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Benign prostatic hyperplasia (BPH) represents a preva-
lent etiology of lower urinary tract symptoms (LUTS)
in the male population, clinically defined by a non-
malignant proliferation of prostatic tissue. While BPH
exhibits a high prevalence among older male populations
globally, the precise underlying mechanisms contribut-
ing to its development remain incompletely elucidated.
Mitochondria, essential organelles within eukaryotic
cells, are critical for cellular bioenergetics, the regulation
of reactive oxygen species (ROS) generation, and the

modulation of cell death pathways. The maintenance of
mitochondrial homeostasis involves a complex interplay
of processes. By synthesizing previous literature, this
review discusses mitochondrial homeostasis in prostate
glands and the role of mitochondrial dysfunction in
the context of BPH. Furthermore, the review delved
into each dimension of mitochondrial dysfunction in
the specific etiology of BPH, highlighting its impact on
cell survival, apoptosis, ferroptosis, oxidative stress and
androgen receptor (AR). Overall, this review aims to
unveil the crosstalk between mitochondrial dysfunction
and BPH and identify intrinsic mechanisms.

Key Words: mitochondrial dysfunction, benign
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Introduction

Benign prostatic hyperplasia (BPH), a ubiquitous
age-associated nonmalignant condition in males, is
characterized by a cascade of troublesome lower
urinary tract symptoms (LUTS), such as urinary
obstruction and voiding difficulties, adversely affect-
ing male health and quality of life.1 The incidence
of BPH rises with age,2 with histological preva-
lence increasing to over 70% in those aged 60–69,
and exceeding 80–90% in men above 80.3 LUTS,
as a common consequence of BPH, bothered 44%
of individuals aged 40–59 and 70% of those over

80.4,5 Furthermore, the global burden of BPH has
shown a noticeable increase, with reported cases ris-
ing from 5.48 million in 1990 to 11.26 million in
2019.6 Current mechanistic studies substantiate that
unbounded epithelial and stromal cellular prolifer-
ation, concomitant with dysregulated programmed
cell death pathways, constitutes a fundamental
role in the development of BPH/LUTS.7 Addi-
tionally, the imbalanced ratio of androgen and
estrogen,8 aberrant epithelial-stromal interaction,9

chronic inflammation,10 and oxidative stress (OS)11

have been implicated in BPH progression. Never-
theless, no definitive consensus has been established
regarding the intrinsic mechanisms underlying the
etiopathogenesis of BPH.

Mitochondrial homeostasis plays a critical role
in sustaining various physiological processes,
including mitochondrial energy metabolism,
mitochondrial biogenesis, mitochondrial dynamics,
as well as mitochondrial degradation.12 Emerging
evidence underscores mitochondrial dysfunction
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as a central driver in diverse pathologies, with
distinct mechanisms linked to structural and
regulatory defects.13 Notably, in Parkinson’s
disease, impaired PTEN-induced putative kinase
1 (PINK1)/Parkin-mediated mitophagy drives
toxic mitochondrial accumulation, precipitating
dopaminergic neurodegeneration.14 In addition,
cardiovascular pathologies such as heart failure
are exacerbated by dysregulated mitochondrial
dynamics, specifically dynamin-related protein 1
(DRP1) hyperactivation, which induces excessive
fission and cardiomyocyte apoptosis.15,16 Meanwhile,
metabolic disorders like type 2 diabetes are linked
to oxidative phosphorylation (OXPHOS) failure due
to ROS overproduction and peroxisome proliferator-
activated receptor gamma coactivator 1-alpha
(PGC-1α) suppression, promoting systemic insulin
resistance.17 Similarly, cancer progression involves
oncogene-driven mitochondrial metabolic rewiring,
particularly electron transport chain (etc) complex
I dysfunction, which enhances glycolysis and
chemoresistance.18 In parallel, Alzheimer’s disease
pathogenesis correlates with optic atrophy 1 (OPA1)-
dependent cristae destabilization, accelerating
neuronal death via unregulated cytochrome c (Cyt-
c) release.19 Furthermore, autoimmune conditions
such as lupus arise from compromised outer
mitochondrial membrane (OMM) integrity, enabling
mitochondrial DNA (mtDNA) leakage and cyclic
GMP-AMP synthase (cGAS)-stimulator of interferon
genes (STING)-mediated inflammation.20 These
findings highlight the critical role of mitochondrial
dysregulation across diseases, emphasizing
therapeutic targeting of mitochondrial quality
control, dynamics, and redox balance.

The diverse outcomes of mitochondrial dysfunc-
tion have been widely implicated in BPH progression.
It was found that decreased mitophagy aggravated
BPH in aged mouse models via inducing DRP1 and
estrogen receptor.21 In addition, our recent study
unraveled that the NELL2 knockdown might trigger
mitochondria-dependent apoptosis via extracellular
signal-regulated kinases (ERK1/2) in prostatic cells.22

Furthermore, we revealed that glutathione peroxi-
dase 3 (GPX3) could induce mitochondria-mediated
apoptosis and resist autophagy-related ferroptosis
in hyperplastic prostate.23 Collectively, this review
delves profoundly into the physiological functions
of mitochondria in the prostate and elaborates on
how mitochondrial dysfunction contributes to the
onset and progression of BPH. These insights may
pave the way for innovative treatments to mitigate
BPH/LUTS.

Overview of Mitochondrial Homeostasis

Basic structure of mitochondria
Dating back to 1857, Rudolf Albert von Kölliker
discovered a granular structure in muscle cells,
and in 1898, Carle Benda named this granular
structure “mitochondria”. Mitochondria are
essential intracellular organelles characterized by
intricate structural organization and multifunctional
metabolic capabilities.24 Structurally, mitochondria
are compartmentalized into four distinct domains:
the OMM, mitochondrial inner membrane (IMM),
intermembrane space (IMS), and matrix.25 The
OMM contains abundant mitochondrial porins, such
as mitofusin 1 (MFN1) and mitofusin 2 (MFN2).
The IMM undergoes invagination to form cristae,
which serve as the structural platform for the etc
enzyme complexes and adenosine triphosphate
(ATP) synthase-mediated oxidative phosphorylation.
The IMS is situated between the IMM and OMM,
and houses critical mitophagy regulators, metabolic
enzymes, and apoptosis-related factors, including
but not limited to: PINK1, OPA1, Cyt-c, and adenine
nucleotide translocase (ANT).26

Mitochondrial energy metabolism
Mitochondria, serving as the primary bioenergetic
organelles within eukaryotic cells, facilitate the
synthesis of approximately 90% of cellular ATP
through the process of OXPHOS.27 Succinctly, energy
substrates undergo active transport into the mito-
chondrial matrix, in which these substrates are
subsequently metabolized within the tricarboxylic
acid (TCA) cycle to yield electron carriers, specif-
ically nicotinamide adenine dinucleotide (NADH)
alongside flavin adenine dinucleotide (FADH2). Sub-
sequently, these electron carriers donate electrons
to etc, inducing proton pumps to translocate pro-
tons from the matrix to the IMS, thereby generating
an electrochemical gradient, also referred to as the
mitochondrial membrane potential (�Ψ m).28 ATP
synthase utilizes the proton gradient to catalyze the
phosphorylation of ADP into ATP. In the termi-
nal oxidative step, cytochrome c oxidase IV (COX
IV) catalyzes the four-electron reduction of molec-
ular oxygen to water, coupling electron transfer
from reduced Cyt-c with the consumption of matrix-
derived protons.29

The homeostatic regulation of mitochondrial
bioenergetics is essential for normal physiologic
function of the prostate. Prostatic luminal cells, the
predominant epithelial subtype, exhibit specialized
mitochondrial bioenergetics that uniquely support
seminal fluid biosynthesis. A notable characteristic
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of prostatic luminal cells is their capacity to
accumulate elevated concentrations of zinc ions.30

This intracellular zinc enrichment is hypothesized
to exert an inhibitory influence on the activity
of mitochondrial aconitase, a TCA cycle enzyme
catalyzing citrate isomerization to isocitrate. The
suppression of aconitase activity leads to the
accumulation of citrate within luminal cells, thereby
permitting its subsequent efflux into the prostatic
fluid. Nevertheless, this metabolic adaptation is
associated with certain cellular trade-offs.31 The TCA
cycle truncation compromises OXPHOS efficiency,
forcing a compensatory shift toward aerobic
glycolysis.32 It was found that overexpression of
anoctamin 7 (ANO7) resulted in the downregulation
of OXPHOS activity in both prostate tissue and
normal prostate epithelial cell lines (RWPE1),
which highlighted the critical role of mitochondrial
bioenergetics in prostatic physiology.33

In addition to energy metabolism, mitochondrial
homeostasis relies on mechanisms such as mitochon-
drial biogenesis.

Mitochondrial biogenesis
Mitochondrial biogenesis, critical for cellular
mitochondrial renewal, necessitates coordinated
nuclear-mitochondrial crosstalk through
synchronized expression of nuclear-encoded genes
and mtDNA-dependent transcription/translation
machinery.34 Fundamentally, mtDNA expression
is subject to modulation by specific nuclear
transcription factors, notably nuclear respiratory
factor 1/2 (Nrf1/2), alongside nuclear co-activators
such as peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1α).35 Nrf1 and
Nrf2 exert transcriptional control over nuclear
genes that encode subunits of the mitochondrial
respiratory chain and mitochondrial transcription
factor A (TFAM).36 TFAM exhibits binding affinity for
multiple sites on mtDNA, thereby coordinating both
the maintenance of the mitochondrial genome and
the initiation of transcription.37 PGC-1α, functioning
as a transcriptional co-activator lacking direct DNA-
binding capability, is recruited to chromatin through
interactions with nuclear receptors and transcription
factors, consequently promoting the process of
mitochondrial biogenesis.38,39 Beyond transcriptional
regulators, AMP-activated protein kinase (AMPK)
and sirtuin 1 (SIRT1), key metabolic sensors
governing mitochondrial biogenesis, coordinately
activate PGC-1α via phosphorylation of AMPK and
deacetylation of SIRT1 under energy stress, thereby
linking cellular energy status to mitochondrial
homeostasis.40

Mitochondrial biogenesis is indispensable for
sustaining cellular bioenergetic homeostasis and
function, with its dysregulation being pathophysio-
logically implicated in prostatic diseases, particularly
BPH. However, the predisposition of mitochondrial
biogenesis remained controversial in BPH. A study
analyzed the copy numbers of mtDNA in 32 patients
with BPH, revealing that the amount in the BPH
group was significantly greater in contrast to normal
controls.41 On the other hand, previous research in rat
models demonstrated decreased SIRT3 expression in
the prostate tissues of BPH rats. SIRT3 overexpres-
sion restored mitochondrial ultrastructural integrity
in prostate tissues of BPH rats. Mechanistically, SIRT3
significantly activated the AMPK-PGC-1α signaling
pathway, stabilizing �Ψ m and mitochondrial struc-
ture. This pathway ameliorated BPH progression by
preserving mitochondrial bioenergetic competence.42

Apart from mitochondrial biogenesis, mitochon-
drial dynamics were also implicated in the regulation
of mitochondrial homeostasis.

Mitochondrial dynamics
Mitochondrial reticular formation is a dynami-
cally regulated system governed by fusion-fission
dynamics, which modulate mitochondrial morphol-
ogy, distribution, and abundance.43 The process of
mitochondrial fusion necessitates the coordinated
action of several proteins, prominently including
MFN1 and MFN2, which mediate OMM fusion,
and OPA1, responsible for IMM fusion.44,45 Within
mammalian cells, MFN1 and MFN2 proteins inter-
act to form either homodimers or heterodimers,
leading to the formation of inter-mitochondrial bridg-
ing structures between adjacent organelles. These
mitochondrial fusion proteins possess a GTPase cat-
alytic domain capable of enzymatically hydrolyzing
guanosine triphosphate (GTP), thereby inducing con-
formational alterations in the OMM and facilitating
its fusion.45 DRP1, the principal regulator of mito-
chondrial fission, is a cytosolic GTPase characterized
by the presence of three functional domains: an
amino-terminal GTPase domain, a carboxyl-terminal
GTPase effector domain, and an intermediate helix
domain. Following activation mediated by specific
receptors for DRP1, such as mitochondrial fission
factor (MFF), mitochondrial fission protein 1 (FIS1),
and mitochondrial dynamics proteins of 49 and 51
kDa (MID49/51), GTP hydrolysis-driven conforma-
tional changes generate mechanical force to sever
mitochondrial membranes, executing fission.46 Thus,
mitochondrial fission serves as a critical regulatory
mechanism for eliminating dysfunctional mitochon-
dria and ensuring the dynamic equilibrium of the
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mitochondrial reticulum through quality control pro-
cesses.

Dysregulated mitochondrial fission-fusion
dynamics are implicated in the progression of BPH.
It was observed that the phosphorylation of DRP1
(p-DRP1, serine 637) was significantly decreased in
BPH rats in comparison to the normal group. By
utilizing the Korean red ginseng (KRG), p-DRP1 was
dramatically elevated in contrast with that in the
BPH group. Mechanically, this upregulation of p-
DRP1 inhibited mitochondrial fission, thus resulting
in mitochondrial elongation.47 In addition, ellagic
acid treatment upregulated mitochondrial fusion-
associated protein MFN1 and fission-associated
dynamin-related protein 1 (DRP1/DNM1L) in
testosterone propionate (TP)-induced BPH rat
models along with RWPE-1 cells, thereby attenuating
BPH progression.48

Along with the function mechanisms above, mito-
chondrial integrity relies on degradation mechanisms
such as mitophagy.

Mitochondrial degradation
A multitude of specialized mechanisms exist to
selectively eliminate or degrade distinct mitochon-
drial constituents, segments of mitochondria, or
entire mitochondrial organelles. Specific OMM
proteins targeted for degradation undergo selective
ubiquitination and subsequent processing by the
ubiquitin-proteasome system (UPS).49 Conversely, the
degradation of IMM proteins relies on AAA ATPase
family proteases that traverse the IMM to facilitate
the removal of misfolded substrates within both
the mitochondrial matrix and IMS.50 Contemporary
research has elucidated a previously undescribed
phenomenon, designated as vesicle derived from
the inner mitochondrial membrane (VDIM), which
functions to selectively remove compromised regions
of the IMM and is hypothesized to preserve the
structural integrity of intact mitochondrial cristae,
thereby potentially protecting mitochondria from
localized damage.51 Mitochondria-derived vesicles
(MDVs) bud from mitochondrial compartments
as a quality control mechanism, mediating the
selective transport of oxidative proteins to either
lysosomes or peroxisomes, ultimately leading to
proteolytic degradation.52 Completely non-functional
mitochondria undergo selective encapsulation
within microvesicles or migrasomes, followed
by secretion via extracellular vesicles through
mechanisms encompassing mitocytosis and the
autophagic secretion of mitochondria.53,54 Moreover,
compromised mitochondria undergo selective

elimination through mitophagy, a process wherein
autophagosomes sequester mitochondria and
subsequently fuse with lysosomes for degradation,
or via direct lysosome-mediated micromitophagy.
Mitophagy is a canonical selective autophagy process
in which excess or dysfunctional mitochondria are
selectively removed via autophagosomes. Canonical
mitophagy operates through ubiquitination-
mediated PINK1-Parkin axis or receptor-mediated
pathways.55 Emerging studies reveal that under
specific physiological or pathological conditions,
mitochondria are capable of undergoing adaptive
structural reorganization, leading to the formation of
mitochondrial spheroids or mitochondria-lysosome-
related organelles (MLROs), characterized by
the acquisition of lysosomal markers, potentially
targeting them for degradation. Within murine
embryonic fibroblasts, mitochondria exhibiting
depolarization adopt annular or C-shaped
morphologies, eventually culminating in the
formation of spherical structures with an internal
lumen, delimited by membranes enclosing cytosolic
constituents.56 MLROs arise from MDVs that
undergo fusion with lysosomes to facilitate
proteolytic clearance, a process under negative
regulation by transcription factor EB (TFEB) and
mechanistically associated with mitochondrial
proteostasis.57 In contrast to VDIM, MLROs exhibit
a comprehensive degradative capacity for all
mitochondrial constituents, encompassing the OMM,
IMM, and matrix proteins.58

The alteration of mitophagy was broadly reported
in the studies regarding BPH. In aging mice, specif-
ically those aged 12 and 24 months, a reduction
in Parkin phosphorylation levels was observed in
comparison to young controls aged 8 weeks. In
addition, the number of MLROs appeared to be sig-
nificantly decreased under the electron microscopy
analysis, revealing reduced mitophagy.21 Moreover, a
novel study utilized the prostate organoid to explore
the mitochondrial dysfunction in BPH. The results
demonstrated a reduction of PINK1 and Parkin
in lipopolysaccharide (LPS) treated BPH organoid,
resulting in the accumulation of damaged mitochon-
dria. Nevertheless, the application of Kaempferol, a
flavonoid present in diverse plants including broccoli
and spinach, mitophagy was dramatically restored
and confronted the development of BPH.59

In summary, the dynamic network consisting of
these intricate actions collaborates to maintain mito-
chondrial homeostasis under conditions of energy
deprivation or in the context of mitochondrial per-
turbation. Figure 1 demonstrates the regulation of
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FIGURE 1. Schematic overview of the key mitochondrial processes implicated in BPH

mitochondrial homeostasis, which is implicated in
the pathogenesis of BPH. Figure 1 was created by
BioRender software (www.biorender.com).

Energy metabolism within the mitochondria is
driven by the tricarboxylic acid (TCA) cycle and
oxidative phosphorylation, resulting in ATP gen-
eration. Mitochondrial biogenesis is regulated by
transcriptional coactivators and factors, including
PGC-1α, Nrf-1/2, and TFAM, which coordinate the
replication and transcription of mitochondrial DNA.
Mitochondrial dynamics involve fission (mediated by
DRP1, MID49/51) and fusion (controlled by MFN1,
MFN2, and OPA1), maintaining organelle morphol-
ogy, distribution, and quality control. Damaged or
dysfunctional mitochondria undergo selective degra-
dation via PINK1-Parkin mediated pathways, which
can involve mitochondrial-derived vesicles (MDVs),
vesicular interactions with lysosomes (VDIM), and
mitochondrial-lysosomal repair organelles (MLROs).
Collectively, these interconnected processes maintain
mitochondrial integrity, bioenergetics, and turnover
in the context of BPH, underscoring their potential as
therapeutic targets.

Core Dimensions of Mitochondrial
Dysfunction and Etiology of BPH

Mitochondrial dysfunction and cell viability,
proliferation
Histopathologically, BPH is characterized by pro-
static hyperplasia, denoting an increase in cellular
number as opposed to cellular hypertrophy, which
signifies an augmentation in cell size. The patho-
genesis of BPH involves the excessive proliferation
of both epithelial and stromal cell populations dur-
ing the pathological phase of the condition.60 Plenty
of studies have unraveled the vital role of cell via-
bility or cell proliferation in BPH. Our previous
study first revealed that smoothened (SMO), the key
regulatory component of hedgehog signaling path-
ways, exhibited upregulation within BPH tissues and
demonstrated localization within both the stromal
and epithelium compartments of human prostate
tissues. Moreover, the suppression of smoothened
could result in decreased cell proliferation, thereby
attenuating the process of BPH.61 Additionally, bone
morphogenetic protein 5 (BMP5) was found upreg-
ulated in human BPH tissues, which enhanced cell
viability in both prostatic epithelial and stromal
cells.62
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Existing evidence also emphasized the impact of
various dimensions of mitochondrial dysfunction
on cell viability. Excessive mitochondrial energy
metabolism was reported to motivate cell
proliferation.63 In colorectal cancer cells (CRC), the
researchers found that overexpression of testis-
specific protease 50 could significantly elevate
the activity of mitochondrial respiratory chain
complexes, ATP levels, and �Ψ m via PI3K/AKT
signaling pathway, thereby enhancing the migration,
invasion and viability of the tumor.64 Translocase of
Inner Mitochondrial Membrane 23 (TIMM23) is a
fundamental constituent of the mitochondrial protein
import machinery, facilitating the translocation of
precursor proteins across the inner mitochondrial
membrane into the mitochondrial matrix. In the
context of non-small cell lung cancer (NSCLC)
cell lines, the genetic perturbation of TIMM23
expression via shRNA-mediated silencing or
CRISPR/Cas9-mediated ablation resulted in
compromised mitochondrial function, characterized
by diminished complex I activity, ATP depletion,
dissipation of �Ψ m, augmented oxidative stress, and
lipid peroxidation. These observed mitochondrial
dysfunctions correlated with a reduction in
cellular viability, proliferative potential, and
migratory capacity.65 Recent studies indicated
that mitochondrial biogenesis was essential for
cell viability, and the AMPK/SIRT1/PGC-1α axis
constituted a significant regulatory signaling cascade
governing the process of mitochondrial biogenesis.
In a study of hepatocellular carcinoma (HCC),
SLC25A35 was identified to promote the proliferation
and metastasis of HCC cells via facilitating
mitochondrial biogenesis. Mechanistically, PGC-
1α was upregulated by SLC25A35 via increasing
acetyl-CoA-mediated acetylation of PGC-1α.66

Apart from studies on cancers, the dysfunction
of mitochondrial biogenesis was also implicated
in sarcopenia. Activation of NAD+ functioned
to restore the suppression of the SIRT1/PGC-1α
axis, stimulating mitochondrial biogenesis and
promoting satellite cell proliferation, ultimately
improving muscle function.67 The reduction of cell
viability also stemmed from the impairment of
mitochondrial dynamics. As a key regulator of
mitochondrial fission, DRP1 was extensively studied
in diverse scenarios. A recent investigation revealed
that downregulation of PINCH-1 suppressed
mitochondrial fission through the attenuation of
DRP1 expression levels. Moreover, the suppression
of mitochondrial fission has the potential to impede
the proliferative capacity and metastatic potential
of head and neck squamous carcinoma cells.68

Moreover, a detailed analysis utilizing machine
learning-enhanced transmission electron microscopy
was conducted on 7141 mitochondria isolated from
54 glioma patients following surgical resection.
This investigation unequivocally demonstrated an
inhibitory role for the DNM1L/DRP1-FIS1 axis
in the proliferation of high-grade glioma cells.69

As mentioned above, PINK1-Parkin-dependent
mitophagy played a dominant role in mitochondrial
degradation. The effect of mitophagy on cell
proliferation was controversial in diverse scenarios.
In breast cancer, the combination of fasting and
sorafenib induced mitophagy, characterized by
mitochondrial dysfunction and activation of the
PINK1-Parkin pathway. Consequently, increased
mitophagy inhibited the cancer cell proliferation.70

In contrast, an additional investigation identified
16 genes associated with mitophagy through a
screening process to develop a resilient prognostic
model demonstrating notable predictive accuracy
for patient outcomes in bladder cancer. The findings
indicated that DARS2 promoted cellular proliferation
via the upregulation of PINK1, consequently
enhancing PINK1-mediated mitophagy.71

Mitochondrial Dysfunction and Apoptosis
Apoptosis is generally recognized as the most
renowned form of programmed cell death, which
functions to maintain homeostasis of growth in
normal cells.72 An imbalance in the processes of
prostatic cell proliferation and apoptosis has been
identified as a critical pathogenic mechanism under-
lying the development of BPH.73 Importantly, the
deprivation of apoptosis in the progression of BPH
was uncovered in numerous studies. S100 calcium-
binding protein A4 (S100A4) was found to be mainly
localized in human prostatic stroma. The upregu-
lation of S100A4 inhibited cell apoptosis through
the ERK pathway in both the human prostate stro-
mal cell line (WPMY-1) and rat prostate tissues.74

In addition, our recent research suggested that the
six-transmembrane epithelial antigen of prostate 4
(STEAP4) could strongly reduce the apoptosis in
BPH.75 Moreover, Li et al. indicated that the balance
between epithelial proliferation and apoptosis could
be disrupted by the METTL3/YTHDF2/PTEN axis,
accelerating BPH development.76

Apoptosis encompasses two principal signaling
pathways: the intrinsic and the extrinsic. Mito-
chondria assume a pivotal function within the
intrinsic apoptotic pathway, also designated as
the mitochondrial pathway.77 Notably, abnormali-
ties in mitochondrial function contributed to cell
apoptosis based on mounting evidence. Creatine
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kinase mitochondrial isoform 1 (CKMT1), an enzyme
that regulates cellular energy homeostasis, was
investigated in the context of ulcerative colitis
(UC) pathogenesis. Given its role as a kinase
that catalyzes the production of mitochondrial ATP
through oxidative phosphorylation, CKMT1 exhib-
ited a direct functional association with the etc.
Furthermore, the opening of the mitochondrial
permeability transition pore (mPTP) was impli-
cated in CKMT1-mediated apoptosis.78 Similarly, the
research focused on esophageal cancer (EC) indi-
cated that angiotensin II receptor type 1 (AGTR1)
was upregulated in EC cells, further elevating intra-
cellular Ca2+ levels, reducing ATP levels and �Ψ m,
which was accompanied by enhanced mitochon-
drial pathway apoptosis.79 Also, a great number of
publications unveiled the interplay between mito-
chondrial biogenesis and cell apoptosis. In peripheral
lens epithelial cells (LECs), overexpression of ATM
is demonstrated to functionally repair damaged
mtDNA to enhance mitochondrial biogenesis, con-
sequently, preventing LECs apoptosis.80 In addition,
inhibition of TRIM63 in rat models resulted in sig-
nificant upregulation of the PPARα and PGC-1α
expression levels. This alteration robustly enhanced
mitochondrial biogenesis, which finally reduced the
apoptosis level of rat diaphragmatic tissue.81 Fur-
thermore, numerous investigations shed light on
the role of mitochondrial dynamic-related regula-
tors in the modulation of apoptosis. As reported,
Kirenol, a bioactive diterpene derived from tra-
ditional herbal medicine, functioned to improve
neurological outcomes and augmented OPA1 expres-
sion. This improvement of mitochondrial fusion
effectively restored apoptotic-related protein mark-
ers in rats with middle cerebral artery occlusion
(MCAO).82 Mitochondrial caseinolytic peptidase P
(ClpP), an ATP-dependent protease, resided within
the mitochondrial matrix. The knockdown of ClpP
resulted in a significant augmentation of mitochon-
drial fission, accompanied by a reduction in the ratio
of phosphorylated DRP1 at serine 616 (p-DRP1S616) to
total DRP1 and a decrease in the expression levels of
MFN1, MFN2, and Opa1. This cascade of events led to
an increase in the levels of caspase 9, cleaved caspase
3, and Bcl-2-associated X protein (Bax), alongside a
decrease in the levels of Bcl-2 in cardiomyocytes when
compared to normal control cells.83 Moreover, cell
apoptosis could also result from dysregulated mito-
chondrial degradation. Impaired mitophagy induced
by amyloid-beta (Aβ) was associated with neu-
ronal dysfunction and neurodegenerative processes
in Alzheimer’s disease (AD). A recent investigation

demonstrated that protein phosphatase Mn2+/Mg2+-
dependent 1D (PPM1D) promoted autophagosome
formation and subsequent lysosomal degradation
of dysfunctional mitochondria in the murine hip-
pocampus. Analogous effects of PPM1D on neuronal
apoptosis and mitophagy were observed in neuronal
cell lines, and these effects were abrogated by the
mitophagy inhibitor cyclosporine A.84 In addition, the
inhibition of the PINK1/Parkin pathway was shown
to increase the apoptosis rate in cognitive impair-
ments related to methylmalonic acidemia (MMA).85

Mitochondrial Dysfunction and Ferroptosis
Ferroptosis, a recently elucidated modality of non-
apoptotic regulated cell death, is defined by the
iron-dependent accumulation of lipid peroxides and
has garnered considerable attention since its ini-
tial description in 2012.86 This distinct form of cell
death exhibits both morphological and biochemical
characteristics that differentiate it from established
cell death mechanisms, including apoptosis, necrosis,
and autophagy.87 Specifically, ultrastructural anal-
ysis via electron microscopy reveals a prominent
morphological alteration in ferroptotic cells, char-
acterized by shrunken mitochondria with elevated
membrane density.88 The principal biochemical hall-
marks of ferroptosis include elevated levels of
intracellular labile iron, increased ROS production,
diminished glutathione peroxidase 4 (GPX4) activ-
ity, and the accumulation of lipid metabolites.89 The
execution of ferroptosis involves excessive oxidative
damage to cellular membrane lipids. This process
is frequently associated with the upregulation of
intracellular labile iron, transferrin, and malondi-
aldehyde (MDA), alongside the downregulation of
glutathione (GSH) and anti-ferroptotic defense mech-
anisms.90 While the involvement of ferroptosis has
been extensively investigated in various malignan-
cies, including prostate cancer,91 its role in benign
prostatic hyperplasia (BPH) remains largely unex-
plored. Significantly, recent studies have elucidated
the presence of autophagy-related ferroptosis in the
progression of BPH.23,92 Li et al. indicate that GPX3
is expressed in both the stromal and epithelial
compartments of the prostate and exhibits reduced
expression in BPH specimens. Furthermore, the over-
expression of GPX3 demonstrated an inhibitory effect
on autophagy by modulating the AMPK/mTOR
pathway and upregulating the Nrf2/GPX4 axis,
thereby counteracting autophagy-related ferroptosis
in hyperplastic prostatic tissue.23 Additionally, by per-
forming RNA sequencing, Zhan et al. screened out an
upregulated long noncoding RNA (lncRNA), taurine-
upregulated gene 1 (TUG1), in BPH tissues. As a
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result, induced TUG1 was found to competitively
bind with miR-188-3p and facilitate the expression of
GPX4, thereby diminishing intracellular ROS levels
and impeding ferroptosis in prostate luminal cells.93

As aforementioned, we could speculate that ferropto-
sis might act as a critical contributor to BPH.

Considering the pivotal role of mitochondria in
modulating cell death pathways, investigators have
posited a potential involvement of mitochondria
in the regulation of ferroptosis. Emerging
evidence indicates that the involvement of
mitochondria in ferroptosis is context-specific. The
mitochondrial protein pyruvate dehydrogenase
kinase 4 (PDK4) acts as an inhibitor of ferroptosis
via a mechanism dependent on acetyl-CoA
carboxylase (ACC), by hindering pyruvate
dehydrogenase-dependent pyruvate oxidation
and the ensuing production of citric acid and
fatty acids in pancreatic ductal adenocarcinoma
(PDAC) cells, thereby suppressing glucose-
dependent ferroptosis.87 Mitochondrial NADP+
-dependent isocitrate dehydrogenase (IDH2)
catalyzes the initial oxidative decarboxylation
reaction within the TCA cycle. The downregulation
of IDH2 increased the susceptibility of tumor cells
to ferroptosis via depleting the mitochondrial
NADPH pool, a key location for mitochondrial
glutathione (GSH) metabolism.94 In head and neck
cancer cells, the occurrence of lipid peroxidation
and cystine deprivation-induced ferroptosis was
mitigated via a mechanism involving glutaminolysis.
Consequently, the maintenance of mitochondrial
energy metabolism might contribute to ferroptosis
by modulating glucose metabolism pathways, such
as the TCA cycle or glutaminolysis.95 Furthermore,
an association between mitochondrial biogenesis
and ferroptosis has been implicated. It was
demonstrated that the degradation of TFAM
triggered mtDNA stress as well as ferroptosis in
a macroautophagy/autophagy-dependent manner
within human pancreatic carcinoma cells.96 Indeed,
Nrf2 served as a vital nexus in the orchestration of
mitochondrial-dependent ferroptosis. Conflicting
evidence exists regarding the precise role of the
Nrf2/heme oxygenase-1 (HO-1) signaling pathway
in modulating ferroptosis within CRC cells.97 While
one study demonstrated that the Nrf2-dependent
transcriptional upregulation of HO-1 promoted
ferroptotic cell death, a contrasting investigation
indicated that suppression of the Nrf2/HO-1 cascade
augmented ferroptosis specifically within KRAS-
mutant CRC cells.98 The divergent observations
above underscore the ongoing debate surrounding

the involvement of Nrf2 in mitochondrial biogenesis
as it pertains to ferroptosis susceptibility.

The regulation of mitochondrial dynamics is
notably intertwined with the process of ferroptosis.
Specifically, the knockdown of DRP1 resulted in
mitochondrial filamentation, a mitigation of impaired
mitochondrial membrane potential (�Ψ m), and a
reduction in both basal and maximal mitochondrial
respiration. These alterations collectively conferred
protection against ferroptosis by maintaining
mitochondrial structural integrity and preserving
cellular redox homeostasis.99 Furthermore, deficiency
in OPA1 conferred resistance to ferroptosis through
the attenuation of mtROS production and the
induction of the activating transcription factor 4
(ATF4)-dependent upregulation of the xCT-GSH-
GPX4 antioxidant pathway as an element of the
integrated stress response.100 Mitophagy plays a
critical role in the restoration of cellular homeostasis
under both physiological and stress conditions by
restraining the accumulation of mtROS. Given the
function of mitophagy in mitigating elevated mtROS
levels, it is plausible to hypothesize that this process
confers protection against ferroptosis. In contrast,
research conducted by Basit et al. showed that
inhibition of complex I led to an increase in mtROS
levels, which subsequently triggered mitophagy
and initiated a mitophagy-dependent elevation in
overall ROS production, ultimately culminating
in ferroptotic cell death.101 Furthermore, defects
in mitophagy mediated by BNIP3 and NIP3-like
protein X (NIX) elevated mtROS levels, thereby
synergistically enhancing the susceptibility of HeLa
cells to ferroptosis in the context of compromised
Nrf2-driven antioxidant enzyme systems.102

Mitochondrial Dysfunction and Oxidative
Stress
Oxidative stress, a recognized predisposing factor
in BPH, is characterized by an imbalance in the
equilibrium between the generation and scavenging
of oxidants, encompassing ROS among others.103 This
state of oxidative stress arises from either an excessive
production of oxidants, diminished antioxidant
capacity, or a combination thereof, and has been
shown to induce DNA damage, including mutations,
deletions, and rearrangements, while concurrently
impairing DNA repair mechanisms. Consequently,
the hyperplastic prostate experiences oxidative stress
due to both the overgeneration of oxidants and
the compromised antioxidant defense, ultimately
stimulating compensatory cellular proliferation and
prostatic enlargement.11 Elevated levels of oxidants
and their byproducts, such as inducible nitric oxide
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synthase (iNOS), reactive nitrogen species,104 nitric
oxide (NO),105 and plasma peroxides,106 have been
detected in individuals with BPH compared to
control subjects. Inflammatory cells are widely
acknowledged as a primary source of ROS during
the progression of BPH. Conversely, a compromised
antioxidant defense mechanism exhibits diminished
capacity in the attenuation of oxidative stress,
consequently amplifying reactive ROS-mediated
injury to prostatic tissues. Research by Olinski and
colleagues indicated that a significant proportion of
BPH tissue samples exhibited comparatively reduced
the functional ability of superoxide dismutase (SOD)
and catalase (CAT).107 However, in contrast with
previous studies, our recently published evidence
underlined the fundamental role of heat shock
protein family members, including glucose-regulated
protein 78 (GRP78)108 and heat shock protein
family A member 1A (HSPA1A)109 in attenuating
oxidative stress in prostatic cells or testosterone-
induced BPH (T-BPH) rat models, thus resulting
in the occurrence of BPH. Therefore, the accurate
underlying mechanism of oxidative stress in BPH
deserves further exploration.

In terms of the mechanism of oxidative stress,
mitochondrial dysfunction presented an indispens-
able link. ROS, byproducts of oxygen consumption
and cellular metabolism, primarily originate from
mitochondria and NADPH oxidase.110 Within the
myocardium, where mitochondria constitute roughly
30% of the cellular volume, a diminution in OXPHOS
occurred during ischemia, leading to ATP depletion,
structural alterations, and the accumulation of suc-
cinate within the TCA cycle. Subsequently, during
reperfusion, the rapid oxidation of succinate drives
reverse electron transport at mitochondrial complex
I, generating a burst of ROS that induces damage
to lipids, proteins, and mtDNA.111 Another study
carried on in CT26 and HT29 CRC cell lines also
indicated that lauric acid could induce mitochon-
drial oxidative stress by inhibiting mitochondrial
OXPHOS.112 As for mitochondrial biogenesis, astax-
anthin was found to enhance the expression of
p-AMPK and PGC-1α in mouse preantral follicles
as well as NRF1 and TFAM, which are crucial for
mitochondrial biogenesis, ultimately protecting the
oocytes against oxidative stress.113 Moreover, activa-
tion of the AMPK/PGC1-α/NRF-1/TFAM signaling
pathway was confirmed to promote mitochondrial
biogenesis, thus reducing oxidative stress in a
zinc-deficient mouse model.114 The functional interac-
tion between mitochondrial dynamics and oxidative
stress has been covered in thousands of research
studies. As reported, Zinc transporter 6 (ZnT6),

a key modulator of mitochondrial dynamics and
function within cardiomyocytes, played a role in
the disruption of zinc ion (Zn2+) homeostasis by
inducing excessive mitochondrial fission mediated
by DRP1, which caused overproduction of ROS
and apoptotic cell death.115 In a study concerning
asthma, gene ABCG2 was identified to reduce DRP1-
mediated mitochondrial fission while enhancing
MFN2-mediated fusion. This functional mechanism
led to an improvement of antioxidant capacity by
mitigating mtROS.116

Mitophagy, a central part of mitochondrial degra-
dation, was also involved in the adjustment of
oxidative stress. A contemporary study revealed
that ataxia-telangiectasia and Rad3-related (ATR)
kinase and PINK1 are localized to the mitochon-
drial translocase of the outer and inner membrane
(TOM/TIM) complex, wherein ATR directly interacts
with and consequently stabilizes PINK1. The abla-
tion of ATR inhibited the initiation of mitophagy,
thereby perturbing OXPHOS functionality, leading
to the overproduction of reactive oxygen species
(ROS) that compromise cytosolic macromolecules in
both cellular and brain tissue contexts.117 In addi-
tion, G-protein-coupled receptor kinase 4 (GRK4)
was investigated in ischemic brain injury. It was
proved that the overexpression of GRK4 resulted in
the impairment of mitophagy, as evidenced by the
altered expression levels of key proteins involved
in mitophagy, including Beclin-1, PINK1, and p62,
thereby contributing to mitochondrial dysfunction
and elevated oxidative stress levels.118

Mitochondrial dysfunction and androgen
receptor
It is widely established that androgen receptor (AR)
signaling plays a pivotal role in the initiation and
progression of BPH,119 and the inhibition of this sig-
naling pathway has demonstrated the potential to
reduce prostatic volume and alleviate LUTS associ-
ated with BPH.120 Early investigations in the 1980s
reported comparatively elevated levels of nuclear AR
in hyperplastic prostatic tissue.121,122 Classified within
the nuclear hormone receptor superfamily, AR has
been consistently observed within the nuclear com-
partment of prostatic cells, a finding substantiated by
evidence derived from both normal and hyperplas-
tic prostatic tissues.123 Contemporary investigations
have delineated the regulatory influence of AR on
the cellular proliferation of both stromal and epithe-
lial cell populations, in addition to its participation
in the epithelial-mesenchymal transition (EMT) pro-
cess.9,124 In vivo, studies utilizing AR knockout models
have demonstrated that the absence of stromal AR
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resulted in a diminution of the proliferative activity
of prostatic cells and a concomitant reduction in the
volume of the anterior prostate lobes.125,126 Further-
more, stromal AR was shown to promote the viability
of stromal cells through the recruitment of infiltrated
macrophages.127 Conversely, the abrogation of AR sig-
naling within luminal cells resulted in an increased
rate of proliferation.128 These findings indicated a
notable divergence in the mode of AR action between
epithelial and stromal cells.

It is broadly accepted that androgen adminis-
tration enhances AR activity within epithelial cells
while simultaneously diminishing its function in
stromal cells. Indeed, chromatin immunoprecipita-
tion sequencing (ChIP-seq) data on AR binding
regions revealed distinct target gene profiles in
epithelial and stromal cells, providing further evi-
dence for the differential modes of action between
epithelial and stromal AR.129 Moreover, epithelial
AR promoted BPH development in a manner of
macrophage-mediated EMT, suggesting that AR in
BPH-1 and mPrE cells possessed the capacity to
recruit macrophages and enhance the EMT process.130

Collectively, the evidence suggested that AR, whether
expressed in epithelial or stromal cells, played a
significant role in the pathogenesis of BPH. Neverthe-
less, further mechanistic investigations are warranted
to fully elucidate the intricate relationship between
AR expression and the etiology of BPH.

There is still a lack of studies regarding the
precise correlation between AR and mitochondrial
dysfunction. Prostate cancer (PCa) is a well-
known androgen-dependent malignancy. Yin
et al. indicated that TOMM20, a mitochondrial
outer translocase protein, functioned to stabilize
AR and augment its transcriptional activity,
whereas its knockdown facilitated AR degradation
via the SKP2-mediated ubiquitin-proteasome
pathway.131 In androgenetic alopecia (AGA), a
hereditary disease, researchers found that MitoQ, a
mitochondrially targeted antioxidant, could prevent
dihydrotestosterone (DHT)-induced hair loss via
modulating mitochondrial dysfunction. However,
this effect might not be direct since mRNA and
protein expression of AR remained unchanged in
human dermal papilla cells (DPCs) treated with
MitoQ.126

Conclusions

Mitochondrial dysfunction has been identified as
a pivotal element in the pathogenesis of BPH,

influencing cellular survival, apoptosis, ferropto-
sis, oxidative stress, and AR signaling. This review
synthesizes the existing insights regarding mech-
anisms driving mitochondrial dysfunction in its
etiological role, encompassing mitochondrial energy
metabolism, mitochondrial biogenesis, mitochon-
drial dynamics, and mitochondrial degradation. A
comprehensive understanding of the complex mech-
anisms of mitochondrial dysfunction across various
pathophysiological states unequivocally presents
novel opportunities for therapeutic intervention.
Future investigations centered on mitochondrial-
targeted therapies may yield innovative strategies to
enhance the prevention and management of BPH,
with the aim of improving clinical outcomes.
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