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Abstract. Hypertension‑induced cardiac fibrosis is a major 
risk factor for heart failure; although disrupted mitochondrial 
homeostasis has been confirmed to serve a critical role in the 
pathological process, its upstream regulatory factors remain 
incompletely understood. In the current study, RNA sequencing 
and bioinformatics analyses identified POU domain class 
2 transcription factor 1 (POU2F1) as a hub transcriptional 
regulator in the fibrotic cardiac tissues of spontaneously hyper‑
tensive rats (SHRs). The expression levels of POU2F1 were 
associated with the severity of myocardial fibrosis, and cardiac 
expression of PTEN‑induced kinase 1 (PINK1) and Parkin in 
SHRs. Complementing these in vivo observations, angiotensin 
II stimulation significantly upregulated POU2F1 expression 
in cardiac fibroblasts (CFs) in vitro. Furthermore, POU2F1 
expression exhibited a positive correlation with fibroblast 
activation, as indicated by α‑smooth muscle actin fluorescence 
intensity. Mechanistically, POU2F1 knockdown attenuated 
CF activation, improved mitochondrial structure and energy 
metabolism, and restored PINK1/Parkin‑mediated mitophagy 
balance in vivo and in vitro. Conversely, POU2F1 overexpres‑
sion was associated with enhanced PINK1/Parkin‑mediated 
mitophagy signaling. Crucially, through chromatin immuno‑
precipitation‑quantitative PCR, electrophoretic mobility shift 
assay and dual‑luciferase reporter assay, it was demonstrated 
that POU2F1 can directly bind to the PINK1 promoter to 

activate its transcription. In conclusion, the present study iden‑
tified a novel role for POU2F1 in hypertensive cardiac fibrosis, 
demonstrating that it exacerbates disease progression by 
disrupting mitochondrial homeostasis through transcriptional 
activation of PINK1, accompanied by alterations consistent 
with enhanced PINK1/Parkin‑mediated mitophagy.

Introduction

Hypertension is a notable global public health challenge, 
which affects >1 billion individuals worldwide, and remains 
a predominant contributor to cardiovascular morbidity and 
mortality (1). The chronic pressure overload induced by hyper‑
tension initiates a pathological cascade that drives cardiac 
fibrosis, ultimately culminating in serious adverse outcomes 
such as heart failure. This pathological process is character‑
ized by the differentiation of cardiac fibroblasts (CFs) into 
myofibroblasts, marked by the emergence of α‑smooth muscle 
actin (α‑SMA) expression (2) and the excessive deposition of 
extracellular matrix (ECM) proteins, including collagen I and 
fibronectin (3). Notably, targeting this fibrogenic cascade has 
considerable therapeutic potential for preserving cardiac func‑
tion and improving survival in patients with cardiovascular 
disease (4).

Mitochondrial homeostasis, which is defined as the 
dynamic equilibrium of mitochondrial function, morphology 
and mass, has increasingly been recognized as a key determi‑
nant underlying fibrotic progression (5‑7). Mitophagy serves 
as a pivotal mechanism in orchestrating mitochondrial homeo‑
stasis. Mitophagy is a selective form of autophagy responsible 
for clearing damaged mitochondria, fine‑tuning mitochondrial 
quality control largely through the canonical PTEN‑induced 
kinase 1 (PINK1)/Parkin‑mediated pathway  (8‑10). This 
pathway has been extensively documented to exert cardiopro‑
tective effects in pathological contexts, such as myocardial 
ischemia‑reperfusion injury and cardiac hypertrophy (11‑13). 
However, under sustained pathological stimuli, such as 
hypertension‑induced pressure overload, mitophagy over‑
activation disrupts cardiac mitochondrial homeostasis by 
depleting functional mitochondria, triggering a bioenergetic 
crisis and thus exacerbating the progression of cardiovascular 
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diseases  (14‑17). The precise regulatory mechanism of 
excessive mitophagy has not yet been fully elucidated.

Transcriptional regulation represents a central control layer 
in numerous biological processes, which notably contributes 
to the pathogenesis of cardiovascular diseases. POU domain 
class 2 transcription factor 1 (POU2F1) has been implicated 
in both oncogenesis and cardiovascular pathologies (18,19), 
where it facilitates disease progression through modulation 
of angiotensin II (Ang II) signaling, AMPK activation and 
stress‑responsive genes, including sestrin 2 (20,21). A recent 
study revealed that exercise training alleviates Ang II‑induced 
activation of CFs by reducing POU2F1 expression  (22). 
However, whether POU2F1 regulates mitophagy, particularly 
through the PINK1/Parkin pathway, in hypertensive cardiac 
fibrosis remains to be elucidated.

In the present study, RNA sequencing was performed to 
identify candidate transcription factors associated with hyper‑
tensive cardiac fibrosis. The present study aimed to investigate 
the functional role of POU2F1 in cardiac fibrotic remodeling 
and elucidate the molecular mechanisms underlying its regu‑
lation of mitochondrial homeostasis, with emphasis on the 
PINK1/Parkin‑dependent mitophagy pathway.

Materials and methods

Animals. Male SHRs and male Wistar‑Kyoto (WKY) rats (age, 
5 weeks; weight, ~120 g) were purchased from Beijing Vital 
River Laboratory Animal Technology Co., Ltd. A total of 18 
SHRs and 9 WKY rats were used in the current study. The 
rats were randomly divided into the following groups: WKY 
rats served as the normotensive control group (n=9). SHRs 
were randomly assigned to three groups: Untreated SHR 
group (n=10), SHR + AAV9‑shNC group (n=4), and SHR + 
AAV9‑shPOU2F1 (n=4). SHRs in the latter two groups received 
tail vein injections of AAV9‑shNC or AAV9‑shPOU2F1, 
respectively, at 14 weeks of age and were maintained for an 
additional 4 weeks before subsequent analyses. All rats were 
acclimated and maintained in the laboratory until 14 weeks of 
age, at which time SHRs had developed established hyperten‑
sion and myocardial fibrosis and were subsequently subjected 
to further analyses. Hypertension was confirmed by measuring 
systolic blood pressure (SBP) using the tail‑cuff method, and 
rats with SBP consistently >150  mmHg were considered 
hypertensive. Myocardial fibrosis was verified by Masson's 
trichrome staining and fibrosis‑related protein expression 
analyses  (23,24). The rats were housed under controlled 
temperature (22±2˚C) and relative humidity (50‑60%) with a 
12‑h light/dark cycle. Animals were monitored daily for health 
and behavior throughout the study, with free access to food and 
water. Humane endpoints included severe weight loss (>20%), 
inability to access food or water, persistent lethargy or signs of 
severe distress; no animals reached these humane endpoints 
and no unexpected deaths occurred. All procedures were 
approved by the Animal Care and Use Committee of Yueyang 
Hospital of Integrated Traditional Chinese and Western 
Medicine (approval no. YYLAC‑2023‑182‑1; Shanghai, China) 
and were conducted following the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals (25). At 
18 weeks of age, rats were anesthetized with inhaled isoflurane 
(3% for induction and 1.5‑2% for maintenance in oxygen), 

administered via a nose cone, and subjected to echocardio‑
graphic examination. Euthanasia was performed using an 
overdose of inhaled isoflurane (5% in oxygen) for 10 min until 
complete respiratory arrest occurred. Death was confirmed by 
the cessation of spontaneous respiration, absence of heartbeat 
and loss of corneal reflex.

Cell culture. CFs were prepared from neonatal rats and cultured 
as described previously (26). Primary cardiac fibroblasts were 
isolated from the ventricles of 36 neonatal Sprague‑Dawley 
rats (age, 1 day) obtained from Beijing Vital River Laboratory 
Animal Technology Co., Ltd. The neonatal rats were eutha‑
nized by decapitation prior to heart collection. Subsequently, 
the ventricles were isolated from the hearts, minced into small 
pieces in ice‑cold Hank's balanced salt solution, and subjected 
to repeated enzymatic digestion with collagenase type  II 
(cat. no. 17101‑015; both Gibco, Thermo Fisher Scientific, 
Inc.) at 37˚C. The cells were then resuspended, plated in 
10‑cm dishes with Dulbecco's Modified Eagle Medium (cat. 
no. SH30243.01B; HyClone; Cytiva) supplemented with 10% 
fetal bovine serum (cat. no. 16000‑044; Gibco; Thermo Fisher 
Scientific, Inc.) and cultured at 37˚C in 5% CO2. After a 24‑h 
incubation, the cells were washed with phosphate‑buffered 
saline (PBS) to remove cellular debris and non‑adherent cells. 
Cell cultures yielded by this procedure were used as CFs based 
on their typical spindle‑shaped morphology and adherence 
characteristics. Ang II (cat. no. HY‑13948; MedChemExpress) 
was dissolved in sterile ultrapure water (cat. no.  ST872; 
Beyotime Biotechnology) to prepare the stock solution. Cells 
treated with the corresponding volume of sterile ultrapure water 
were used as the vehicle control. Primary CFs were treated 
with Ang II at a concentration of 1 µmol/l for 48 h at 37˚C, 
whereas control cells were maintained in serum‑supplemented 
medium.

Echocardiography. Cardiac function was evaluated using 
echocardiography (27,28). Rats were anesthetized with inhaled 
isoflurane (3% for induction and 1.5‑2% for maintenance in 
oxygen), which was administered via a nose cone, and were 
then positioned in a supine position on a heated platform. 
Echocardiographic M‑mode images were obtained from a 
parasternal short axis view at the level of the papillary muscles. 
A Vevo 2100 instrument (VisualSonics, Inc.) equipped with 
an MS‑400 imaging transducer was used to measure inter‑
ventricular septal diastolic thickness (IVSD), interventricular 
septal systolic thickness (IVSS), left ventricular end‑diastolic 
diameter (LVIDD), LV end‑systolic diameter (LVIDS), left 
ventricular posterior wall diastolic thickness (LVPWD) and 
left ventricular posterior wall systolic thickness (LVPWS).

Histopathological examination. Cardiac tissues were 
removed, rinsed with PBS, fixed in 4% paraformaldehyde at 
4˚C for 24 h, dehydrated with graded ethanol, embedded in 
paraffin and cut into 5‑µm sections. The heart sections were 
subsequently processed for Masson trichrome staining to 
evaluate myocardial fibrosis as previously described (29,30). 
For immunohistochemical staining, the sections were depa‑
raffinized, rehydrated and subjected to microwave‑assisted 
antigen retrieval in citrate buffer (pH 6.0) at 100˚C for 20 min, 
followed by three washes with PBS. After blocking with 
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5% BSA (cat. no. ST023; Beyotime Biotechnology) at room 
temperature for 1 h, the sections were incubated with primary 
antibodies against POU2F1 (cat. no. 10387‑1‑AP; 1:1,000; 
Proteintech Group, Inc.), collagen I (cat. no.  14695‑1‑AP; 
1:500; Proteintech Group, Inc.) and α‑SMA (cat. no. ab7817; 
1:1,000; Abcam) overnight at 4˚C, followed by incubation 
with horseradish peroxidase‑conjugated goat anti‑rabbit (cat. 
no. A0208; 1:1,000; Beyotime Biotechnology) and anti‑mouse 
IgG (cat. no. A0216; 1:1,000; Beyotime Biotechnology) at 
room temperature for 1 h. Immunoreactive signals were visu‑
alized using 3DAB), followed by hematoxylin counterstaining. 
Images were captured using a light microscope, and fibrosis 
was quantified using ImageJ software (version 1.8.0; National 
Institutes of Health).

Transmission electron microscopy (TEM). Cardiac tissues 
(1 mm3) were fixed in 2.5% glutaraldehyde at 4˚C for 24 h, 
washed with PBS and post‑fixed with 1% osmium tetroxide at 
4˚C for 2 h. Dehydration was carried out through sequential 
immersion in 30, 50, 70 and 80% ethanol solutions, followed 
by a 1:1 mixture of 90% ethanol and 90% acetone. The samples 
were embedded in epoxy resin at 60˚C for 48 h. Ultrathin 
sections (50 nm) were stained with 2% uranyl acetate for 
15 min at room temperature and 2% lead citrate for 10 min at 
room temperature, then examined under a transmission elec‑
tron microscope (Tecnai G2 Spirit BioTWIN; Thermo Fisher 
Scientific, Inc.) (31,32).

RNA‑seq. Total RNA was extracted from cardiac tissues using 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). 
RNA concentration was measured with a NanoDrop ND‑2000 
spectrophotometer (NanoDrop; Thermo Fisher Scientific, Inc.) 
and RNA integrity (RNA integrity number ≥7) was assessed 
using an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.). 
Library preparation and 150‑bp paired‑end sequencing were 
performed on an Illumina NovaSeq 6000 platform (Illumina, 
Inc.) by Majorbio BioPharm Technology Co., Ltd. (33). Raw 
reads were quality‑controlled using fastp (v0.23.2, github.
com/OpenGene/fastp), and differentially expressed genes 
(DEGs) between the SHR and WKY groups were identified 
using DESeq2 (v1.38.3, bioconductor.org) with thresholds of 
|log2(fold change)|>1 and adjusted P≤0.05. Hierarchical cluster 
analysis of DEGs was performed using the OECloud tools 
(v1.26, cloud.oebiotech.com) to demonstrate the expression 
pattern of genes in different groups and samples. The tran‑
scription factor data of rats was obtained from AnimalTFDB 
v4.0 (https://guolab.wchscu.cn/AnimalTFDB4//#/).

Adeno‑associated virus serotype 9 (AAV9) injection. To 
determine the role of POU2F1 in PINK1‑mediated mitophagy 
and myocardial fibrosis in vivo, short hairpin RNA (shRNA) 
targeting POU2F1 (5'‑TGC​ACA​GGA​TCT​TCA​ACA​ATT‑3') 
or a negative control (NC) sequence (shNC, 5'‑TTC​TCC​
GAA​CGT​GTC​ACG​T‑3') were cloned into AAV9 vectors 
and packaged into recombinant AAV9 particles, generating 
AAV9‑shPOU2F1 and AAV9‑shNC, respectively. The shRNA 
and the recombinant AAV9 vectors were constructed and 
packaged by Shanghai GenePharma Co., Ltd. SHRs were 
injected via the tail vein at 14 weeks of age with 2x1011 viral 
genomes/rat AAV9‑shPOU2F1 or AAV9‑shNC (in 200 µl 

PBS). Both groups were fed a standard diet and echocar‑
diographic assessments were performed at 18 weeks of age. 
Subsequently, the rats were euthanized using an overdose of 
inhaled isoflurane as aforementioned.

Immunofluorescence staining. The CFs were fixed with 4% 
paraformaldehyde for 15  min, permeabilized with Triton 
X‑100 for 10 min and blocked with 1% BSA (cat. no. ST023; 
Beyotime Biotechnology) for 1 h, all at room temperature. 
Subsequently, the cells were incubated overnight at 4˚C with 
a primary antibody against α‑SMA (cat. no. ab7817; 1:100; 
Abcam). Alexa Fluor® 488‑conjugated goat anti‑mouse IgG 
(cat. no. A0428; Beyotime Biotechnology) was then applied at 
room temperature for 1 h, followed by DAPI (cat. no. C1002; 
Beyotime Biotechnology) counterstaining at room tempera‑
ture for 5 min. Fluorescent images were captured using a 
fluorescence microscope (ECLIPSE Ni; Nikon Corporation).

MitoSOX and EdU staining. To measure mitochondrial super‑
oxide levels, the CFs were incubated with MitoSOX Red (cat. 
no. M36008; Thermo Fisher Scientific, Inc.) for 10 min at 37˚C 
in the dark, according to the manufacturer's instructions. DAPI 
was used to stain the nuclei at room temperature for 10 min. 
Red fluorescence reflecting mitochondrial superoxide levels 
was captured using a confocal laser scanning microscope. 
For proliferation analysis, EdU incorporation was performed 
using the EdU kit (cat. no. C0071L; Beyotime Biotechnology) 
according to the manufacturer's protocol. Hoechst 33342 was 
used to stain the nuclei at room temperature for 10 min. ImageJ 
software (version 1.8.0) was employed to quantify MitoSOX 
fluorescence intensity and count the number of EdU‑positive 
cells.

Gene overexpression and knockdown. For gene overexpres‑
sion, the coding sequence of rat POU2F1 was cloned into 
the pcDNA3.1(+) vector (General Biol,). The CFs were then 
transfected with the POU2F1 plasmid or an empty vector 
control. For gene knockdown, shRNA constructs targeting 
POU2F1 or PINK1, and a NC, were purchased from Shanghai 
GenePharma Co., Ltd.; the selected sequences are listed in 
Table SI. CFs were seeded at a density of 2x105 cells/well in 
6‑well plates and transfected 24 h after seeding. Transfection 
was performed using Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
instructions (34). Specifically, 2.5 µg plasmid DNA and 6 µl 
Lipofectamine 2000 reagent were incubated at 37˚C. The 
culture medium was replaced with fresh medium at 6 h, and 
the cells were cultured for 48 h after transfection before being 
harvested for subsequent experiments. CFs were co‑transfected 
with oe‑POU2F1 and sh‑PINK1 plasmids simultaneously.

Dual‑luciferase reporter gene assay. First, the rat PINK1 
promoter sequence (‑2,000  bp) was obtained from the 
National Center for Biotechnology Information (NCBI; ncbi.
nlm.nih.gov/gene/), and the POU2F1 binding motif was 
predicted using Jaspar (jaspar.genereg.net/). The predicted 
POU2F1‑binding sequence was identified as 5'‑TAT​TTA​
AAT‑3' (wild‑type). A mutant sequence (5'‑ATA​AAG​GGA‑3') 
was generated by replacing the predicted POU2F1‑binding 
motif. Both sequences were synthesized and cloned into the 
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pGL3‑Basic luciferase reporter vector (Promega Corporation). 
Subsequently, the synthesized plasmids were subjected to 
Sanger sequencing to confirm the accuracy of the inserted 
sequences. The plasmids were then extracted using a plasmid 
extraction kit (Beijing Solarbio Science & Technology Co., 
Ltd.). 293T cells were co‑transfected with WT or MUT PINK1 
promoter reporter plasmids together with either the POU2F1 
overexpression plasmid (pcDNA3.1‑POU2F1, General Biol, 
Anhui, China) or the corresponding empty vector control 
(pcDNA3.1, both General Biol, Anhui, China). A total of 4 µg 
of plasmids was transfected into cells in each group using 
Lipofectamine 3000 (cat. no. L3000001; Invitrogen; Thermo 
Fisher Scientific, Inc.). After 6 h of incubation, the transfection 
medium was replaced with complete medium. At 48 h after 
transfection, cells were lysed, and firefly and Renilla luciferase 
activities were determined using the Dual‑Luciferase Reporter 
Assay System (Promega Corporation). Firefly luciferase 
activity was normalized to Renilla luciferase activity, and 
relative promoter activity was calculated as the firefly/Renilla 
luciferase ratio (35).

Electrophoretic mobility shift assay (EMSA). EMSA was 
performed using the Chemiluminescent EMSA Kit (cat. 
no.  GS009; Beyotime Biotechnology) according to the 
manufacturer's instructions (36). The WT and MUT oligo‑
nucleotide probes were designed according to the predicted 
POU2F1‑binding site in the PINK1 promoter and synthesized 
by Beyotime Biotechnology. For the EMSA binding reaction, 
4 µg purified protein (Cat. no. P04804; Solarbio Biotechnology) 
was incubated with 1 pmol biotin‑labeled probe in binding 
buffer for 20 min at room temperature. For competitive EMSA, 
100 pmol unlabeled competitor probes were added to the reac‑
tion mixture 20 min prior to the addition of the biotin‑labeled 
probe. In the mutation assay, mutated biotin‑labeled probes 
were used in place of WT probe. The reaction mixtures were 
resolved on a 6% polyacrylamide gel and transferred to a nylon 
membrane. The DNA oligomers were then crosslinked to the 
membrane via UV irradiation, and the biotin‑labeled probes 
were detected using a chemiluminescent imaging system.

Seahorse metabolic assays. According to the manufacturer's 
instructions, mitochondrial stress was assessed using the Agilent 
Seahorse XF Cell Mito Stress Test Kit (cat. no. 103015‑100; 
(Agilent Technologies, Inc.) to measure the oxygen consumption 
rate (OCR) of the CFs. For ex vivo experiments, CFs isolated 
from SHR and WKY rat hearts, as well as CFs isolated from 
AAV9‑shNC‑ or AAV9‑shPOU2F1‑treated SHR rats, were 
subjected to Seahorse analysis. For in vitro experiments, Ang 
II‑induced CFs transfected with shPOU2F1 or shNC were 
used. Briefly, 16,000 cells/well were seeded in a 96‑well XF 
Cell Culture Microplate (Agilent Technologies, Inc.). OCR was 
measured at three timepoints, in basal conditions and following 
the addition of oligomycin (1.0 µg/ml), carbonyl cyanide‑4‑tri‑
fluoromethoxy phenylhydrazone (1.0 µmol/l) and rotenone + 
antimycin A (both at 0.5 µmol/l). Data were analyzed using 
Seahorse XF software (version 2.6; Agilent Technologies, Inc.).

Western blotting. The protein expression was analyzed by 
western blotting as described previously (37), with GAPDH 
used as an endogenous control. After total protein was 

extracted from rat ventricular tissue and CFs using RIPA buffer 
(Beyotime Biotechnology) supplemented with protease inhibi‑
tors and quantified by BCA assay, protein samples (25 µg/lane) 
were separated by 10% SDS‑PAGE and transferred onto 
polyvinylidene difluoride membranes. The membranes were 
blocked with 5% skimmed milk at room temperature for 1 h and 
incubated with primary antibodies at 4˚C overnight. The next 
day, the membranes were washed three times with TBS‑0.1% 
Tween‑20 wash buffer for 10 min each. The membranes were 
incubated with secondary antibodies for 1 h at room tempera‑
ture. Membranes were washed with TBS‑0.1% Tween‑20 wash 
buffer. The following antibodies were used in western blotting: 
Collagen I (cat. no. 14695‑1‑AP; 1:1,000; Proteintech Group, 
Inc.), α‑SMA (cat. no. ab7817; 1:1,000; Abcam), POU2F1 (cat. 
no. 10387‑1‑AP; 1:2,000; Proteintech Group, Inc.), PINK1 
(cat. no. 23274‑1‑AP; 1:1,000; Proteintech Group, Inc.), Parkin 
(cat. no. 14060‑1‑AP; 1:1,000; Proteintech Group, Inc.), LC3B 
(cat. no. 14600‑1‑AP; 1:1,000; Proteintech Group, Inc.), P62 
(cat. no. 18420‑1‑AP; 1:5,000; Proteintech Group, Inc.) and 
GAPDH (cat. no. 10494‑1‑AP; 1:5,000; Proteintech Group, 
Inc.) primary antibodies, horseradish peroxidase‑conjugated 
goat anti‑mouse IgG (cat. no.  A0216; 1:1,000; Beyotime 
Biotechnology), and horseradish peroxidase‑conjugated goat 
anti‑rabbit IgG secondary antibody (cat. no. A0208; 1:1,000; 
Beyotime Biotechnology). Chemiluminescent detection was 
performed and images were captured using the Tanon 5200 
system (Tanon Science and Technology Co., Ltd.). The gray 
values were measured and analyzed using ImageJ software 
(version 1.8.0; National Institutes of Health).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from cardiac tissue and CFs using a Total 
RNA Extraction Reagent (Shanghai Yeasen Biotechnology 
Co., Ltd.). After DNase treatment, the RNA was reverse‑tran‑
scribed into cDNA using a cDNA Synthesis Kit (Shanghai 
Yeasen Biotechnology Co., Ltd.) according to the manufac‑
turer's instructions. qPCR was performed using SYBR Green 
Master Mix (Shanghai Yeasen Biotechnology Co., Ltd.). The 
thermocycling conditions were as follows: initial denaturation 
at 95˚C for 5 min, followed by 40 cycles of denaturation at 
95˚C for 10 sec and annealing/extension at 60˚C for 30 sec. 
A melting curve analysis was performed to verify amplifica‑
tion specificity. GAPDH was used as an internal control for 
normalization, and relative mRNA expression levels were 
calculated using the 2‑ΔΔCq method (38). Primer sequences are 
listed in Table SII.

Chromatin immunoprecipitation (ChIP)‑qPCR assay. CFs 
were cultured to 80‑90% confluence. CFs were cross‑linked 
with 1% paraformaldehyde at room temperature for 10 min, 
and the crosslinking reaction was quenched with glycine at 
room temperature for 5 min. The cells were then resuspended 
in ChIP Sonication Cell Lysis Buffer (cat. no. 81804; Cell 
Signaling Technology, Inc.) supplemented with Protease 
Inhibitor Cocktail (PIC) and incubated on ice. Subsequently, 
chromatin was fragmented by sonication on ice using a soni‑
cator (power, 20% amplitude; pulse duration, 5 sec on/5 sec 
off; total duration, 10  min) to obtain DNA fragments of 
appropriate size. The fragmented chromatin was diluted in 
ChIP Buffer (cat. no. 14231; Cell Signaling Technology, Inc.) 
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containing PIC to prepare a 2% input sample. The remaining 
chromatin was diluted in ChIP Dilution Buffer containing 
PIC and incubated overnight at 4˚C with an anti‑POU2F1 
antibody (cat. no. ab178869) or normal rabbit IgG (both 5 µg; 
cat. no. ab313801) (both from Abcam) as a NC. qPCR was 
performed using SimpleChIP® Universal qPCR Master Mix 
(Cell Signaling Technology, Inc.) according to the manufactur‑
er's instructions to quantify the enrichment of POU2F1‑bound 
PINK1 promoter regions. Primer sequences are listed in 
Table SIII. Detailed experimental methods are included in the 
previously published literature (39,40).

Cell viability assay. Cell viability of primary CFs in response to 
Ang II was assessed using the CCK‑8 assay kit (cat. no. C0037; 
Beyotime Biotechnology) according to the manufacturer's 
instructions (41). Primary CFs were seeded into 96‑well plates 
at 1x104 cells/well and incubated for 24 h. Subsequently, the 
cells were treated with different concentrations of Ang II for 
48 h. Following treatment, 10 µl of CCK‑8 reagent was added 
to each well, and the cells were incubated at 37˚C for 2 h. The 
optical density at 450 nm was measured using a microplate 
reader to evaluate cell viability.

Statistical analysis. Data are presented as the mean ± stan‑
dard deviation of ≥3 independent experiments. Statistical 
analyses were performed using GraphPad Prism 9.0 software 
(Dotmatics). Statistical tests, including one‑way analysis 
of variance followed by Tukey's post hoc test and unpaired 
two‑tailed Student's t‑test, were conducted to determine 
significant differences between sample means. Correlations 
between variables were analyzed using Spearman's rank 
correlation analysis. P<0.05 was considered to indicate a 
statistically significant difference.

Results

POU2F1 upregulation and mitochondrial damage in myocar‑
dial fibrosis of SHRs. A significant increase in cardiac fibrosis 
was observed in SHRs compared with in the WKY control rats. 
Masson trichrome staining of cardiac apical tissue revealed 
disrupted cardiac architecture in SHRs, which was charac‑
terized by extensive blue‑stained areas indicating collagen 
deposition and fibrotic remodeling (Fig. S1A). Western blot‑
ting confirmed elevated expression of the fibrosis markers 
collagen I and α‑SMA in SHRs (Fig.  S1B). Consistently, 
immunohistochemical staining revealed markedly stronger 
immunoreactivity for collagen I and α‑SMA in the left ventric‑
ular myocardium of SHRs than in that of WKY rats (Fig. S1C). 
To characterize molecular alterations associated with cardiac 
fibrosis in SHRs, RNA‑seq was performed on cardiac tissues 
from SHRs and WKY rats. Bioinformatics analysis identified 
476 DEGs between the groups. By comparing the DEGs with 
a rat transcription factor database, 18 differentially expressed 
transcription factors were identified (Fig. 1A). Hierarchical 
clustering demonstrated the expression patterns of these 
transcription factors: 17 were upregulated in SHRs, whereas 
one was downregulated (Fig. 1B). Among these transcription 
factors, POU2F1 exhibited the most significant differential 
expression; western blotting and RT‑qPCR confirmed upregu‑
lation of POU2F1 at both the mRNA and protein levels in 

SHRs (Fig. 1C and D). This increase was further supported by 
immunohistochemical analysis, which demonstrated enhanced 
POU2F1 staining in the myocardial tissues of SHRs (Fig. 1E). 
Notably, it was further observed that the area of cardiac fibrosis 
was closely correlated with both the mRNA (ρ=0.7250) and 
protein (ρ=0.9091) expression levels of POU2F1 (Fig. S1D).

TEM demonstrated mitochondrial ultrastructural damage 
in the cardiac tissues of SHRs, characterized by cristae 
disorganization and an increased number of mitochondria 
with abnormal morphology, including swelling and disrupted 
cristae (Figs. 1F and S1E). In addition, mitochondrial respira‑
tory function, as assessed by OCR, was significantly impaired 
in SHRs, with decreased basal respiration, maximal respira‑
tion and ATP production‑associated respiration (Fig. 1G). 
Notably, the expression levels of the key mitophagy regula‑
tors PINK1 and Parkin were significantly increased in 
the hearts of SHRs (Fig. 1H), suggesting dysregulation of 
the PINK1/Parkin‑associated mitophagy pathway during 
hypertensive fibrogenesis. Furthermore, a strong positive 
correlation was observed between PINK1 and POU2F1 
expression (r=0.9441, P<0.001; Fig. 1I).

POU2F1 upregulation and mitochondrial damage in Ang 
II‑induced CFs. Primary CFs were treated with Ang II 
(0‑100 µmol/l) for 48 h and cell viability was assessed using the 
CCK‑8 assay. The results showed that 1 µmol/l Ang II main‑
tained relatively higher cell viability. Therefore, 1 µmol/l Ang II 
was selected for subsequent experiments (Fig. S2A). Notably, 
the concurrent increase in EdU positivity (Figs. 2A and S2B) 
and α‑SMA expression (Figs.  2B and S2C) demonstrated 
that Ang II‑induced CFs underwent both proliferation and 
phenotypic activation (myofibroblast differentiation). These 
coordinated cellular responses contribute to pathological 
ECM accumulation during myocardial fibrosis  (42). This 
finding was corroborated by significantly elevated protein 
levels of both collagen I and α‑SMA in Ang II‑treated 
CFs (Fig. S2D). Consistent with the in vivo findings, Ang 
II‑induced CFs exhibited elevated mRNA and protein levels of 
POU2F1 (Fig. 2C and D). Furthermore, POU2F1 protein levels 
were positively correlated with α‑SMA fluorescence intensity 
(r=0.8951, P<0.001; Fig. 2E).

In addition to POU2F1 upregulation, mitochondrial reac‑
tive oxygen species were assessed using mitoSOX Red staining 
(Fig. 2F). In Ang II‑induced CFs, robust red fluorescence 
signals indicative of mitochondrial superoxide accumulation 
were observed, demonstrating heightened mitochondrial 
oxidative stress (Figs. 2F and S2E). Consistently, western 
blotting revealed marked upregulation of PINK1 and Parkin, 
suggesting potential activation of the mitophagy pathway 
(Figs. 2G and S2F). Furthermore, correlation analysis revealed 
a strong positive correlation between POU2F1 and PINK1 
protein expression (r=0.8671, P<0.001; Fig. 2H).

POU2F1 knockdown reduces PINK1‑mediated mitophagy 
and mitochondrial dysfunction in Ang II‑induced CFs. 
To investigate the role of POU2F1 in PINK1‑mediated 
mitophagy and myocardial fibrosis in vitro, a plasmid‑based 
shRNA vector was constructed to specifically knock down 
POU2F1 expression, and the knockdown efficiency was 
confirmed by RT‑qPCR analysis in CFs (Fig.  S3A). In 

https://www.spandidos-publications.com/10.3892/mmr.2026.14001


MA et al:  POU2F1 PROMOTES HYPERTENSIVE CARDIAC FIBROSIS6

the shPOU2F1 group, mitoSOX levels were decreased, 
suggesting attenuated oxidative stress (Fig. 3A and C), and 
TEM further confirmed reduced mitochondrial ultrastruc‑
tural damage (Fig. 3B and C). In addition, mitochondrial 
respiratory function was significantly increased upon 
POU2F1 knockdown (Fig. 3D). Concomitantly, under Ang 
II stimulation, the shPOU2F1 group showed a significant 

decrease in the expression levels of the mitophagy‑related 
proteins PINK1, Parkin and LC3B, and an increase in P62 
expression, indicating that silencing of POU2F1 inhibited the 
PINK1‑mediated mitophagy pathway (Fig. 3E). Additionally, 
POU2F1 knockdown inhibited CF proliferation and α‑SMA 
expression (Fig. 3F‑H). Western blot analysis confirmed the 
decreased expression of collagen I and α‑SMA in cells with 

Figure 1. POU2F1 upregulation and mitochondrial damage in myocardial fibrosis of SHRs. (A) Overlap between transcription factors and differentially 
expressed genes in cardiac tissues of SHRs compared with WKY rats. (B) Heatmap representing the relative levels of differentially expressed transcription 
factors between WKY rats and SHRs. (C) mRNA levels of POU2F1 in cardiac tissues were detected by reverse transcription‑quantitative PCR. (D) Protein 
levels of POU2F1 in cardiac tissues were detected by western blotting (n=6). (E) Representative immunohistochemical staining images of POU2F1 in left 
ventricular myocardial tissues from WKY rats and SHR. (scale bar, 100 µm). (F) Transmission electron microscopy was used to observe mitochondrial 
structure in cardiac tissue from WKY rats and SHRs (scale bar, 500 nm). White arrows indicate cristae disorganization; red arrows indicate damaged 
mitochondria. (G) Seahorse assay profile of OCRs in CFs following sequentially treatment with oligomycin, FCCP and AA + ROT. Quantitative analysis 
of mitochondrial function parameters (basal respiration, maximal respiration and ATP production) is shown in the bar charts (n=3). (H) Protein levels of 
PINK1 and Parkin in cardiac tissues were detected by western blotting (n=6). (I) Protein expression levels of PINK1 were positively correlated with POU2F1 
expression (Spearman correlation, n=12). *P<0.05; ***P<0.001; ****P<0.0001. AA, antimycin A; FCCP, carbonyl cyanide‑4‑trifluoromethoxy phenylhydrazone; 
OCR, oxygen consumption rate; PINK1, PTEN‑induced kinase 1; POU2F1, POU domain class 2 transcription factor 1; ROT, rotenone; SHR, spontaneously 
hypertensive rat; WKY, Wistar‑Kyoto.
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POU2F1 knockdown, thus indicating that Ang II‑induced 
fibrotic remodeling was attenuated (Fig. 3I).

PINK1 knockdown reverses POU2F1 overexpression-
induced myocardial fibrosis. The current study generated 
plasmids to induce POU2F1 overexpression and PINK1 
knockdown, with the aim of further investigating the role 
of the POU2F1/PINK1 signaling pathway in myocar‑
dial fibrosis. The overexpression efficiency of POU2F1 
and knockdown efficiency of PINK1 were confirmed 
by RT‑qPCR analysis in CFs (Fig.  S3B). A significant 
increase in both CF proliferation (Fig.  4A  and  C) and 
α‑SMA expression (Fig. 4B and D) was observed following 
POU2F1 overexpression. Furthermore, consistent with 
the pro‑fibrotic phenotype, elevated expression levels of 
collagen I and α‑SMA proteins were detected in response 
to POU2F1 overexpression (Fig. 4E and F). Notably, this 
pro‑fibrotic effect was attenuated by PINK1 knockdown. 
These findings highlight the key role of PINK1 in the 
regulation of myocardial fibrosis.

PINK1 knockdown reduces mitophagy and myocardial 
fibrosis independent of POU2F1 expression in Ang II‑induced 
CFs. To investigate the potential interplay between POU2F1 
and PINK1, gene‑specific knockdown experiments were 
performed in CFs. POU2F1 knockdown significantly reduced 
PINK1 expression, whereas PINK1 knockdown did not alter 
POU2F1 protein levels in Ang II‑induced CFs (Fig. 5A and B), 
suggesting a unidirectional regulatory role of POU2F1 over 
PINK1. These findings indicated that POU2F1 does not directly 
interact with PINK1 but may function as an upstream tran‑
scriptional regulator of PINK1 expression. Given the central 
role of PINK1 in mitophagy, the current study next assessed 
the effects of PINK1 knockdown on the mitophagy pathway. 
In Ang II‑induced CFs, knockdown of PINK1 significantly 
decreased the expression levels of key mitophagy‑related 
proteins, including PINK1, Parkin and LC3B, while inducing 
the accumulation of P62, collectively indicating suppression of 
mitophagy (Fig. 5C). Furthermore, PINK1 knockdown resulted 
in an attenuation of collagen I and α‑SMA levels (Fig. 5D). 
Collectively, these results demonstrated that PINK1‑mediated 

Figure 2. POU2F1 upregulation and mitochondrial damage in Ang II‑induced CFs. (A) CF proliferation was assessed using an EdU assay (scale bar, 200 µm). 
(B) Representative immunofluorescence staining of α‑SMA in CFs (scale bar, 100 µm). (C) mRNA levels of POU2F1 in CFs were detected by reverse 
transcription‑quantitative PCR (n=6). (D) Protein levels of POU2F1 in CFs were detected by western blotting (n=6). (E) α‑SMA fluorescence intensity was 
positively correlated with the protein expression levels of POU2F1 in CFs (Spearman correlation, n=12). (F) MitoSOX staining showing levels of mitochondrial 
superoxide in CFs (scale bar, 200 µm). (G) Protein levels of PINK1 and Parkin in CFs were detected by western blotting (n=6). (H) Protein expression levels 
of PINK1 were positively correlated with POU2F1 expression in CFs (Spearman correlation, n=12). Data are presented as the mean ± SD. (C and D) Unpaired 
two‑tailed Student's t‑test were used for statistical analysis. ****P<0.0001. α‑SMA, α‑smooth muscle actin; Ang II, angiotensin II; CF, cardiac fibroblast; PINK1, 
PTEN‑induced kinase 1; POU2F1, POU domain class 2 transcription factor 1.
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Figure 3. POU2F1 knockdown reduces PINK1‑mediated mitophagy and mitochondrial dysfunction in Ang II‑induced CFs. (A) MitoSOX staining showing 
levels of mitochondrial superoxide in Ang II‑induced CFs infected with shPOU2F1 or shNC (scale bar, 200 µm). (B) Transmission electron microscopy 
was used to observe mitochondrial structure (scale bar, 500 nm). White arrows indicate cristae disorganization; red arrows indicate damaged mitochondria. 
(C) Quantification of MitoSOX fluorescence intensity was performed (n=6). Quantification of abnormal mitochondria was performed using low‑magnification 
TEM images (x5,300 magnification; n=4). (D) Seahorse assay profile of OCRs in CFs following treatment with oligomycin, FCCP and AA + ROT. Quantitative 
analysis of mitochondrial function parameters (basal respiration, maximal respiration and ATP production) is shown in the bar charts (n=3). (E) Western blot‑
ting was utilized to determine the protein expression levels of PINK1, Parkin, LC3B and P62 (n=4). (F) CF proliferation was assessed using an EdU assay (scale 
bar, 200 µm). (G) Representative immunofluorescence images of α‑SMA (scale bar, 100 µm). (H) Quantification of EdU‑positive cells and α‑SMA expression 
(n=6). (I) Western blotting was utilized to determine the protein expression levels of collagen I and α‑SMA (n=4). Data are presented as the mean ± SD. 
(C‑E, H and I) Unpaired two‑tailed Student's t‑test was used for statistical analysis. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. α‑SMA, α‑smooth muscle 
actin; AA, antimycin A; Ang II, angiotensin II; CF, cardiac fibroblast; FCCP, carbonyl cyanide‑4‑trifluoromethoxy phenylhydrazone; NC, negative control; 
OCR, oxygen consumption rate; PINK1, PTEN‑induced kinase 1; POU2F1, POU domain class 2 transcription factor 1; ROT, rotenone; sh, short hairpin.
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mitophagy critically contributes to Ang II‑induced myocar‑
dial fibrosis, and POU2F1 likely exerts profibrotic effects by 
modulating PINK1 transcription.

POU2F1 directly binds to the PINK1 gene promoter to 
enhance PINK1 transcription. Bioinformatics analysis was 
next performed to elucidate POU2F1‑mediated transcriptional 
regulation of PINK1. The rat PINK1 promoter sequence 
(‑2,000 bp) was retrieved from NCBI, with Jaspar software 
predicting a POU2F1‑binding motif; POU2F1 was identified 
as a transcription factor binding to the PINK1 promoter at the 
specific motif TATTTAAAT (Fig. 6A). The specific binding of 
POU2F1 was validated using a series of complementary exper‑
iments. First, ChIP assays using an anti‑POU2F1 antibody 
demonstrated significant enrichment of the PINK1 promoter 
region compared with the IgG control, confirming the binding 
of POU2F1 to the PINK1 promoter (Fig. 6B). To characterize 
the specificity of this interaction, EMSA was performed. 
POU2F1 protein bound specifically to a fluorescently labeled 
probe (lane 3) containing the consensus wild‑type sequence 
(TATTTAAAT). Notably, this binding was competitively 
inhibited by an excess of unlabeled wild‑type probes (lane 2), 
but was unaffected by a mutated probe (lane 4), underscoring 
the sequence‑specific nature of the binding (Fig. 6D). Finally, 
a dual‑luciferase reporter assay was conducted to determine 
the functional relevance of this binding; this confirmed that 

the direct binding of POU2F1 to the PINK1 promoter robustly 
enhanced its transcriptional activity (Fig. 6C).

POU2F1 overexpression was utilized to validate its regu‑
lation of PINK1. Western blotting and RT‑qPCR confirmed 
that the mRNA and protein expression levels of PINK1 were 
enhanced following POU2F1 overexpression (Fig. 6E and F). 
Collectively, these findings confirmed that POU2F1 binds 
to specific motifs in the PINK1 promoter and drive its 
transcription.

POU2F1 knockdown reduces PINK1‑mediated mitochondrial 
dysfunction and cardiac fibrosis in SHRs. To clarify the 
effects of POU2F1 on hypertension‑induced cardiac fibrosis 
in SHRs, AAV9 vectors encoding shPOU2F1 or shNC were 
constructed and injected into 14‑week‑old SHRs via the tail 
vein. After 4 weeks, AAV9‑shPOU2F1 achieved efficient 
myocardial transduction, significantly reducing POU2F1 
expression (Fig.  7A). Furthermore, compared with the 
AAV9‑shNC group, POU2F1 knockdown in SHRs signifi‑
cantly decreased myocardial PINK1 and Parkin expression 
(Fig.  7B). In AAV9‑shPOU2F1‑induced SHRs, TEM and 
Seahorse metabolic assays confirmed that mitochondrial 
damage was alleviated and mitochondrial respiratory func‑
tion was improved (Fig. 7C and D). The fibrotic area of the 
cardiac tissues was also markedly decreased (Fig. 7E), with 
a concomitant downregulation of collagen I and α‑SMA 

Figure 4. PINK1 knockdown reverses oePOU2F1‑induced myocardial fibrosis. (A) Proliferation of Ang II‑induced cardiac fibroblasts was assessed following 
different interventions using an EdU assay (scale bar, 200 µm). (B) Representative immunofluorescence images of α‑SMA (scale bar, 100 µm). (C) Rate 
of EdU‑positive cells was quantified (n=6). (D) Quantification of the average intensity of α‑SMA fluorescence (n=6). (E) Western blotting was utilized to 
determine the protein expression levels of collagen I and α‑SMA. (F) Semi‑quantification of collagen I and α‑SMA protein expression (n=4). *P<0.05; **P<0.01; 
***P<0.001; ****P<0.0001. α‑SMA, α‑smooth muscle actin; Ang II, angiotensin II; oe, overexpression; PINK1, PTEN‑induced kinase 1; POU2F1, POU domain 
class 2 transcription factor 1; sh, short hairpin.
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protein expression (Fig. 7F). Echocardiography demonstrated 
an improvement in cardiac structure compared with in 
the SHR + AAV9‑shNC group, with reduced interventricular 

septal thickness (IVSD and IVSS) and posterior wall thickness 
(LVPWD and LVPWS), and increased left ventricular internal 
dimensions (LVIDD and LVIDS) (Fig. 7G and H). Overall, 

Figure 5. PINK1 knockdown reduces mitophagy and myocardial fibrosis independent of POU2F1 expression in Ang II‑induced cardiac fibroblasts. Western 
blotting was utilized to determine the protein expression levels of (A) PINK1 and (B) POU2F1 (n=3). Expression levels of (C) PINK1, Parkin, LC3B and P62, 
as well as (D) collagen I and α‑SMA were determined using western blotting (n=3). **P<0.01; ***P<0.001; ****P<0.0001. α‑SMA, α‑smooth muscle actin; Ang II, 
angiotensin II; ns, not significant; NC, negative control; PINK1, PTEN‑induced kinase 1; POU2F1, POU domain class 2 transcription factor 1; sh, short hairpin.
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these findings demonstrated that inhibiting the expression 
of POU2F1 may suppress PINK1‑mediated mitochondrial 
dysfunction and reduce cardiac fibrosis in SHRs.

Discussion

Hypertension is known to induce mitochondrial damage, 
increase collagen deposition and drive myocardial fibrosis. 
While PINK1‑mediated mitophagy is a well‑characterized 
pathway, its upstream regulatory mechanisms in hyperten‑
sion‑induced cardiac fibrosis remain incompletely understood. 
The present study provided the following key insights: 
i) POU2F1 acts as a critical regulator, which is significantly 
elevated in both SHRs and Ang II‑induced CFs, exacerbating 

hypertension‑induced cardiac fibrosis. ii) POU2F1 is associated 
with enhanced PINK1/Parkin‑mediated mitophagy‑related 
signaling, accompanied by disrupted mitochondrial homeo‑
stasis. iii) POU2F1, as a transcription factor, directly binds 
to the PINK1 promoter to enhance PINK1 transcription and 
expression. These findings indicated that POU2F1‑regulated 
mitochondrial homeostasis is a potential target for hypertensive 
cardiac remodeling therapies (Fig. 8).

Hypertension represents a major risk factor for cardio‑
vascular diseases, as it not only elevates cardiac afterload but 
also triggers progressive pathological cardiac remodeling, 
ultimately leading to heart failure (43‑45). In the damaged 
heart, CFs express excessive levels of cytokines, including 
transforming growth factor‑β, IL‑1β) and interleukin‑6 (IL‑6), 

Figure 6. POU2F1 directly binds the PINK1 gene promoter to enhance PINK1 transcription. (A) Schematic of the binding site between POU2F1 and the PINK1 
promoter region. (B) Chromatin immunoprecipitation‑qPCR was performed to determine the binding of POU2F1 to the promoter sequence of PINK1 (n=3). 
IgG was applied as a negative control. (C) 293T cells were transfected with WT or MUT PINK1 plasmids and then transfected with vector or oePOU2F1 
plasmid. A dual‑luciferase reporter assay was performed (n=3). (D) Electrophoretic mobility shift assay was employed to analyze the interaction between 
POU2F1 and the PINK1 promoter fragment. (E) Following transfection with oePOU2F1 or empty vector, the mRNA levels of PINK1 in cardiac fibroblasts 
were quantified by reverse transcription‑qPCR (n=3). (F) Protein levels of POU2F1 and PINK1 were detected by western blotting (n=3). Data are presented 
as the mean ± SD. (B, C, E and F) Unpaired two‑tailed Student's t‑test was used for statistical analysis. *P<0.05; ***P<0.001; ****P<0.0001. MUT, mutant; oe, 
overexpression; PINK1, PTEN‑induced kinase 1; POU2F1, POU domain class 2 transcription factor 1; qPCR, quantitative PCR; WT, wild‑type.
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Figure 7. POU2F1 knockdown reduces PINK1‑mediated mitochondrial dysfunction and cardiac fibrosis in SHRs. Western blot analysis of (A) POU2F1, 
and (B) PINK1 and Parkin in SHRs infected with AAV9‑shPOU2F1 or AAV9‑shNC (n=4). (C) Transmission electron microscopy was used to observe the 
mitochondrial structure in cardiac tissue from SHRs infected with AAV9‑shPOU2F1 or AAV9‑shNC (scale bar, 500 nm). White arrows indicate cristae 
disorganization; red arrows indicate damaged mitochondria. (D) Seahorse assay profile of OCRs in CFs following treatment with oligomycin, FCCP and AA + 
ROT. Quantitative analysis of mitochondrial function parameters (basal respiration, maximal respiration and ATP production) is shown in the bar charts (n=3). 
(E) Interstitial myocardial fibrosis (blue) assessed via Masson's trichrome staining (scale bar, 100 µm; n=4). (F) Western blot analysis of collagen I and α‑SMA 
protein expression in two groups (n=4). (G) Representative echocardiographic images of SHRs following different interventions. (H) Echocardiographic 
parameters, including IVSD, IVSS, LVPWD, LVPWS, LVIDD and LVIDS, were measured in the two groups (n=4). Data are presented as the mean ± SD. 
(A‑F and H) Unpaired two‑tailed Student's t‑test was used for statistical analysis. ns, no significance; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. α‑SMA, 
α‑smooth muscle actin; AA, antimycin A; AAV9, adeno‑associated virus serotype 9; FCCP, carbonyl cyanide‑4‑trifluoromethoxy phenylhydrazone; IVSD, 
interventricular septal diastolic thickness; IVSS, interventricular septal systolic thickness; LVIDD, left ventricular end‑diastolic diameter; LVIDS, left 
ventricular end‑systolic diameter; LVPWD, left ventricular posterior wall diastolic thickness; LVPWS, left ventricular posterior wall systolic thickness; 
NC, negative control; OCR, oxygen consumption rate; PINK1, PTEN‑induced kinase 1; POU2F1, POU domain class 2 transcription factor 1; ROT, rotenone; 
sh, short hairpin; SHR, spontaneously hypertensive rat.
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leading to the enhanced proliferation of CFs, myofibroblast 
activation and excessive secretion of ECM components (46). 
The present study revealed that POU2F1 expression exhibited 
a positive correlation with the severity of myocardial fibrosis in 
both SHRs and Ang II‑induced CFs. Knockdown of POU2F1 
in vitro suppressed the expression of α‑SMA and collagen I, 
whereas its overexpression conversely promoted their expres‑
sion. Moreover, knockdown of POU2F1 in SHRs attenuated 
cardiac fibrosis and improved cardiac function, which further 
confirms the critical role of POU2F1 in hypertension‑induced 
cardiac fibrosis. These results extend the findings of previous 
studies on transcriptional regulation in cardiac fibrosis, which 
have primarily focused on factors such as TGF‑β/Smad, NF‑κB 
and other transcription factors, by introducing POU2F1 as a 
novel participant in this network (47‑49).

Transcription factors bind to specific cis‑acting elements in 
the promoter or enhancer regions of target genes, thereby acti‑
vating or repressing transcriptional initiation and modulating 
the spatiotemporal expression of downstream genes (50,51). 
Previous studies have demonstrated that POU2F1 can directly 
bind to the promoters of target genes such as aldolase A and 
lactate dehydrogenase A to promote the proliferation of tumor 
cells (52,53). However, its function in cardiac fibrosis remains 

incompletely elucidated. A key insight from the present study 
is the direct transcriptional regulation of PINK1 by POU2F1. A 
strong positive correlation was observed between POU2F1 and 
PINK1 expression in SHRs and Ang II‑induced CFs. Notably, 
POU2F1 overexpression markedly promoted PINK1 expres‑
sion and myocardial fibrosis, and this effect was abrogated by 
PINK1 knockdown, indicating that the pro‑fibrotic effects of 
POU2F1 are PINK1‑dependent. To demonstrate this direct 
regulatory relationship, the binding sites for POU2F1 were 
predicted within the PINK1 promoter. Using EMSA and a 
dual‑luciferase reporter assay, it was established that POU2F1 
can bind directly to the PINK1 promoter, an interaction that 
may enhance both PINK1 transcription and its protein expres‑
sion. This is consistent with evidence that transcription factors 
coordinate the fibrotic response by regulating gene expression 
in CFs (54,55). The present study therefore reveals a novel 
transcriptional regulatory mechanism linked to mitophagy 
modulation.

PINK1/Parkin‑mediated mitophagy is crucial for 
maintaining cell homeostasis, and is important in the 
prevention and treatment of cardiovascular diseases (56,57). 
PINK1, a serine/threonine kinase located on depolar‑
ized mitochondria, is rapidly degraded upon entering the 

Figure 8. POU2F1 promotes hypertensive cardiac fibrosis by regulating mitochondrial homeostasis through PINK1/Parkin‑dependent mitophagy. α‑SMA, 
α‑smooth muscle actin; Ang II, angiotensin II; CF, cardiac fibroblast; PINK1, PTEN‑induced kinase 1; POU2F1, POU domain class 2 transcription factor 1.
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mitochondria under physiological conditions (58). However, 
when PINK1 is upregulated, it accumulates on depolarized 
mitochondria and self‑activates, recruiting Parkin to ubiqui‑
tinate mitochondrial substrates (59). These proteins bind to 
autophagosomes and are ultimately transported to lysosomes, 
completing the mitophagy process. Mitophagy has emerged 
as a double‑edged sword in cardiac biology, with moderate 
activation promoting cell survival under stress, whereas 
excessive or aberrant mitophagy can contribute to tissue 
damage (60‑62). In the present study, elevated expression of 
PINK1, Parkin and LC3B in both SHRs and Ang II‑induced 
CFs confirmed the occurrence of excessive mitophagy. 
Knockdown of PINK1 in Ang II‑induced CFs downregulated 
mitophagy‑associated proteins and attenuated myocardial 
fibrosis. Furthermore, both in vivo and in vitro, knockdown 
of POU2F1 suppressed PINK1 transcription and expression, 
which similarly led to the inhibition of mitophagy. A limita‑
tion of the present study is the lack of direct TEM evidence 
of mitochondria‑containing autophagosomes. Given the tran‑
sient nature of mitophagy and the limited sampling scope 
of ultrastructural imaging, further assessment of mitophagic 
flux is warranted. Nevertheless, mitochondrial structural 
damage, impaired respiratory function, and increased 
PINK1 and Parkin expression suggest dysregulation of the 
PINK1/Parkin‑mediated mitophagy pathway.

Excessive mitophagy disrupts mitochondrial homeo‑
stasis, thereby contr ibuting to the pathogenesis of 
fibrotic diseases (63‑65). Activation of sirtuin 3 has been 
shown to suppress mitochondrial oxidative stress and 
activate the AMPK/Parkin axis, thereby mitigating mito‑
chondrial damage and improving cardiac function  (66). 
The hypoxia‑inducible factor 1α/BCL2‑interacting protein 
3 signaling pathway is involved in mitophagy and serves 
a protective role in renal fibrosis (67). Furthermore, high 
temperature requirement protein A2 expression regulates 
mitochondrial DNA damage and mitochondrial homeostasis 
in hepatocytes during liver fibrogenesis  (68). To the best 
of our knowledge, the present study is the first to elucidate 
the regulation of mitochondrial homeostasis by POU2F1. 
POU2F1 was knocked down in SHRs and Ang II‑induced 
CFs, and it was observed that the mitophagy‑related proteins 
PINK1, Parkin and LC3B were downregulated, accompanied 
by alleviated mitochondrial structural damage, improved 
mitochondrial respiratory function and a reduced degree 
of myocardial fibrosis. This result confirmed that POU2F1 
may promote hypertensive cardiac fibrosis by regulating 
mitochondrial homeostasis.

In summary, the present study established POU2F1 as a 
key upstream regulator that is significantly upregulated in 
hypertensive models. POU2F1 directly bind to the PINK1 
promoter to potentiate its transcription, thereby enhancing 
PINK1/Parkin‑associated mitophagy‑related signaling and 
driving cardiac fibrotic remodeling. This finding highlights 
POU2F1 as a promising therapeutic target; therefore, modu‑
lating its expression to restore mitochondrial homeostasis may 
halt fibrotic remodeling.
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