocked with 10% normal goat serum 
(Gibco®), and incubated with primary antibodies against 8-OHdG (Cat. 

No. sc-66036; Santa Cruz Biotechnology), NLRP3 (Cat. No. NBP2- 
12446, Novus Biologicals), and AR (Cat. No. sc-7305) overnight. The 
cells were then washed and incubated with FITC-conjugated anti-mouse 
or TRITC-conjugated anti-rabbit secondary antibodies. Nuclei were 
stained with 4′,6-diamidino-2-phenylindole (Life Technologies). Images 
were captured using an optical microscope (ECLIPSE Ni-U, Nikon, 
Tokyo, Japan). 

After deparaffinization and rehydration, rat prostate tissue slides 
were incubated with anti-mouse 8-OHdG antibodies or anti-rabbit 
NLRP3 antibodies and visualized with FITC-conjugated anti-mouse 
and TRITC-conjugated anti-rabbit secondary antibodies, respectively. 
The slides were mounted and detected using a Nikon X-Cite-Series 120 Q 
microscope (Nikon, Japan). The exposure parameters were the same for 
each sample. 

2.4. Assessment of mitochondrial activity and mtROS levels 

RWPE-1 cells were plated on a chamber slide at a density of 1 × 105 

cells/well the day before treatment. The RWPE-1 cells were treated with 
10 nM DHT and/or 100 μM MitoQ for 24 h. Before incubating with 
fluorescent dye, RWPE-1 cells were treated with 0.6% H2O2 for 30 min. 
Mitochondrial activity and mtROS levels were measured by incubating 
cells with MitoTracker™ Green FM and MitoSOX™ Mitochondrial Su
peroxide Indicator (Invitrogen, MA, USA) for 30 min 37 ◦C. The slides 
were mounted and detected using an EVOS M5000 microscope 
(Invitrogen). 

2.5. Western blot analysis 

Total protein was extracted from RWPE-1 cells and rat prostate tis
sues, and western blot analysis was performed as described previously 
[25]. Antibodies against AR (Cat. No. sc-7305) were purchased from 
Santa Cruz Biotechnology, Inc. (TX, USA). Boster Biological Technology 
(CA, USA) provided the antibodies against prostate-specific antigen 
(PSA; Cat. No. PB9259). Antibodies against caspase-3 (Cat. No. #9661) 
were purchased from Cell Signaling Technology. Novus Biologicals (CO, 
USA) provided antibodies against NLRP3 (Cat. No. NBP2-12446). An
tibodies against IL-1β (Cat. No. 2105) were purchased from Abcam 
(Cambridge, UK). 

2.6. Quantitative real-time polymerase chain reaction (qRT-PCR) 
analysis 

Total RNA was isolated using Easy-Blue® reagent (iNtRON 
Biotechnology, Inc., Gyeonggi-do, Korea) and transcribed into cDNA 
according to the manufacturer’s instructions. Oligonucleotide primers 
(Table 1) were purchased from Bioneer Corporation (Daejeon, Korea). 
qRT-PCR was performed as previously described [26]. 

2.7. Transfection of siRNA 

RWPE-1 cells were transfected with siRNA (Bioneer Corporation) or 
pmaxGFPtm vector using a 4D-Nucleofectortm system (Lonza, Basel, 
Switzerland). The following siRNA nucleotide sequences were used: 
NLRP3 siRNA, CGUGACAGUCCUUCUGGAA = tt(1-AS) and UUCCA
GAAGGACUGUCACG = tt(1-AA) and AR siRNA, CUCUCUUCA
CAGCCGAAGA = tt (6-AS) (forward) and UCUUCGGCUGUGAAGAGAG 
= tt(6-AA) (reverse). After 4 h of incubation, the cells were treated in the 
presence or absence of MitoQ 100 μM. The effect of NLRP3 or AR 
knockdown was detected using qRT-PCR. 

2.8. Docking simulation 

A crystal structure of the NACHT domain of NLRP3 was recently 
identified [27]. The structure was downloaded from the Protein Data 
Bank (PDB ID: 7ALV). The structure contained a potent di-aryl 
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sulfonylurea inhibitor, RM5 (PubChem CID: 10195003). For AR (PDB 
ID: 2AMA), the crystal structure, to which DHT is bound, was used. The 
coordinates and size of the search space for the docking simulation were 
determined based on the 3D coordinate ranges of RM5 in the NACHT 
domain and the DHT binding site of the AR. A docking simulation was 
performed using AutoDock Vina v1.1.2 for testosterone, DHT, MitoQ, 
and RM5 [28]. The binding affinity of each ligand was predicted based 
on the best mode of binding, and the corresponding binding energy was 
calculated as kcal/mol. A lower binding energy indicates a greater 
binding affinity. 

2.9. ATPase assay 

RWPE-1 cells were seeded in dishes at a density of 1 × 105 cells/well, 
and the serum-free medium was replaced the next day. The RWPE-1 cells 
were treated with 10 nM DHT and/or MitoQ (25, 50, and 100 μM) for 24 
h. ATPase activity was determined using a commercially available kit 
(Abcam, MA, USA). According to the manufacturer’s instructions, the 
cells were homogenized in ATPase assay buffer and centrifuged at 4 ◦C 
for 10 min, and the supernatant was used. Phosphate in the cell lysate 
was removed using an ammonium sulfate solution (Thermo Fisher, MA, 
USA). The reaction mix and ATPase assay developer were added to the 
samples, and ATPase activity was measured at 650 nm using an Epoch 
microplate spectrophotometer (BioTek, Winooski, VT, USA). 

2.10. ATP determination assay 

RWPE-1 cells were seeded in dishes at a density of 1 × 105 cells/well 
and treated with 10 nM DHT and/or MitoQ (25, 50, and 100 μM) for 24 
h. ATP level was determined using a CellTiter-Glo® Luminescent Cell 
Viability Assay kit (Promega, WI, USA). ATP disodium salt (Sigma 
Aldrich, St. Louis, MI, USA) was used to generate an ATP standard curve. 
CellTiter-Glo® reagent was added to the samples, and luminescence was 
measured using an Epoch microplate spectrophotometer (BioTek, 
Winooski, VT, USA). 

2.11. Experimental animals and sample treatment 

Six-week-old male Sprague-Dawley rats (n = 40; 200 ± 20 g) were 
purchased from Daehan Biolink Co. (Daejeon, Korea). The animals were 
randomly allocated at four rats per cage and housed under conditions in 
accordance with the guidelines for the care and use of laboratory ani
mals adopted and promulgated by Sangji University according to the 
requirements established by the National Institutes of Health. All 
experimental protocols were approved by the Institutional Animal Care 

and Use Committee (IACUC) of Sangji University before the initiation of 
any study (IACUC Animal Approval Protocol #2018-18). The rats were 
acclimatized to laboratory conditions for 1 week before starting the 
experiment. Briefly, rats were randomly divided into five groups (n = 8 
per group): group 1, control (Con, normal prostate with vehicle: 100 μL 
corn oil, s.c.); group 2, BPH-induced rats (BPH, 10 mg/kg testosterone 
propionate dissolved in corn oil); group 3, BPH-induced rats treated with 
Saw palmetto, 100 mg/kg/day, p.o. (Saw); group 4, BPH-induced rats 
treated with MitoQ, 5 mg/kg/day, p.o. (Mito 5); and group 5, BPH- 
induced rats treated with MitoQ, 25 mg/kg/day, p.o. (Mito 25). To 
eliminate the influence of intrinsic testosterone, all rats in the BPH- 
induced groups underwent bilateral orchiectomies, which were per
formed 7 days prior to the administration of testosterone propionate. 
The rats in the control group were cut open and sewn up without 
removing the testicles following anesthesia using zoletil 50 (intraperi
toneal injection, 10 mg/kg). After a 1-week recovery period, the rats in 
the BPH-induced groups were subcutaneously injected with 10 mg/kg/ 
day testosterone propionate alone or in combination with MitoQ or Saw 
for 4 weeks, except on weekends. Twenty-four hours after the final 
administration, all rats were euthanized following anesthesia with 
zoletil 50 (i.p., 20 mg/kg). Blood samples were drawn via cardiac 
puncture, and serum was obtained via centrifugation and stored at 
− 80 ◦C. 

2.12. Histological analysis 

Prostate tissues from each group were fixed in 4% formalin and 
embedded in paraffin. Tissues were cut into 4-μm sections. The sections 
were stained with hematoxylin and eosin (H&E) for histological exam
ination. Images were acquired using a Leica DFC 295 microscope (Leica, 
Wetzlar, Germany). The thickness of the epithelium in the prostate tis
sue was measured using the Leica Application Suite software (LAS ver. 
3.3.0; Leica Microsystems, Inc., Buffalo Grove, IL, USA). 

2.13. Immunohistochemistry (IHC) 

IHC was performed using formalin-fixed paraffin-embedded sam
ples. Paraffin blocks were cut into 4-μm thick sections, mounted onto 
poly L-lysine-coated slides, and dried. After the dried slides were de- 
paraffinized, antigen retrieval was performed using an automated an
tigen retrieval machine for 20 min using ethylenediaminetetraacetic 
acid (pH 9.0). Non-specific binding to the sections was blocked via in
cubation for 1 h in 15–20% normal goat serum (Gibco Life Technologies, 
NY, USA) prior to incubation with the appropriate primary antibodies 
for 2 h at 22–25 ◦C or overnight at 4 ◦C. Secondary rabbit antibodies 

Table 1 
Primer sequences.  

Gene name Sense primers Anti-sense primers 

Human HO-1 GAGGCCAAGACTGCGTTCC GGTGTCATGGGTCAGCAGC 
Human GPX-1 AGTCGGTGTATGCCTTCTCG CGATGTCAGGCTCGATGTCA 
Human NLRP3 GGAGAGACCTTTATGAGAAAGCAA GCTGTCTTCCTGGCATATCACA 
Human PYCARD TGACGGATGAGCAGTACCAG GCTTCCGCATCTTGCTTGG 
Human IL-1β TGGACCTCTGCCCTCTGGAT GGCAGGGAACCAGCATCTTC 
Human AR GAGCCAGGTGTAGTGTGTGC TCGTCCACGTGTAAGTTGCG 
Human 5α-reductase 2 GGGCTTTCCGAGATTTGGGG CCCTCCCAGCACTTGCATTT 
Human PSA ATAGGATTGCCCAGGCAGAA CTAAGGGTAAAAGCAGGGAGAGAGT 
Human β-actin GGCCAGGTCATCACCATTGG CTTTGCGGATGTCCACGTCA 
Rat PCNA GATCGCAGCGGTATGTGTCG CTGCTGGGACATCAGTTCGG 
Rat HO-1 GCGAAACAAGCAGAACCCAG GCCTCTGGCGAAGAAACTCT 
Rat SOD-1 TTTGCACCTTCGTTTCCTGC TCCCAATCACACCACAAGCC 
Rat PGC1α CATGCAAACCACACCCACAG TGAGCACTGAGGACTTGCTG 
Rat PYCARD CCATCCTGGACGCTCTTGAA GGTCTGTCACCAAGTAGGGC 
Rat IL-1β TGTGATGAAAGACGGCACAC TGTGCAGACTCAAACTCCAC 
Rat 5α-reductase 2 GGCAGCTACCAACTGTGACC CTCCCGACGACACACTCTCT 
Rat AR AGCTCACCAAGCTCCTGGAT AAGGGAACAAGGTGGGTTTG 
Rat SRC-1 GAACCCCACCTGCTTCTACC GACATTCTGCTGCATCTGCG 
Rat GAPDH TGATTCTACCCACGGCAAGT AGCATCACCCCATTTGATGT  
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were used to detect the primary antibodies, followed by detection using 
streptavidin-tagged horseradish peroxidase (Ventana Medical Systems, 
Tucson, AZ, USA). Diaminobenzidine (Sigma-Aldrich) was used to 
induce signaling, and bluing reagent (Ventana Medical Systems) was 
used as a counterstain. The IHC slides were visualized using an optical 
microscope (Leica) and rendered using Leica software. IHC staining of 
antibodies against PCNA (Cat. No. sc-56) was performed. 

2.14. ROS assay 

After the male rats were euthanized, the prostate tissues were excised 
and treated with type I collagenase (Thermo Fisher Scientific, MA, USA) 
to dissociate the cells. Single cells from primary prostate tissues were 
mixed with Muse® Oxidative Stress Reagent working solution. Cells 
were incubated for 30 min at 37 ◦C and detected using a Muse® Cell 
Analyzer (Merck, Darmstadt, Germany). 

2.15. DHT and testosterone measurement 

Serum levels of DHT and testosterone were quantified using com
mercial ELISA kits (Cusabio, TX, USA). The assays were performed ac
cording to the manufacturer’s instructions. 

2.16. Statistical analysis 

Experiments were performed in triplicate, and the results are 
expressed as mean ± standard deviation (SD). Statistically significant 
values were determined using analysis of variance and Dunnett’s post- 
hoc test. Statistical significance was set at p < 0.05. Statistical ana
lyses were performed using GraphPad Prism 5. 

Fig. 1. Antioxidant effect of MitoQ in DHT-stimulated RWPE-1 cells. (A) Molecular structure of MitoQ. (B) Viability of MitoQ-treated RWPE-1 cells at the indicated 
concentration for 24 h measured via the CCK-8 assay. (C) RWPE-1 cell proliferation under DHT (10 nM) stimulation and MitoQ at the indicated concentration for 24 h 
measured via the CCK-8 assay. (D) The expression of 8OHDG in DHT-stimulated RWPE-1 cells treated with MitoQ (25, 50, and 100 μM). (E) The mRNA expression of 
HO-1 and GPX-1 in DHT-stimulated RWPE-1 cells treated with MitoQ (25, 50, and 100 μM). The results are expressed as means ± SD (n = 3). ###p < 0.001 vs. 
vehicle group; **p < 0.01, ***p < 0.001 vs. DHT-stimulated group. (F) The manifestation of MitoTracker™ and MitoSOX™ in DHT-stimulated MitoQ-treated RWPE- 
1 cells (100 μM); 0.6% H2O2 was used as positive control. (G) Catalase and SOD2 protein expression in DHT-stimulated RWPE-1 cells treated with MitoQ (25, 50, and 
100 μM). The results are expressed as means ± SD (n = 3). ###p < 0.001 vs. vehicle group; **p < 0.01, ***p < 0.001 vs. DHT-stimulated group. 
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3. Results 

3.1. MitoQ suppressed prostate cell proliferation and abrogated oxidative 
stress in DHT-stimulated RWPE-1 cells 

Since BPH is based on abnormal proliferation of prostate cells, 
regulating their proliferation is considered effective for BPH. RWPE-1 
cell proliferation was suppressed by 25 μM and higher concentrations of 
MitoQ (Fig. 1B). Under DHT stimulation, RWPE-1 cells showed 
increased proliferation, which was significantly repressed by treatment 
with ≥6.25 μM MitoQ (Fig. 1C). The antiproliferative effects of MitoQ 

were evaluated at concentrations of 25, 50, and 100 μM. Next, over
expression of 8OHdG, a marker of oxidative stress, was observed in 
DHT-stimulated RWPE-1 cells, which MitoQ treatment notably sup
pressed (Fig. 1D). In addition, the mRNA levels of HO-1 and GPX-1 was 
significantly lower in the DHT group than those in the vehicle group. 
MitoQ treatment normalized these levels, and 100 μM MitoQ signifi
cantly increased the mRNA level of HO-1 and GPX-1, suggesting its 
antioxidant effects in DHT-stimulated prostate cells (Fig. 1E). DHT 
stimulation also induced excess production of mtROS via H2O2 in RWPE- 
1 cells, which MitoQ treatment suppressed (Fig. 1F). To modulate 
oxidative stress created by mtROS, mitochondria operate ROS- 

Fig. 2. Effect of MitoQ on the NLRP3 signaling pathway in DHT-stimulated RWPE-1 cells. (A) NLRP3 expression in DHT-stimulated RWPE-1 cells treated with MitoQ 
(25, 50, and 100 μM). (B) The mRNA expression of NLRP3, PYCARD, and IL-1β in DHT-stimulated RWPE-1 cells treated with MitoQ (25, 50, and 100 μM). The results 
are expressed as means ± SD (n = 3). ###p < 0.001 vs. vehicle group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. DHT-stimulated group. (C) RWPE-1 cells were 
transfected with GFP or NLRP3 siRNA and stimulated with or without DHT, and then transfected with NLRP3 siRNA. The mRNA expression of NLRP3 and IL-1β was 
estimated in transfected RWPE-1 cells. ###p < 0.001 vs. GFP group; ***p < 0.001 vs. DHT-stimulated GFP group; $$$p < 0.001 vs. DHT-stimulated NLRP3 siRNA- 
transfected group. (D) Molecular docking simulation on the NACHT domain of NLRP3 was conducted using Autodock Vina v1.1.2. (E) The ATPase activity in MitoQ- 
treated RWPE-1 cells was analyzed under DHT stimulation. (F) ATP level in DHT-stimulated RWPE-1 cells treated with MitoQ (25, 50, and 100 μM). The results are 
expressed as means ± SD (n = 3). ###p < 0.001 vs. vehicle group; ***p < 0.001 vs. DHT-stimulated group. 
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scavenging systems, where superoxide dismutase (SOD) converts su
peroxide radicals into H2O2, which is further detoxified by catalase [29]. 
As shown in Fig. 1G, treatment with MitoQ significantly increased SOD2 
and catalase protein expression in DHT-stimulated RWPE-1 cells, 
exerting antioxidant effects on mtROS in prostate cells stimulated by 
androgen. 

3.2. MitoQ exerted antioxidant effects by inhibiting NLRP3 in DHT- 
stimulated RWPE-1 cells 

The NLRP3 inflammasome was studied to elucidate the signaling 
pathway underlying MitoQ suppression of prostate cell proliferation. 
Since MitoQ inhibits mtROS by repressing the NLRP3 inflammasome 
[22], it was hypothesized to inhibit NLRP3 expression in 
DHT-stimulated RWPE-1 cells. NLRP3 protein expression increased 
under DHT stimulation of RWPE-1 cells, whereas MitoQ significantly 
suppressed it (Fig. 2A). In addition, the mRNA expressions of NLRP3, 
PYCARD, and IL-1β was significantly increased in DHT-stimulated 
RWPE-1 cells, whereas they were significantly reduced by MitoQ 
treatment (Fig. 2B). To clarify the effect of MitoQ on NLRP3 signaling, 
RWPE-1 cells were transfected with NLRP3 siRNA and then stimulated 
with DHT. The significant decrease in NLRP3 mRNA expression in 
RWPE-1 cells was confirmed using NLRP3 siRNA (Supplementary 
Fig. 1). In green fluorescent protein (GFP)-transfected cells, DHT stim
ulation significantly increased NLRP3 and IL-1β levels. In contrast, 
NLRP3 siRNA transfection notably suppressed their levels and neutral
ized the effect of MitoQ on RWPE-1 cells (Fig. 2C). As shown in Fig. 2D, a 
molecular docking simulation was conducted to validate whether MitoQ 

could directly bind to the NACHT domain of NLRP3. MitoQ, testos
terone, DHT, and RM5, a recently identified inhibitor, were docked into 
the NACHT domain. MitoQ showed an affinity value of − 9.1 kcal/mol, 
and testosterone and DHT showed higher binding energy values (− 8.1 
and − 8.4 kcal/mol, respectively). Additionally, RM5 showed a higher 
binding energy of − 9.0 kcal/mol. Of the four ligands, MitoQ was pre
dicted to be the strongest binding ligand (lowest binding energy = − 9.1 
kcal/mol). Because the 3D binding structure of RM5 onto the NACHT 
domain was determined using X-ray crystallography [27], the better 
binding affinity of MitoQ predicted via docking simulation implies that 
it is also a strong binding ligand to the NACHT domain of NLRP3. 
Because ATPase activity is involved in NLRP3 inflammasome activation 
[30], the inhibitory effect of MitoQ on ATPase activity in 
DHT-stimulated RWPE-1 cells was estimated (Fig. 2E). ATPase activity 
was significantly higher in the DHT group than that in the vehicle group, 
whereas MitoQ treatment significantly suppressed ATPase-specific ac
tivity. Additionally, we analyzed ATP levels in DHT-stimulated RWPE-1 
cells. DHT stimulation significantly increased ATP levels, whereas 
MitoQ treatment significantly reduced them in a dose-dependent 
manner (Fig. 2F). 

3.3. MitoQ suppressed the AR signaling pathway in DHT-stimulated 
RWPE-1 cells 

Since BPH is based on androgen-dependent abnormal proliferation of 
prostate cells, regulating androgen/AR signaling is considered effective 
in BPH. As shown in Fig. 3A, DHT stimulation induced AR over
expression in RWPE-1 cells, which was clearly suppressed by MitoQ 

Fig. 3. Inhibitory effect of MitoQ on AR-dependent 
cellular proliferation in DHT-stimulated RWPE-1 
cells. (A) AR protein expression in DHT-stimulated 
RWPE-1 cells treated with MitoQ (25, 50, and 100 
μM). (B) The mRNA levels of AR, 5α-reductase, and 
PSA in DHT-stimulated RWPE-1 cells treated with 
MitoQ (25, 50, and 100 μM). (C) PSA protein level in 
DHT-stimulated RWPE-1 cells treated with MitoQ 
(25, 50, and 100 μM). (D) Under DHT stimulation, 
mRNA expression of AR in NLRP3 siRNA-transfected 
RWPE-1 cells with or without 100 μM of MitoQ and 
(E) the mRNA expression of NLRP3 in AR siRNA- 
transfected RWPE-1 cells with or without 100 μM of 
MitoQ. The results are expressed as means ± SD (n =
3). ###p < 0.001 vs. GFP group; ***p < 0.001 vs. 
DHT-stimulated GFP group; $$$p < 0.001 vs. DHT- 
stimulated NLRP3 siRNA or AR siRNA-transfected 
group. (F) Molecular docking simulation of AR was 
conducted using Autodock Vina v1.1.2.   
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treatment. In addition, the mRNA levels of AR, 5α-reductase 2, and PSA 
were significantly upregulated in the DHT-stimulated group, whereas 
MitoQ treatment notably inhibited them (Fig. 3B). DHT stimulation also 
increased PSA protein expression, which was significantly suppressed by 
MitoQ (Fig. 3C). AR contributes to testosterone-induced NLRP3 
inflammasome activation and oxidative stress [31]. The contribution of 
NLRP3 and AR signaling to the effect of MitoQ on DHT-stimulated 
prostate cells was further evaluated using siRNA. As shown in Fig. 3D, 
DHT stimulation significantly increased AR levels in GFP-transfected 
cells. Interestingly, NLRP3 siRNA transfection also significantly 
increased AR levels under DHT stimulation, which were notably 
downregulated by MitoQ treatment. Furthermore, DHT stimulation 
significantly increased NLRP3 levels in GFP-transfected cells. AR siRNA 
transfection also significantly upregulated NLRP3 levels, whereas MitoQ 
treatment significantly suppressed them (Fig. 3E). These results suggest 
that DHT may combine with AR and NLRP3, increasing their expression, 
and that MitoQ acts as an inhibitor of both AR and NLRP3. Next, direct 
binding of MitoQ to AR was investigated via molecular docking. Docking 
was performed using a DHT-bound AR structure. To compare the 
docking affinity values of the ligands, DHT already bound to this 
structure was removed and then re-docked. DHT was docked to the same 
binding site, very similar to the shape shown by X-ray crystallography, 
and showed an affinity value of − 10.42 kcal/mol. Testosterone and 
MitoQ were confirmed to bind to the binding site, and their predicted 
affinity values in the docking simulation were − 9.94 and − 9.39 kcal/
mol, respectively (Fig. 3F). Although predicted MitoQ binding was not 
stronger than that of testosterone and DHT, it seemed to bind to AR, as 
the difference between the DHT and MitoQ values was quite small (~1 
kcal/mol). 

3.4. MitoQ alleviated prostate enlargement and prostate cell proliferation 
in rats with BPH 

Given the suppressive effects of MitoQ on DHT-dependent prostate 
cell proliferation in vitro, its therapeutic effects were evaluated in a 
testosterone-induced BPH rat model. Testosterone injection resulted in 
prostate enlargement. Saw, a highly effective anti-androgen, was used as 
a positive control in our experimental system [32]. Administration of 5 
and 25 mg/kg of MitoQ reduced the prostate size in the positive control 
(Fig. 4A). Rats with BPH exhibited increased prostate weight, whereas 
rats in the Mito and Saw groups showed a significant reduction in 
prostate weight (Fig. 4B). Histological analysis showed a hyperplastic 
pattern in the BPH group, including thickened epithelium, whereas 
administration of Saw and MitoQ restored histological alterations and 
significantly reduced the thickened epithelium (Fig. 4C and D). In 
addition, the effect of MitoQ on the cell proliferation marker PCNA was 
analyzed. The BPH group showed significantly overexpressed PCNA 
protein and mRNA in comparison to that in the Con group, whereas 
administration of Saw and MitoQ clearly suppressed this overexpression 
(Fig. 4C, E, and F). In particular, the inhibitory effect of MitoQ 25 on 
cellular proliferation was superior to that of Saw. 

3.5. MitoQ exerted antioxidant effects in rats with BPH 

Early studies have documented that androgen deprivation therapy 
can decrease oxidative stress [33]. Thus, the expression of 8-OHdG, a 
marker of oxidative stress, was examined in the prostate tissues from a 
testosterone-induced BPH rat model. The intensity of 8-OHdG-positive 
staining in the BPH group was significantly higher than that in the 
Con group. In contrast, this intensity was significantly lower in the 
MitoQ-treated group than that in the BPH group (Fig. 5A and B). To 

Fig. 4. Effect of MitoQ on prostate cell proliferation 
in rats with BPH. (A) Representative prostate pictures 
from each experimental group. (B) Prostate weight to 
body weight (PW/BW) ratio was calculated at the end 
of the experiments. (C) H&E and IHC staining for 
PCNA were conducted using prostate tissue sections. 
Images from each group were observed using a Leica 
microscope (original magnification = ×40). (D) The 
thickness of the epithelium of the prostate tissue was 
measured using Leica Application Suite software. (E) 
The extent of PCNA-positive units was measured 
based on IHC staining. (F) PCNA mRNA level in the 
prostate of each experimental group was quantified 
using qRT-PCR. ###p < 0.001 compared with the Con 
group; ***p < 0.001 compared with the BPH group; 
analysis of variance, followed by Dunnett’s post-hoc 
test.   
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identify whether MitoQ exerts an antioxidant effect in the 
testosterone-induced BPH rat model, the extent of ROS production and 
the levels of antioxidant enzymes in the prostate tissues were assessed. 
As shown in Fig. 5C, BPH induced the generation of intracellular ROS in 
BPH group, compared to the Con group, whereas administration of 
MitoQ significantly suppressed ROS generation in a dose-dependent 
manner. In addition, lower mRNA levels of HO-1, SOD1, and PGC1α 
were observed in the BPH group, compared with the Con group. In 
contrast, these levels were upregulated by the administration of MitoQ, 
but not of Saw (Fig. 5D). As shown in Fig. 5E, the expressions of catalase 
and SOD2 in the BPH group were significantly lower than that in the Con 
group. In contrast, these expressions were significantly higher in the 
MitoQ-treated group than that in the BPH group. 

3.6. MitoQ inhibited the NLRP3 signaling pathway in rats with BPH 

Next, the involvement of the NLRP3 inflammasome in the prostate 
tissues from rats with BPH was analyzed. BPH upregulated the expres
sion of NLRP3, which was reversed by MitoQ treatment (Fig. 6A and B). 
Fig. 6C also shows that the increased mRNA levels of PYCARD and IL-1β 
induced by BPH were repressed by MitoQ administration. As shown in 
Fig. 6D and E, BPH induction increased the protein expression of NLRP3, 
pro-caspase 1, cleaved caspase 1, and IL-1β, compared to the Con group. 
However, MitoQ treatment suppressed the overexpression of these 
proteins. These results strongly support the protective effects of MitoQ in 
BPH via regulation of the NLRP3 signaling pathway. 

3.7. MitoQ repressed the expression of androgen-relative markers in rats 
with BPH 

Considering the in vitro results, where MitoQ treatment suppressed 
AR and 5α-reductase levels, its inhibitory effects on androgen signaling 
were investigated in rats with BPH. As shown in Fig. 7A, BPH induction 
increased DHT production, whereas MitoQ and Saw administration 
significantly suppressed overproduction. Moreover, BPH induction 
significantly increased circulating testosterone levels, which 25 mg/kg 
MitoQ significantly reduced. Saw administration increased the serum 
testosterone level in BPH rats (Supplementary Fig. 3). As shown in 
Fig. 7B and C, Saw and MitoQ administration downregulated the mRNA 
levels of 5α-reductase 2, AR, and SRC-1, which were enhanced by BPH 
induction. The protein expression of PSA, a biomarker for the diagnosis 
of prostate diseases, increased in the BPH group, and decreased under 
Saw and MitoQ (Fig. 7D). These findings suggest that MitoQ suppresses 
BPH progression via androgen signaling. 

4. Discussion 

In men with hypogonadism, testosterone replacement induces 
prostate enlargement [34], indicating androgen involvement. Andro
gens have been shown to increase AR transactivation, nuclear localiza
tion, and protein expression [35]. In addition, androgens increase basal 
level of ROS, regarded as a downstream mediator of 
androgen-dependent signaling [36]. Oxidative stress should be consid
ered as the main factor leading to compensatory cellular proliferation 
and the resulting BPH [37]. Prostate tissue is vulnerable to oxidative 
damage owing to the faster cell turnover and low levels of DNA repair 

Fig. 5. Effect of MitoQ on oxidative stress in rats with 
BPH. (A) IF assay was conducted to detect the protein 
expression of 8-OHdG. (B) The extent of 8-OHdG 
positive unit was measured, based on IF assay. (C) 
ROS scavenging effect of MitoQ was measured using 
ROS assay. The extent of ROS positive cells from 
prostate was calculated. (D) The mRNA expression of 
HO-1, SOD1, and PGC1α was evaluated using qRT- 
PCR. ###P < 0.001 compared with the Con group; 
***P < 0.001 compared with the BPH group; analysis 
of variance, followed by Dunnett’s post-hoc test. (F) 
The protein expression of Catalase and SOD2 in rats 
with BPH. The results are expressed as the mean ± SD 
(n = 3). ###p < 0.001 vs. vehicle group; ***p < 0.001 
compared with the BPH group.   
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enzymes. In prostate cells, an imbalance between ROS and antioxidants 
assists disease development [38]. AR activities are regulated by ROS, 
and the AR signaling pathway operates by generating ROS, suggesting a 
regulatory loop between AR and ROS [39]. In agreement with a previous 
study, where excessive activation of AR by testosterone could provoke 
systemic oxidative stress [40], a notable increase in ROS and upregu
lation of AR were observed in the prostate tissues from 
testosterone-induced BPH rats and androgen-stimulated prostate cells. 
AR is a nuclear transcription factor that directly functions in the mito
chondria and is associated with mitochondrial dysfunction, which in
duces AR expression [41]. Here, AR expression and mtROS production 
were blocked by MitoQ, suggesting that MitoQ may act as an AR blocker 
and antioxidant in BPH. 

Under disease conditions, the NLRP3 inflammasome is differentially 
expressed between male and female patients and is closely related to the 
progression of severe inflammation, which may be related to sex hor
mones. Several studies have demonstrated that androgen influences 
activation of the NLRP3 inflammasome in some pathological states [42]. 
Testosterone treatment has been reported to induce NLRP3 inflamma
some activation and mtROS production, where an AR antagonist and 
NLRP3 inhibitor prevent testosterone-induced dysfunction, suggesting a 
link between AR, NLRP3, and ROS [31]. Consistent with previous 
studies, these results showed the antioxidant effects of MitoQ via inhi
bition of the AR and NLRP3 pathways in BPH. The NLRP3 inflamma
some consists of three domains: an N-terminal pyrin domain (PYD), 
central NACHT, and C-terminal leucine-rich repeat (LRR) domain. PYD 

interacts with ASC adaptor proteins. The NACHT domain has ATPase 
activity, which is crucial for the function of NLRP3. LRR is thought to 
provoke auto-inhibition by folding back into the NACHT region [43]. 
NLRP3 inhibitors, such as CY-09 and MCC950, target the NACHT 
domain and suppress ATPase activity [44]. In this study, our results 
revealed that MitoQ directly and strongly binds to the NLRP3 NACHT 
domain and suppresses ATPase activity (Fig. 2). Additionally, we 
observed that MitoQ inhibited ATP production in DHT-stimulated 
RWPE-1 cells (Fig. 2F). The inhibitory effect of MitoQ on ATP produc
tion is the result of APTase inhibition and the ability of MitoQ to inhibit 
prostate cell proliferation. Although details of ATPase activity in NLRP3 
function have not been fully elucidated, in this study, we suggest that 
MitoQ exerts anti-proliferative effects on prostate cells by inhibiting the 
NLRP3 NACHT domain. In addition, as inhibitors that target the PYD of 
NLRP3, MitoQ, testosterone, and DHT were docked into the PYD. As 
shown in Supplementary Fig. 2, MitoQ revealed an affinity value of 
− 6.9 kcal/mol, whereas testosterone and DHT revealed higher binding 
energy values (− 4.5 and − 6.1 kcal/mol, respectively), suggesting MitoQ 
as binding ligand of the PYD of NLRP3. 

Although the antioxidant effect of MitoQ has previously been re
ported, this is the first study to reveal a novel mechanism of its anti- 
proliferative effects in BPH. MitoQ has already undergone phase I 
safety and phase II efficacy clinical trials for various diseases, including 
Parkinson’s disease and hepatitis C. Some studies have shown that 
MitoQ protects against oxidative stress-induced conditions in cell lines 
and animal disease models [42,45]. Initially, MitoQ was developed to 

Fig. 6. Effect of MitoQ on NLPR3 signaling pathway 
in rats with BPH. (A) An IF assay was conducted to 
detect NLRP3 protein expression. (B) NLRP3-positive 
units were measured based on the IF assay. (C) The 
mRNA expression of PYCARD and IL-1β was evalu
ated using qRT-PCR. (D) The protein level of NLRP3, 
pro-caspase 1, cleaved caspase 1, and IL-1β was 
measured using western blotting. (E) The relative 
protein level was normalized to that of β-actin 
(housekeeping gene). ###p < 0.001 compared with 
the Con group; *p < 0.05, **p < 0.01, and ***p <
0.001 compared with the BPH group; analysis of 
variance, followed by Dunnett’s post-hoc test.   
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prevent cell death caused by oxidative stress in pathological diseases, 
including Parkinson’s disease [46]. In contrast, Rao et al. demonstrated 
the anti-proliferative effect of MitoQ through an apoptotic cell death 
mechanism, suggesting that MitoQ causes cytotoxicity in cancer cells, 
but not in healthy cells. These findings also suggest that MitoQ could 
inhibit the proliferation of diseased prostate cells. Unlike other tissues, 
normal prostate epithelial cells depend on glycolysis, because the TCA 
cycle enzyme mitochondrial aconitase is blocked by high intracellular 
zinc levels. In the early stage of carcinogenesis, prostate cells lose their 
ability to accumulate zinc owing to the suppression of zinc transporters. 
Therefore, TCA blockade is mitigated, and the cells change their meta
bolism to produce energy via oxidative phosphorylation [47]. In this 
study, we observed that DHT stimulation induced an increase in mito
chondrial activity and mtROS, whereas MitoQ treatment significantly 
suppressed mtROS production by modulating catalase and SOD2 
(Fig. 1F and G, Fig. 5E). Our results suggest that increased mtROS pro
duction in BPH could be related to the early stage of carcinogenesis, and 
MitoQ might present a therapeutic effect in prostate cancer treatment. 
Although the efficacy and safety of MitoQ have been confirmed in many 
studies, further studies are needed to validate its effect on BPH and 
prostatic cancer. 

Meanwhile, there is additional consideration in this study. Here, we 
used six-week-old male rats to induce BPH. As BPH is known to be a 
disease of elderly men, there may be concern about difficulty of 
extrapolating our results to humans. However, the mechanisms of the 
linkage between the development and progression of BPH with age are 
not completely understood. Additionally, the association of BPH with 
not only age but also prostatic inflammation has been actively discussed 
[48,49]. The testosterone-induced BPH rats model has shown a signifi
cant increase in urinary frequency and a decrease in mean voided vol
ume, which is very similar to the clinical symptoms experienced by BPH 
patients. Although a recent study has reported that old rats are more 
susceptible to developing BPH in comparison to young rats, it has also 

been found that young rats treated with testosterone exhibit a significant 
increase in prostate weight and prostatic index [50]. However, addi
tional experiments using mature rats are also needed for the future 
clinical use of MitoQ. 

To the best of our knowledge, this is the first study to suggest asso
ciation among MitoQ, AR, and NLRP3 in BPH. This study showed that 
MitoQ exerts antioxidant effects by inhibiting NLPR3 and AR expression, 
thereby suppressing androgen-dependent prostate cell proliferation and 
ultimately mitigating the progression of BPH. In particular, these results 
demonstrated that DHT combines with AR and NLRP3, and MitoQ acts 
as an inhibitor of both AR and NLRP3. Using a docking assay, MitoQ was 
predicted to bind to AR as successfully as DHT; in particular, MitoQ 
binds to NLRP3 stronger than its inhibitor, RM5. The evidence from this 
study suggests that MitoQ could be an efficient agent for the treatment of 
BPH via AR and NLRP3 inhibition. 
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ELISA kit. (B, C) The mRNA level of (B) 5α-reductase 
2 and (C) AR and SRC-1 was quantified using qRT- 
PCR. (D) PSA protein expression was evaluated 
using western blotting. ##p < 0.01, ###p < 0.001 
compared with the Con group; **p < 0.01, ***p <
0.001 compared with the BPH group; analysis of 
variance, followed by Dunnett’s post-hoc test.   
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