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Abstract. Platelet mitophagy is a major pathway involved in 
the clearance of injured mitochondria during hemostasis and 
thrombosis. Prohibitin 2 (PHB2) has recently emerged as an 
inner mitochondrial membrane receptor involved in mitophagy. 
However, the mechanisms underlying PHB2‑mediated platelet 
mitophagy and activation are not completely understood. 
PHB2 is a highly conserved inner mitochondrial membrane 
protein that regulates mitochondrial assembly and function 
due to its unique localization on the mitochondrial membrane. 
The present study aimed to investigate the role and mecha‑
nism underlying PHB2 in platelet mitophagy and activation. 
Phorbol‑12‑myristate‑13‑acetate (PMA) was used to induce 
MEG‑01 cells maturation and differentiate into platelets 
following PHB2 knockdown. Cell Counting Kit‑8 assays 
were performed to examine platelet viability. Flow cytometry 
was performed to assess platelet mitochondrial membrane 
potential. RT‑qPCR and western blotting were conducted to 
measure mRNA and protein expression levels, respectively. 
Subsequently, platelets were exposed to CCCP and the role of 
PHB2 was assessed. The results of the present study identified 
a crucial role for PHB2 in platelet mitophagy and activation, 
suggesting that PHB2‑mediated regulation of mitophagy may 
serve as a novel strategy for downregulating the expression 
of platelet activation genes. Although further research into 

mitophagy is required, the present study suggested that PHB2 
may serve as a novel therapeutic target for thrombosis‑related 
diseases due to its unique localization on the mitochondrial 
membrane.

Introduction

Prohibitin (PHB) is ubiquitously expressed in cells and is 
primarily localized on the inner mitochondrial membrane. 
PHB is an evolutionarily, highly conserved protein that serves 
as a molecular chaperone in the assembly of the mitochondrial 
respiratory chain complex subunit (1,2). PHB often exists in 
the form of a complex, consisting of 12‑16 heterogenous dimer 
pairs of PHB1 and PHB2, which are closely related, that can 
be anchored to the mitochondrial intima to form a ring‑shaped 
barrier structure (3,4).

The location of PHB2 proteins determines its function. For 
example, the presence of PHB2 on the inner mitochondrial 
membrane aids with maintaining the normal morphology of 
the mitochondria, as well as anti‑oxidative stress and apop‑
tosis levels, thereby affecting mitochondrial function (5). A 
previous study reported that hyperglycemia in patients with 
type  2 diabetes promoted ATP production and decreased 
the mitochondrial membrane potential  (ΔΨm) in platelet 
mitochondria (6). In addition, another previous study reported 
that platelet mitochondrial activity was transiently enhanced, 
mitochondrial function was disordered, and the production of 
ATP and reactive oxygen species was increased in patients 
with diabetes (7).

Platelet activation is closely associated with mito‑
chondrial dysfunction (8). A previous study demonstrated 
that cells primarily participated in mitochondrial renewal 
via the selective autophagy pathway  (9). The process of 
selectively removing mitochondria by autophagy is known 
as mitophagy (10). Mitophagy maintains a balance in the 
number and quality of mitochondria in the cell by scav‑
enging a portion of the damaged mitochondria. Furthermore, 
mitophagy not only removes damaged mitochondria, but also 
degrades healthy mitochondria. For example, the exposure of 
cells to a harsh environment promotes the synthesis of excess 
mitochondria to increase the operational burden of cells, 
which results in the degradation of healthy mitochondria to 
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maintain cell survival (11). The process of autophagy has 
been reported to occur in platelets of humans and dogs, 
wherein inhibition of the autophagic signaling pathway or 
autophagic degradation prevents platelet aggregation and 
adhesion functions (12‑14). Therefore, platelet autophagy was 
suggested to serve an important role in regulating platelet 
activation. A previous study demonstrated that mitophagy 
was induced in the platelets of patients with diabetes, which 
was considered to serve as an intrinsic mechanism that 
protected platelets from severe oxidative stress, in addition 
to preventing apoptosis and thrombosis (15). Therefore, the 
present study aimed to investigate the role and mechanism 
of action underlying PHB2 in platelet mitophagy and activa‑
tion.

Materials and methods

MEG‑01 cell culture. MEG‑01 cells (American Type 
Culture Collection) were cultured in RPMI‑1640 (Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS 
(Gibco; Thermo Fisher Scientific, Inc.) at 37˚C with 5% CO2. 
For differentiation into platelets, MEG‑01 cells were treated 
with 15 ng/ml phorbol‑12‑myristate‑13‑acetate (PMA) for 
72 h. To observe cell morphology, air‑dried cell smears were 
fixed using 0.2% Wright's staining solution for 2‑3 sec at room 
temperature, followed by staining with Wright‑Giemsa stain 
(Sigma‑Aldrich; Merck KGaA) for 15‑25 min at room temper‑
ature according to manufacturer's protocol. Stained cells were 
visualized using a light microscope (Olympus Corporation). 
PE‑conjugated anti‑CD61 (cat. no. 555754; BD Biosciences) 
was used to assess platelet activation via flow cytometry. 
Briefly, platelets were fixed with 4% paraformaldehyde at room 
temperature for 15 min,, rinsed with PBS and stained with 
anti‑CD61 in the dark for 15‑30 min. Subsequently, 1x104 total 
platelets per sample were acquired and analyzed using a 
FACSCalibur™ flow cytometer (BD Biosciences) and FlowJo 
software (version 10; FlowJo LLC). CD61 mRNA expression 
levels were analyzed via reverse transcription‑quantitative 
PCR (RT‑qPCR).

Cell Counting Kit‑8 (CCK‑8) assay. Following PMA‑induced 
differentiation of MEG‑01 cells, platelets were uniformly 
seeded (100 µl cell suspension; 2x103 cells/well) into 96‑well 
plates and treated with 0 (negative control; NC), 10, 20, 50, 
70 or 100 µM carbonyl cyanide 3‑chlorophenylhydrazone 
(CCCP; cat. no. ab141229; Abcam), a mitochondrial oxidative 
phosphorylation uncoupler (16,17). CCCP was diluted using 
DMSO (Sigma‑Aldrich; Merck KGaA). A DMSO group was 
used in subsequent experiments to exclude the effects of 
DMSO on cells. For each treatment group, 10 replicate wells 
were used. Following incubation for 3 h at 37˚C, 10 µl CCK‑8 
solution (Dojindo Molecular Technologies, Inc.) was added to 
each well and incubated for 1 h. In the blank control group, 
cell‑free cell culture medium was added to the well, followed 
by CCK‑8 solution according to the aforementioned protocol. 
Absorbance was measured at a wavelength of 450 nm using a 
microplate reader to obtain optical density values. Cell viability 
was calculated according to the following formula: Cell 
viability (%) = [(experimental well‑blank well)/(NC well‑blank 
well)] x100.

Measurement of ΔΨm via flow cytometry. Platelets (5x106) 
were obtained and resuspended in 0.5 ml RPMI‑1640 supple‑
mented with 10% FBS. Subsequently, 0.5 ml prepared JC‑1 
staining working solution (BD Biosciences) was added to 
the cell suspension, gently mixed by pipetting and incubated 
at 37˚C for 20 min. Subsequently, the suspension was centri‑
fuged at 4˚C at 600 x g for 5 min and the supernatant was 
discarded. The precipitate was washed with JC‑1 staining 
buffer (1X) as follows: Cells were resuspended in 1  ml 
JC‑1 staining buffer (1X) and centrifuged at 600 x g at 4˚C 
for 5 min; the supernatant was discarded; and the washing 
procedure was repeated three times. Subsequently, cells were 
resuspended in 500 µl JC‑1 Binding Buffer (1X) and analyzed 
using a FACSCalibur™ flow cytometer (BD Biosciences). 
Compensation for FL‑1/FL‑2 was set up using FACSComp™ 
beads (BD Biosciences) and FlowJo software (version 10; 
FlowJo LLC) was used to set up the flow cytometer.

RT‑qPCR. Total RNA was extracted from MEG‑01 cells using 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). 
Total RNA was reverse transcribed into cDNA using random 
hexamer primers and a TaqMan reverse transcription kit 
(Takara Bio, Inc.) according to the manufacturer's protocol. The 
temperature protocol used for RT was 42˚C for 2 min, 37˚C for 
15 min and 85˚C for 5 sec. Subsequently, qPCR was performed 
using a SYBR Premix Ex Taq II kit (Takara Bio, Inc.) on a 
7900HT Fast Real‑Time PCR system (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). The following thermocycling 
conditions were used for qPCR: Pre‑denaturation at  95˚C 
for 30 sec; followed by 40 amplification cycles (denaturation 
at 95˚C for 5 sec, annealing at 60˚C for 34 sec and extension 
at 95˚C for 15 sec). The sequences of the primers used for 
qPCR are listed in Table  I. mRNA expression levels were 
quantified using the 2‑ΔΔCq method (18) and normalized to the 
internal reference gene GAPDH. the reference gene.

Western blotting. Total proteins were extracted from platelets 
using RIPA lysis buffer (Cell Signaling Technology, Inc.) 
according to the manufacturer's protocol. Protein concen‑
trations were quantified using a bicinchoninic acid protein 
assay kit (Thermo  Fisher Scientific, Inc.). Subsequently, 
proteins (30  µg) were separated via 12.5%  SDS‑PAGE 
and electrotransferred onto PVDF membranes. Following 
blocking with 3% (w/v) BSA (Sigma‑Aldrich; Merck KGaA) 
in TBST [150  mM NaCl, 10  mM Tris‑HCl (pH 7.5) and 
0.1% Tween‑20] at room temperature for 1 h, the membranes 
were incubated overnight at 4˚C with the following primary 
antibodies: Anti‑PHB2 (1:1,000; cat.  no.  sc‑133094; 
Santa Cruz Biotechnology, Inc.), anti‑LC3B (1:2,000; 
cat.  no.  ab48394; Abcam) and anti‑β‑tubulin (1:5,000; 
cat. no. 10068‑1‑AP; ProteinTech Group, Inc.). Following 
the primary antibody incubation, the membranes were incu‑
bated with HRP‑conjugated goat anti‑mouse IgG (1:2,000; 
cat.  no.  SA00001‑1; ProteinTech Group, Inc.) and goat 
anti‑rabbit IgG (1:2,000; cat. no. SA00001‑2; ProteinTech 
Group, Inc.) secondary antibodies for 2 h at room temperature. 
Protein bands were visualized using Pierce™ ECL Western 
Blotting Substrate (cat. no. 32109; Thermo Fisher Scientific, 
Inc.) on a ChemiDoc XRS imager (Bio‑Rad Laboratories, 
Inc.). Protein expression levels were semi‑quantified using 
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Image Lab software (version 4.0.1; Bio‑Rad Laboratories, 
Inc.) with β‑tubulin as the loading control.

Cell transfection. Short hairpin RNAs (shRNAs/shs) targeting 
PHB2 were designed and synthesized by Shanghai GeneChem 
Co. Ltd. The recombinant lentivirus (LV) of shRNA targeting 
PHB2 [PHB2‑RNA interference (RNAi)‑LV] and control 
LV (GFP LV) were commercially prepared by Shanghai 
GeneChem Co. Ltd. Briefly, a LV transfer vector (GV248) was 
constructed, which contained a puromycin resistance gene and 
an enhanced GFP gene. shRNA expression was driven by a 
U6 promoter. To package viruses, a 2nd generation system was 
used and 293T cells (The Cell Bank of Type Culture Collection 
of The Chinese Academy of Sciences).were transiently trans‑
fected with 20 µg GV248 transfer plasmid and three packaging 
vectors: i) 20 µg pGC‑LV; ii) 15 µg pHelper 1.0; and iii) 10 µg 
pHelper 2.0 (all Shanghai GeneChem Co., Ltd.). Following 
transfection for 72 h, lentiviral particles were collected, filtered 
and concentrated by ultracentrifugation at 12,000 x g for 2 h 
at 4˚C. At 30‑50% confluence, MEG‑01 cells were trans‑
duced with lentiviral shRNA (100 plaque‑forming unit/cell; 
MOI, 100). At 48 h post‑transduction, transduction efficiencies 
were evaluated via RT‑qPCR. At 72 h post‑transduction, PHB2 
protein expression levels were analyzed via western blotting. 
The targeting sequences of the shRNAs were as follows: 
LV‑PHB2‑RNAi (57874‑1), 5'‑AGA​ATA​TCT​CCA​AGA​CGA​
T‑3'; LV‑PHB2‑RNAi (57875‑1), 5'‑TGA​GCT​TTA​GCC​GAG​
AGT​A3'; LV‑PHB2‑RNAi (57876‑2), 5'‑TAG​CAT​GTA​CCA​
GCG​CCT​A‑3'; and NC‑RNAi (CON077), 5'‑TTC​TCC​GAA​
CGT​GTC​ACG​T‑3'.

mRNA sequencing (mRNA‑seq). mRNA‑seq experiments 
were performed by Novogene Co., Ltd. An mRNA‑seq 
library was prepared for sequencing using standard Illumina 
protocols (19). Briefly, total RNA was extracted from plate‑
lets with or without transfection of shPHB2 treatment using 
TRIzol reagent (cat. no. 15596026, Invitrogen; Thermo Fisher 
Scientific, Inc.). To remove any contaminating genomic 
DNA, total RNA was treated with RNase‑free DNase  I 
(cat. no. M0303L; New England BioLabs, Inc.). RIN value 
(RNA integrity number) was used as the criterion to determine 
the integrity of the sample RNA using the RNA Nano 6000 
Assay Kit (cat. no. 5067‑1511; Agilent Technologies, Inc.) and 
the Bioanalyzer 2100 System (Agilent Technologies, Inc.). 
mRNA extraction was performed using Dynabeads oligo(dT) 

(cat. no. 61002; Invitrogen; Thermo Fisher Scientific, Inc.). 
Double‑stranded cDNA was synthesized using Superscript II 
reverse transcriptase (cat.  no.  18‑064‑022; Invitrogen; 
Thermo Fisher Scientific, Inc.) and random hexamer primers. 
Subsequently, cDNAs were fragmented by nebulization and 
the standard Illumina protocol was followed to generate 
the mRNA‑seq library using the NEBNext® Ultra™ RNA 
Library Prep Kit for Illumina® (cat. no. E7530L; New England 
Biolabs, Inc.). The sequencing type we used was PE150 
(Hiseq X; Illumina, Inc.). The inserted fragment length was 
250‑300 bp and the sequencing direction was 5'→3'. After the 
library was constructed, a Qubit 2.0 Fluorometer (Invitrogen; 
Thermo Fisher Scientific, Inc.) was used for preliminary quan‑
tification, followed by dilution and detection using 1.5 ng/µl 
sample and a CFX96 Touch Real‑Time PCR Detection System 
(Bio‑Rad Laboratories, Inc.). For data analysis, basecalls 
were performed using cassava. Reads were aligned to the 
genome with the split read aligner TopHat (version  2.0.7, 
http://tophat.cbcb.umd.edu) and Bowtie2 (version  2.4.2; 
http://bowtie‑bio.sourceforge.net), using default parameters. 
HTSeq (version 0.6.0, https://htseq.readthedocs.io) was used 
to estimate the abundance of the reads.

Gene Ontology (GO) functional term and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) signaling pathway enrichment 
analyses. GO functional term enrichment analysis of differ‑
entially expressed genes (DEGs; |log2(FoldChange)|>1 and 
adjusted P‑value<0.05) was conducted using the GOseq R 
package (20). Briefly, GO analysis was performed by collating 
the significantly enriched GO terms in the identified DEGs. 
Subsequently, DEGs were filtered based on biological func‑
tions and mapped to GO terms in the GO database (www.
geneontology.org). Gene numbers were calculated for each 
term using the hypergeometric test to obtain significantly 
enriched GO terms for DEGs, which were compared with 
sh‑NC. GO terms with a corrected P<0.05 were considered 
as significantly enriched in DEGs. KEGG Orthology Based 
Annotation System software (version no. 4.0.1; bioconductor.
org/packages/release/bioc/html/clusterProfiler.html) was 
used to perform KEGG pathway enrichment analysis and to 
determine the statistical enrichment of the DEGs in KEGG 
signaling pathways (www.genome.jp/kegg) (21,22). The anal‑
ysis was used to identify the significant enrichment of genes 
involved in metabolic or signaling pathways.

Statistical analysis. Statistical analyses were performed using 
GraphPad Prism software (version 7.0; GraphPad Software, 
Inc.). Data are presented as the mean ± SD. Comparisons 
between two groups were analyzed using an unpaired Student's 
t‑test, whereas comparisons among multiple groups were 
analyzed using one‑way ANOVA followed by Bonferroni's 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference. All experiments were repeated three 
times.

Results

MEG‑01 cells are successfully induced to mature and 
differentiate into platelets using PMA in  vitro. MEG‑01 
cells are megakaryocyte leukemia cells, which were cultured 

Table I. Sequences of primers used for quantitative PCR.

Gene	 Sequence (5'→3')

Prohibitin 2	 F: ACACTCGTTCCTCGTAGTCC
	 R: TTGGTTCCAGTACCCCATTA
CD61	 F: TTAGGTTCAGCTTGGGCCTG
	 R: TTGGAGACACGGTGAGCTTC 
GAPDH	 F: GATTTTGGAGGGATCTCGCT
	 R: CAGGGCTGCTTTTAACTCTGGT

F, forward; R, reverse.
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in  vitro and suspended in RPMI‑1640 supplemented with 
10% FBS in the present study. Previous studies have reported 
that MEG‑01 cells were successfully induced to differentiate 
into platelet‑forming megakaryocytes following treatment 
with 15 ng/ml PMA for 72 h (23,24). Morphological obser‑
vations and Wright‑Giemsa staining demonstrated that cells 
were larger in size with irregular edges and coarse granular 
chromatin structures, and were tightly arranged with unclear 
nucleoli prior to induction (Fig. 1A). After induction, cavita‑
tion occurred and pseudopods were generated. Following 

induction, the flow cytometry results demonstrated that CD61 
expression on MEG‑01 cells was significantly increased 
compared with untreated MEG‑01 cells (P<0.05; Fig. 1B). 
Similarly, the RT‑qPCR results also demonstrated that CD61 
mRNA expression levels were significantly upregulated 
following induction compared with untreated MEG‑01 cells 
(P<0.05; Fig. 1C).

Effect of CCCP on platelet activity. The effect of CCCP on 
platelet activity was analyzed by performing CCK‑8 assays. 
Compared with the control group (100%), the survival rates 
of megakaryocytes/platelets following treatment with 10, 20, 
50, 70 or 100 µM CCCP for 3 h were 77.57, 59.42, 48.13, 43.43 
or 23.25%, respectively (Fig. 2A). The results indicated that 
CCCP treatment decreased cell survival rates in a concentra‑
tion‑dependent manner. In addition, the expression levels of the 
autophagy‑related protein, LC3‑II/LC3‑I, were significantly 
upregulated by CCCP treatment (≥50 µM) compared with the 
NC group (Fig. 2B). Among the CCCP treatment groups, the 
highest expression levels of LC3‑II/I were observed following 
treatment with 50 µM CCCP for 3 h. Therefore, treatment with 
50 µM CCCP for 3 h was selected as the optimal condition for 
the induction of mitochondrial autophagy in platelets.

PHB2 expression levels in platelets during mitophagy. 
Compared with the NC group, PHB2 protein expression levels 
were significantly upregulated by CCCP (≥50 µM) treatment 
for 3 h in a dose‑dependent manner in platelets (Fig. 3A). 
Following treatment with 50 µM CCCP for 0, 1, 3, 6, 9 or 
12 h, PHB2 protein expression levels were notably increased 
in a time‑dependent manner in platelets compared with the 
NC group (Fig. 3B).

Effect of PHB2 knockdown on platelet mitophagy. Under the 
optimal established LV transfection conditions, the interfering 
fragments that effectively silenced PHB2 were screened. 
Platelets were divided into the following four groups: 
i) LV‑PHB2‑RNAi (57874‑1); ii) LV‑PHB2‑RNAi (57875‑1); 
iii) LV‑PHB2‑RNAi (57876‑2); and iv) NC‑RNAi (CON077). 
At 72 h post‑transduction, transduction efficiency was assessed 
via RT‑qPCR and western blotting. Subsequently, mRNA and 
protein were extracted from platelets in each group to measure 
PHB2 expression levels. PHB2 mRNA expression levels in 
the LV‑PHB2‑RNAi (57875‑1) group were signif﻿icantly down‑
regulated compared with the NC‑RNAi (CON077) group 
(P<0.05; Fig. 4A). Similarly, PHB2 protein expression levels 
were also significantly downregulated in the LV‑PHB2‑RNAi 
(57875‑1) group compared with the NC‑RNAi (CON077) 
group (P<0.05: Fig. 4B). PHB2 mRNA and protein expression 
levels among the other groups were not significantly different 
(Fig. 4). Therefore, LV‑PHB2‑RNAi (57875‑1) was identified 
as the most effective interfering fragment of PHB2.

Effect of PHB2 expression on platelet mitophagy. Following 
the successful screening of the interference fragment of PHB2, 
cells were divided into the following groups: i) control (Con); 
ii) small interfering RNA (sh)‑NC; and iii) sh‑PHB2. Following 
successful lentiviral transduction, MEG‑01 cells in each group 
were treated with PMA to induce the maturation and differen‑
tiation of the cells, and then treated with 0 or 50 µM CCCP for 

Figure 1. Induction of MEG‑01 cell differentiation to platelets using PMA 
in vitro. MEG‑01 cells were treated with PMA for 72 h. (A) Cell morphological 
observations and Wright‑Giemsa staining (magnification, x400). (B) CD61 
cell surface expression was assessed via flow cytometry. (C) CD61 mRNA 
expression levels were determined via reverse transcription‑quantitative 
PCR. ***P<0.01. PMA, phorbol‑12‑myristate‑13‑acetate; PE, phycoerythrin.
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3 h. The western blotting results indicated that the expression 
levels of the autophagy‑associated protein, LC3‑II/LC3‑I, were 
significantly upregulated in the sh‑NC + 50 µM CCCP group 
compared with the NC + 0 µM CCCP group (P<0.01; Fig. 5A). 
Furthermore, the LC3‑II/LC3‑I ratio was also significantly 
upregulated in the sh‑PHB2 + 50 µM CCCP group compared 
with the NC + 0 µM CCCP group (P<0.001). The LC3‑II/LC3‑I 
ratio was significantly higher in the sh‑PHB2 + 50 µM CCCP 
group compared with the sh‑NC  +  50  µM CCCP group 
(P<0.05), which suggested that PHB2 knockdown may increase 

the level of autophagy in platelets. In addition, the ΔΨm was 
analyzed via flow cytometry. The results revealed that the 
ΔΨm was significantly decreased in the sh‑NC + 50 µM CCCP 
group compared with the NC + 0 µM CCCP group (P<0.01; 
Fig. 5B). Similarly, the ΔΨm level in the sh‑PHB2 + 50 µM 
CCCP group was also significantly decreased compared 
with the NC + 0 µM CCCP group (P<0.001). Moreover, the 
ΔΨm level was significantly reduced in the sh‑PHB2 + 50 µM 
CCCP group compared with the sh‑NC + 50 µM CCCP group 
(P<0.01).

Figure 2. Effect of CCCP on platelet viability and LC3 expression. Following treatment with different concentrations of CCCP for 3 h, (A) platelet cell viability 
and (B) LC3 protein expression levels were assessed. *P<0.05 vs. NC. CCCP, chlorophenylhydrazone; LC3, microtubule associated protein 1 light chain 3 α; 
NC, negative control.

Figure 3. Effect of CCCP on PHB2 expression levels. (A) Following treatment with different concentrations of CCCP for 3 h, PHB2 protein expression levels 
were measured via western blotting. (B) Following treatment with 50 µM CCCP for 1, 3, 6, 9 or 12 h, PHB2 protein expression levels were measured via western 
blotting. PHB2 protein expression levels were upregulated in a time‑dependent manner. *P<0.05 vs. NC. CCCP, chlorophenylhydrazone; PHB2, prohibitin 2; 
NC, negative control.
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Transcriptome sequencing analysis of platelet activation 
following PHB2 knockdown. After mRNA‑seq, 2.4 million 
clean reads were obtained, of which 85.96% were aligned to 
the exon region, whereas the remaining reads were distrib‑
uted in the intronic and intergenic regions. Compared with 

the sh‑NC  group, 323  differentially expressed transcripts 
in the sh‑PHB2 group were screened (Fig. 6A). A total of 
12,554 DEGs were screened from the NC and sh‑PHB2 groups 
by differential gene screening (Fig. 6B). KEGG signaling 
pathway enrichment analysis of the DEGs revealed that 

Figure 4. PHB2 knockdown in platelets. PHB2 (A) mRNA and (B) protein expression levels in platelets were analyzed via reverse transcription‑quantitative 
PCR and western blotting, respectively. *P<0.05. PHB2, prohibitin 2; NC, negative control; RNAi, interference RNA.

Figure 5. Effect of PHB2 on platelet mitophagy. (A) LC3 protein expression levels were measured via western blotting. (B) Flow cytometry was used to 
determine the ΔΨm in platelets. *P<0.05, **P<0.01 and ***P<0.001. ΔΨm, mitochondrial membrane potential; NC, negative control; sh, short hairpin RNA; CCCP, 
chlorophenylhydrazone.
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285 DEGs were enriched in 183 KEGG pathways. Statistical 
analysis identified 20 significant KEGG signaling pathways, 
including ‘Focal adhesion’, ‘ECM‑receptor interaction’ and 
‘Apelin signaling pathway’ (adjusted P<0.05; Fig. 7). Among 
these, genes that were associated with the platelet activation 
pathway included collagen type 1 α 2 chain (COL1A2), talin 2 
(TLN2), nitric oxide synthase 3 (NOS3) and collagen type III 
α 1 chain (COL3A1) (Table II).

Discussion

Previous studies have reported that the inner mitochondrial 
membrane protein PHB2 is a key mitophagy receptor (25,26). 
Mitophagy is a specific selection process regulated by various 
factors, including ischemia, other cardiac stress or heart 
disease conditions, that regulates the number of mitochondria 
that adapt to the cell survival environment (27). To the best 
of our knowledge, the regulation of PHB2 in the process of 

platelet mitophagy has not been previously reported; thus, for 
the first time, transcriptomics sequencing in the present study 
discovered PHB2‑mediated regulation of downstream platelet 
activation related genes. However, the precise mechanisms 
underlying mitophagy are not completely understood.

PHB2 is a highly conserved inner mitochondrial 
membrane protein that has been reported to regulate mito‑
chondrial assembly and function due to its unique localization 
on the mitochondria membrane (5,28). Wei et al (25) previ‑
ously reported that mitochondrial receptors were involved 
in the mitochondrial degradation of PHB2, and mitophagy 
was inhibited following PHB2 knockdown, which was a 
similar effect to that observed following autophagy related 7 
(ATG7) knockdown. In addition, mitochondrial respiratory 
inhibitor‑induced mitophagy significantly upregulated PHB2 
expression levels, which were subsequently blocked following 
transfection with si‑ATG7, indicating that PHB2 may serve 
as a marker of mitophagy (29). Xiao et al (26) also reported 
that PHB2 was required for cholestasis‑induced mitophagy, 
whereby PHB2 transferred LC3 to damaged mitochondria 
by interacting with sequestosome 1 and LC3, which subse‑
quently maintained homeostasis. The aforementioned results 
suggested that PHB2 may also serve an important role in the 
development of platelet mitophagy.

The present study aimed to investigate the role of PHB2 
in the induction of a differentiated platelet model. CCCP 
was used as an inducer of mitochondrial autophagy, as it has 
been reported to directly act on mitochondria, uncouple mito‑
chondria and damage the membrane potential (15). Previous 
literature indicated that CCCP should be used at a concentra‑
tion range of 10‑100 µM; therefore, the present study analyzed 
the most effective concentration by performing CCK‑8 assays 
and western blotting. In the present study, 50 µM CCCP was 
used to induce platelet mitophagy. As platelets derived from 

Figure 6. Transcriptome sequencing analysis of platelet activation following PHB2 knockdown. (A) Transcriptome of the screened differentially expressed 
genes. (B) Venn diagram of the differentially expressed genes between the NC and shPHB2 groups. NC, negative control; sh, short hairpin RNA; PHB2, 
prohibitin 2.

Table II. Analysis of platelet‑associated activation gene 
signaling pathways.

Gene	 shPHB2	 NC	 log2‑FoldChange	 P‑value

COL1A2	 13.78	 3.05	 2.13	 <0.05
TLN2	 61.04	 27.42	 1.15	 <0.05
NOS3	 51.19	 23.36	 1.13	 <0.05
COL3A1	 34.46	 14.22	 1.27	 <0.05

COL1A2, collagen type  1 α 2 chain; TLN2, talin 2; NOS3, nitric 
oxide synthase 3; COL3A1, collagen type  III α 1 chain; sh, short 
hairpin RNA; PHB2; NC, negative control.
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the differentiation of the MEG‑01 cell line were used in the 
present study, the platelets may have been more tolerable and 
relatively insensitive to stimulation compared with platelets 
directly isolated from humans or animals. The aforemen‑
tioned hypothesis may provide an explanation for the higher 
concentration of CCCP used in the present study compared 
with previous studies (16,17). Following treatment with 70 
or 100 µM CCCP, platelet viability was notably inhibited 
compared with the NC group in the present study. Autophagy 
is a double‑edged sword that displays a protective effect at an 
appropriate levels, but the level of autophagy can be increased. 
At high concentrations, excessive autophagy activation occurs, 
which presents as decreased levels of autophagy protein 
molecule LC3II/I (30). The results of the present study demon‑
strated that PHB2 was involved in platelet mitophagy, and its 

expression levels were altered according to the concentration 
and duration of CCCP treatment. Moreover, the results indi‑
cated that PHB2 protein expression levels were upregulated 
in a dose‑ and time‑dependent manner. Therefore, the present 
study suggested that PHB2 may serve as a mitophagy receptor, 
maintaining the stability of the mitochondrial structure in 
platelets.

Since PHB2 is widely expressed in biological cells, 
distinguishing its role in mitochondria compared with other 
organelles or cytoplasm is important. Lee et al (15) demon‑
strated that CCCP could induce mitophagy in individual 
platelets. Therefore, CCCP, a proton carrier (H+ ionophore), 
is a powerful uncoupling agent for mitochondrial oxidative 
phosphorylation. CCCP enhances the permeability of the 
mitochondrial inner membrane to H+, resulting in the loss of 

Figure 7. Analysis of activated genes affected by PHB2 in platelet KEGG enrichment. Kyoto Encyclopedia of Genes and Genomes signaling pathway enrich‑
ment analysis of the effect of differentially expressed genes on the platelet activation pathway.
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the membrane potential on both sides of the mitochondrial 
inner membrane, which ultimately leads to mitophagy (15,31). 
Although CCCP‑induced PHB2‑mediated mitophagy cannot 
directly reflect the precise positioning and function of PHB2 on 
the mitochondria, it can be partially speculated that it is caused 
by the changes of PHB2 following CCCP‑induced mitophagy.

PHB2 has been previously reported to serve an important 
role in platelets. For example, PHB2 participated in Prader 
Willi/Angelman region RNA 1‑mediated platelet aggrega‑
tion, and regulated thrombocyte activation and related 
thrombin‑induced signaling pathways (32). Therefore, it was 
hypothesized that PHB2 may serve an important role in regu‑
lating mitochondrial function and platelet activation. Previous 
studies have reported the contribution of several mitochondrial 
functions in platelet activation, including increased mitochon‑
drial reactive oxygen species (mtROS) generation (33‑35), a 
decrease in the ΔΨm (36) and the induction of mitochondrial 
dysfunction (31). In type II diabetes mellitus, ROS production, 
an increased mitochondrial mass, higher ΔΨm and elevated 
levels of mitochondrial respiration were reported be associated 
with platelet activation (37,38). Therefore, it was hypothesized 
that similar processes, including increased mtROS generation, 
a higher ΔΨm and an elevated mitochondrial mass, may also 
occur in platelets during mitophagy. By using JC‑1 as the 
main indicator for evaluating platelet mitochondrial func‑
tion, the results of the present study revealed that the ∆Ψm 
was significantly decreased in the sh‑NC + 50 µM CCCP and 
sh‑PHB2 + 50 µM CCCP groups compared with the NC + 0 µM 
CCCP group. ∆Ψm refers to the difference in transmembrane 
potential produced by the different ion concentrations on 
both sides of the inner mitochondrial membrane, which is 
the driving force for ATP synthesis and release (36). Thus, 
the ΔΨm is a sensitive indicator for evaluating mitochondrial 
function. The results of the present study also demonstrated 
that PHB2 knockdown significantly decreased the ∆Ψm in 
50 µM CCCP‑treated cells, which also resulted in upregulation 
of the LC3‑II/LC3‑I ratio. A potential mechanism underlying 
PHB2 knockdown‑mediated effects is that PHB2 served as a 
specific inner mitochondrial membrane receptor. As a result 
of autophagy inhibition due to PHB2 knockdown, damaged 
or redundant mitochondria were not removed in time and the 
stability of the structure and function of mitochondria was not 
maintained in vivo, leading to a decrease in the ∆Ψm and the 
accumulation of the autophagy‑related protein, LC3.

Zhang et al  (39) reported for the first time that FUN14 
domain containing 1 (FUNDC1)‑mediated mitophagy in 
platelets was crucial for ischemic adaptation in response to 
hypoxia, which serves a crucial role in platelet activation. 
Furthermore, the aforementioned study also identified BCL2 
interacting protein 3 like as a receptor that mediated platelet 
mitophagy by regulating the mitophagy flux, as a housekeeping 
process, to maintain mitochondrial quality in platelets (40). 
The aforementioned results suggested the existence of an 
association between receptor‑mediated platelet mitophagy 
and platelet activation. Therefore, further investigation into 
PHB2‑mediated platelet mitophagy may identify an important 
mechanism for the prevention and treatment of cardiovascular 
diseases. Increasing evidence has suggested that hypoxic 
preconditioning in the clinic reduces ischemia‑reperfusion 
(I/R)‑induced‑heart injury  (41,42). Furthermore, hypoxic 

preconditioning was reported to induce mitophagy in platelets 
and aid with determining the outcome of I/R injury (43). Of 
particular interest, FUNDC1‑mediated mitophagy in cardio‑
myocytes and platelets was identified as a major mechanism 
underlying cardioprotection against I/R‑induced heart injury. 
Under normal physiological conditions, damaged toxic platelet 
mitochondria are removed to maintain mitochondrial quality 
and platelet activation. Platelets adhere to the site of injury 
to reduce blood oxygen levels, which promotes myocardial 
infarction. Subsequently, the occlusion of the blood vessels 
creates a hypoxic environment that triggers platelet mitophagy 
to lower platelet activity, thereby preventing I/R damage from 
worsening (44). It was hypothesized that PHB2 may also be 
involved in I/R‑induced heart injury; however, the underlying 
mechanism requires further investigation.

In the present study, the transcriptome sequencing analysis 
revealed that PHB2 knockdown altered the expression of 
platelet‑associated activation genes, including COL1A2, 
TLN2, NOS3 and COL3A1. Type I and III collagen encoded 
by the COL1A2 and COL3A1 genes, respectively, were previ‑
ously reported to serve an important role in activating platelets, 
forming thrombi and maintaining the elasticity of the arterial 
wall (45‑47). Another previous study reported that NOS3 was 
an endothelial‑induced NOS that was involved in endothelial 
NOS signaling transduction and regulation of nitric oxide 
(NO) in vivo (48,49). The synthesis of NO not only altered 
endothelial function (50), but also affected platelet activity. 
For example, the release of NO inhibited platelet aggregation 
and adhesion functions to a certain degree  (51). However, 
the role of TLN2 in the context of platelet activation has not 
been reported and requires further investigation. The present 
study aimed to investigate platelet activation and mitophagy. 
However, a key limitation of the present study was that other 
platelet functions were not investigated.

In conclusion, the present study demonstrated that PHB2, 
as an inner mitochondrial membrane receptor, may be 
involved in platelet mitophagy and inhibit platelet activation 
by downregulating the expression of platelet activation genes. 
However, the related functions and mechanisms underlying 
PHB2 require further investigation. It was hypothesized that 
PHB2 may influence the activation of platelets by altering the 
function of mitochondria; therefore, PHB2 may serve as a 
novel therapeutic target for thrombosis‑related diseases due to 
its unique localization on the mitochondrial membrane.
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