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Abstract
Prohibitin is an evolutionarily conserved and ubiquitously expressed protein in eukaryocyte. It mediate
many important roles in cell survival, apoptosis, autophagy and senescence. In the present study, we
aimed to explore the role of prohibitin in cigarette smoke extract (CSE)-induced apoptosis of human
pulmonary microvascular endothelial cells (HPMECs). For this purpose, HPMECs were trasfected with
prohibitin and challenged with CSE. Our results showed that CSE exposure inhibited prohibitin expression
in a dose-dependent manner in HPMECs. Overexpression of prohibitin could protect cell from CSEinduced injury by inhibiting CSE-induced cell apoptosis, inhibiting reactive oxygen species (ROS)
production, increase mitochondrial membrane potential, increase the content of mitochondrial
transcription factor A (mtTFA), IKKα/β phosphorylation and IκB-α degradation. CSE decreases prohibitin
expression in endothelial cells and restoration of prohibitin expression in these cells can protect against
the deleterious effects of CSE on mitochondrial and cells. We identi ed prohibitin is a novel regulator of
endothelial cell apoptosis and survival in the context of cigarette smoke exposure.

1.0 Introduction
Active and passive smoking constitute a signi cantly public health problem. Cigarette smoke exposure is
the leading cause of emphysema and triggers apoptosis within the lung parenchyma, resulting loss of the
capillary and diminished gas exchange area. Lung parenchymal cells, especially endothelial cell
apoptosis represents an early and a critical pathological process in the development of emphysema[1, 2].
Studies conducted in our laboratory have revealed that CSE induce apoptosis in microvescular
endothelial cells from lung[3, 4]. CSE stimulation may generate ROS, induce DNA damage, leading to
oxidative stress and subsequent endothelial cell apoptosis[5].
Prohibitin is a highly conserved and pleiotropic protein that is ubiquitously expressed in various
compartments of eukaryocytes including mitochondrial, nucleus and plasma membrane. The main
function of prohibitin in primary mammalian cells is to regulate nuclear transcription and mitochondrial
integrity. Multiple prohibitin1(prohibitin) and prohibitin2 subunits forming ring-like prohibitin complexes in
the inner mitochondrial membrane (IMM) and maintain the mitochondrial cristae structure. So, it is
implicated in various cellular functions including cell apoptosis, autophagy, senescence, tumor
suppression, transcription[6]. Increasing evidence revealed that ectopic expression of prohibitin protects
cells and disease mouse models from oxidative stress injury through mitochondial mediated pathway.
Moreover, prohibitin was reported to be abnormally downregulated in in ammatory bowel disease (IBD)
and impeded tumor necrosis factor alpha (TNF- )-induced epithelial barrier dysfunction and NF-κB
activation [7].
While many studies have explored the functions of prohibitin, little is known about the function of this
protein in the apoptosis of HPMECs induced by CSE. In chronic obstructive pulmonary disease (COPD)
and non-COPD smokers, prohibitin protein and mRNA expression was signi cantly decreased compared
to non-smokers and prohibitin expression levels are associated with the degree of airway obstruction[8].
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In endothelial cells, the loss of prohibitin results in a block in electron transport at complex I, increased
mitochondrial ROS generation, and cellular senescence that culminates in the loss of several endothelial
functions including cell migration, cell proliferation, and blood vessel formation[9]. In the present study
we aimed to validate the function of prohibitin, and illuminate the mechanisms of prohibitin in CSEtreated HPMECs apoptosis.

2.0 Materials And Methods

2.1 Cell culture
HPMECs were ordered from Science Cell company (Catalog Number: 3000) and were cultured in
endothelial culture medium containing 10% FBS in a humidi ed incubator under 95% air, 5% CO2 at 37℃.
HPMECs at 60% con uence were exposed to medium or CSE.

2.2 Preparation of CSE
CSE was prepared as previously reported with modi cation[10]. Brie y, one cigarette without lter was
burned for 30sec and the smoke passed through 10 mL of endothelial cell medium using a vacuum
pump. This 100% CSE was adjusted to a pH of 7.4 and ltered through a 0.22 µm lter (Millipore), and the
CSE was diluted to the concentration of 0%, 1%, 1.5%, 2% and 2.5% in each and added to endothelial cells
within 30 minutes of preparation. Cigarettes of a domestic brand were obtained from Changde Tobacco
(Changde, Hunan, China).

2.3 Overexpression of prohibitin plasmid vectors
Brie y, the rat PHB1 cDNA was subcloned into the multiple cloning site of the shuttle plasmid pAdTrackCMV. The puri ed recombinant plasmids were linearized and co-electroporated with pAdEasy-1
adenoviral backbone vector into Escherichia coli BJ5183. The complete adenovectors (Ad-PHB1) and
empty adenovectors (Ad) were packaged by transfecting 293 cells, where viral particles were further
ampli ed, puri ed, and titered.

2.4 Western blot assay
HPMECs were harvested and lysed with lysis buffer for 30 min on ice. After centrifugation for 30 min at
4 °C, the supernatants were collected and protein concentration was determined by a bicinchoninic acid
(BCA) protein assay kit (Pierce, USA). Equal amounts of protein were separated by sodiumdodecyl
sulfate-polyacrylamide gel electrophoresis, electrotransferred to polyvinylidene di uoride (PVDF)
membranes. Membrane was blocked with 5% BSA and incubated with the primary antibodies, followed
by HRP-conjugated goat anti-rabbit secondary antibodies. Prohibitin and mtTFA, Phospho-IKKα/
β(Ser176/180), IκB-α, NF-κB p65, IκB-α (Cell Signaling Technology), histone H3 (bioworld) and GAPDH
(bioworld) antibody was used in this study.

2.5 Detection of Apoptosis
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An Annexin V FITC Apoptosis Detection Kit (BD Biosciences, San Jose, CA) was used to measure cell
apoptosis. Brie y, HPMECs were collected and incubated with 5 µl Annexin V and 5 µl propidium iodide
for 15 min in the dark at 25℃. The number of apoptotic cells was determined by ow cytometry. The
early apoptotic cells were represented in the lower right quadrant of the uorescence-activated cell sorting
histogram. And late apoptotic cells and necrotic cells were represented in the upper right quadrant.

2.6 Caspase-3 activity assay
Caspase-3 activity was measured using caspase-3 activity assay kit (Beyotime, China) following the
manufacturer’s protocol. Brie y, cells were resuspended in lysis buffer and centrifuged. Ac-DEVD-pNA and
reaction buffer was added into cell lysis. After incubation at 37 °C for 2 h, absorbance was read on
microplate reader at 405 nm.

2.7 Detection of Mitochondrial membrane potential (MMP)
The HPMECs were washed with cold PBS and centrifuged at 1500 rpm for 5 min. 5 × 105 cells were
suspended in 0.5 ml cell culture medium and dyed by 0.5 ml JC-1 dyeing uid. Cells were incubated at
37℃ for 20 minutes. After the incubation, cells were centrifuged at 1200 rpm for 3 min, and supernatants
were discarded. Cells were washed by JC-1 dyeing buffer 2 times, suspended by 0.5 ml JC-1 dyeing buffer
and analyzed by ow cytometry.

2.8 ATP contents assay
Cellular ATP contents were assessed by ATP Assay kit (S0026; Beyotime) according to the manufacturer's
instructions. Brie y, cells were rinsed and lysed using ATP lysis buffer on ice. Samples were collected and
centrifuged at 12,000 rpm for 10 min at 4℃ to acquire supernatant for further determination. Samples
and ATP detection working dilution were added and luminescence activity was measured immediately
using luminometer. Standard curve of ATP measure was made in each assay. Subsequently, the
intracellular ATP contents were normalized by the protein contents in each sample.

2.9 ROS assay
The activity of ROS within the cell was determined using a standard 2',7'-dichloro uorescin diacetate
(DCFDA) assay (Beyotime, China). Cells were incubated with DCFDA dye at 37℃ for 20 min. Then, cells
were observed under uorescence microscopy and measured with uorescence intensity.

3.0 Immunocytochemistry staining.
After Leydig cells were treated in accordance with the above-described experimental design, Leydig cells
on 6-chamber slides were xed with 4% paraformaldehyde at 4℃ for 15 min and then permeabilised with
0.2% Triton X-100 in PBS at room temperature for 15 min. e cells were then incubated with primary
antibodies against mouse 8-hydroxy-2'-deoxyguanosine (8-OHdG) (1:200)(ab48508, 1:200 dilution;
Abcam, Cambridge, United Kingdom) at 4℃ overnight. Subsequently, 100 µL/well working solution of
goat anti-mouse secondary antibodies (1:300) was added and incubated at room temperature for 90 min.
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After the cells were washed with PBS, they were stained with avidin-biotin-peroxidase complex visualised
with DAB. The stained slides were photographed using an inverted microscope (Olympus, Tokyo, Japan)
at 200 × magni cation.

3. Statistical Analysis
Data are reported as the mean ± SEM. Results were compared by 2-tailed Student's t test for 2 groups and
one-way ANOVA followed by the Tukey's t test (2-tailed) for multiple groups. SPSS v16.0 (SPSS Inc.,
Chicago, IL) was used for analysis. Differences were considered statistically signi cant at P < 0.05.

4. Results

4.1. Effect of CSE on prohibitin expression
Western blot analysis of total cell extracts showed a steady decrease in prohibitin protein levels
corresponding to 29 kDa molecular mass when HPMECs were exposed to 0%, 1%, 1.5%, 2% and 2.5% CSE
for 12 hours (Fig. 1A B). The RT PCR analysis revealed that the mRNA levels of prohibitin signi cantly
decreased in HPMECs as the concentration of CSE increased (Fig. 1C). We speculated that CSE induced
cell apoptosis by down-regulating prohibitin.

4.2. Effect of prohibitin overexpression on CSE mediated
loss of MMP (ΔΨm) and ATP
Next, we explored the biological relevance of prohibitin upregulation in HPMECs after exposure to CSE.
Protein expression of prohibitin remarkably elevated at 24 and 48 hours after transfection with prohibitin,
while transfection with empty vector did not show any change in levels of prohibitin (Fig. 2A). MMP is a
critical factor in maintaining the physiological function of mitochondria and is a major determinant of
cell fate(Logan A, 2016). CSE exposure led to a signi cant perturbance of mitochondrial membrane
potential compared with non-exposed HPMECs. Notably, prohibitin overexpression signi cantly
attenuated CSE-induced loss of MMP (Fig. 2B C). Energy production is a critical mitochondrial function.
Treatment with CSE also signi cantly decreased ATP levels in HPMECs which were prevented by
prohibitin overexpression (Fig. 2D). Our results indicate that prohibitin overexpression protectes cells from
CSE promoting mitochondrial homeostasis.

4.3. Effect of prohibitin overexpression on CSE mediated
ROS
It is well known that mitochondria are the primary source of cellular ROS, and ROS serve an important
role in activation of apoptotic signaling. To determine whether there was a functional consequence of the
loss of MMP and ATP, we examined intracellular ROS levels. Previous study have showed that CSE
induced ROS production in endothelial cells.(Kim B S,2013) We con rmed that CSE exposure increased
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intracellular ROS levels and we further revealed that prohibitin overexpression inhibited intracellular ROS
production under CSE treatment (Fig. 3A and B).

4.4. Effect of prohibitin overexpression on CSE mediated
oxidant-induced DNA damage
Immunohistochemistry was done for the assessment of CSE induced oxidative DNA damage. In terms of
8-OHdG expression, CSE exposure group showed a remarkable amount of 8-OHdG both in the nuclear and
cytoplasm. The results indicated that CSE could seriously damage DNA and prohibitin overexpression
mitigated the oxidative DNA damage associated with it (Fig. 4A and B).

4.5. Effect of prohibitin overexpression on CSE induced
apoptosis
As demonstrated by our previous experiments, CSE treatment signi cantly triggered apoptotic cascade
response in HPMECs [4]. By using ow cytometric quantitation of annexin V-propidium iodide staining,
we found overexpression of prohibitin prevented apoptosis of HPMECs induced by CSE (Fig. 5A B). Next,
we asked whether caspase 3-mediated cell death existed in CSE-treated HPMECs and this process was
weakened by prohibitin overexpression. (Fig. 5C).

4.5. Effect of prohibitin overexpression and CSE on NF-κB
activation
We found CSE induced decreased expression of mTFA protein and prohibitin overexpression increase
mtTFA protein expression. CSE-induced IKKα/β protein phosphorylation, was attenuated by prohibitin
overexpression. CSE-induced IκB-α degradation, indicated by the markedly decrease of IκB-α in the
cytoplasmic fraction of HPMECs, was also inhibited by prohibitin overexpression (Fig. 6A B). Meanwhile,
Nuclear and cytosolic extracts were assayed for p65 expression. However, we did not detect any
signi cant change in the expression of nuclear and cytosolic NF-κB p65 expression. Altogether, these
results suggest that Prohibitin inhibits CSE-induced mitochondrial ssion by modulating the
phosphorylation of IKKα/β and IκB-α degradation (Fig. 6C D).

5. Discussion
In the present study, we have investigated the protective ability of prohibitin overexpression in CSE
exposure associated mitochondrial dysfunction, ROS generation, oxidative DNA damage and apoptosis
in HPMECs.
CSE may induce apoptosis in bronchial epithelial cells, endothelial cells and human airway smooth
muscle cells (ASMCs)[11–14] CSE may cause injury in mitochondrial morphology and function and
induce apoptosis via an intrinsic apoptotic pathway, which involves mitochondrial fragmentation and the
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disruption of mitochondrial membrane integrity, inhibit of mitochondrial respiration and release of
cytochrome c, as well as changed expression levels of pro-apoptotic and anti-apoptotic molecules[13,
15–18]. A previous study has demonstrated that prohibitin decrease the apoptosis of endothelial cells in
response to glyLDL[19]. Another study has shown that high prohibitin tumor expression is associated
with poorer overall survival in patients with non-small cell lung cancer (NSCLC) and systemic delivery of
PHB1 siRNA drastic inhibit tumor growth[20]. These results suggest a pro-survival activity prohibitin.
Previous studies have shown a negative effect of oxidative stress like hydrogen peroxide (H2O2) on the
expression of prohibitin in human renal proximal tubule epithelial cell line and adult retinal pigment
epithelial cell line-19[21, 22]In agreement with these studies, we discovered that prohibitin expression is
signi cantly reduced in endothelial cells in a CSE dose-dependent manner. The mRNA levels of prohibitin
signi cantly decreased at 2.5% CSE for 12 hr, and the protein levels of prohibitin also decreased to some
extent at 2.5% CSE. Therefore, the cells exposed for 2.5% CSE and 12 h were used for subsequent
experiments. Furthermore, our results showed that the mRNA levels of prohibitin were reduced in
endothelial cells exposed to CSE, indicating a defect in the transcriptional regulation of prohibitin.
However, as microRNA may directly targeted prohibitin and phosphorylation of prohibitin plays a pivital
role in cell survival[23, 24], a post-translational deimination of prohibitin in CSE-induced apoptosis in
HPMECs also can’t be excluded.
We then investigated the contribution of prohibitin to mitochondrial function under CSE treatment. The
term mitochondrial dysfunction is referred to as a complex display of cellular events. Mitochondrial injury
causes change in mitochondrial morphology, impaired oxidative phosphorylation, reduced membrane
potential, altered metabolic activity, increased mitochondrial superoxide levels including alterations in
intracellular Ca2 + ux[25, 26]. We observed a protective effect of prohibitin overexpression on the decline
in ATP levels and MMP in HPMECs. Prohibitin is a key regulator of mitochondrial quality control[27]. As
its uniquely complex structure in mitochondrial localization, prohibitin exert protection function by
maintain mitochondrial structure and morphology. Importantly, prohibitin complex is essential for
mitochondrial biogenesis and degradation, and responding to mitochondrial stress[27]. As demonstrated
by other studies, prohibitin overexpression prevents mitochondrial fragmentation, preserved
mitochondrial respiratory function, attenuated mitochondrial complex I oxidative degradation of cells
exposed to oxidative stress[28]. Our data provide the evidence that CSE caused mitochondrial
depolarization, decreased energy production and prohibitin modulation affects mitochondrial function in
this type of the cell under CSE treatments.
In the current study, we also veri ed that CSE increased ROS production and oxidative DNA damage in
HPMECs. The general idea of the interplay between depolarization of the mitochondrial membrane and
ROS production is that, upon mitochondrial damage or dysfunction, mitochondrial pores open and
allowing the in ux of potassium and calcium cations, thereby depolarizing the mitochondrial membrane,
which in turn induces ROS production and release. Meanwhile, excessive ROS directly causing the
collapse of MMP and depletion of ATP, which later activates a series of signaling pathways that induce
apoptosis[29]. Several studies showed prohibitin acts as a coactivator for ARE-dependent gene
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expression and promotes endogenous antioxidant defense components under oxidative stress[30–32].
Prohibitin overexpression signi cantly reduced the level of ROS within HPMECs under CSE, suggesting
that reduction of oxidative stress is one major mechanism of prohibitin-mediated endothelial cell
protection. The oxidative damage in DNA by cigarette smoke is either caused directly, or through the
generation of ROS[33]. Prohibitin interact with the Nicotinamide adenine dinucleotide hydrogen (NADH)
dehydrogenase protein complex, which is essential for oxidoreductase activity and DNA repair within
cells[34, 35]. Hence, prohibitin may act as an anti-oxidative agent by inhibiting CSE-induced oxidative
damage and oxidative DNA damage.
mtTFA, a nucleus-encoded protein, regulates the transcription and replication of mtDNA and maintains
mtDNA copy number[36]. Massive apoptosis was found in mtTFA knockout embryos and in the heart of
the tissue-speci c mtTFA knockouts[37], and the respiratory chain de ciency caused by mtTFA knockout
predisposes cells to apoptosis[37]. TFAM overexpression inhibits mitochondrial ROS production and
reduces oxidative stress to mtDNA[38, 39]. As demonstrated by our previous studies, in COPD patients
with squamous cell lung cancer, and the level of mtTFA protein in lung tissue negatively correlates with
pulmonary vascular endothelial apoptotic index and smoking index[40]. Expression of mtTFA mRNA and
protein was downregulated in CSE-treated HUVECs as a consequence of hypermethylation of the mtTFA
promoter[40]. Prohibitin subunits have been involved in the organization and stability of mitochondrial
nucleoids together with mtDNA-binding proteins, mtTFA, and mitochondrial single-stranded DNA binding
protein (mtSSB). In HeLa cells, prohibitin regulates copy number of mtDNA by stabilizing mtTFA protein,
probably in a chaperone-like fashion[41]. Our study also demonstrated that mtTFA is a downstream
effector of prohibitin that modulates mitochondrial function in CSE-exposed HPMECs.
Since a previous study showed that NF-κB activation is considered a central event in endothelial cells’
response to in ammatory stimuli. We also found CSE exposure markedly increased IKKα/β
phosphorylation and IκB-α degradation in HPMECs. Interstingly, prohibitin did not only attenuate CSEinduced phosphorylation of IKKα/β but also restore the level of IκB-α. However, the mechanism through
which prohibitin affects NF-κB remains to be established. It has been shown that ROS can both activate
and repress NF-κB signaling in a phase and context dependent manner[42]. While overexpression of
mtTFA signi cantly inhibited rotenone-induced mitochondrial ROS generation, mitochondrial DNA
Damage and the subsequent NF-κB nuclear translocation[43]. Interestingly, prohibitin overexpression
decrease NF-κB transcription activity, even after the proin ammatory cytokine LPS or TNF-α stimulation
[7, 44].
There are several open questions worth future study. First, we didn’t explore the phosphorylation or other
post transcriptional modi cation state of prohibitin, since these epigenetic changes is far more important
than relative expression for cell function. Second, it is interesting to explore if there is protein–protein
interaction between mtTFA and prohibitin. Third, if changed NF-κB and mtTFA signal could insult the
protective effect of prohibitin overexpression on HPMECs under CSE is unclear.

Conclusion
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Our results indicated that prohibitin could serve as a mitochondrion-targeting agent. In conclusion,
prohibitin protects the HPMECs from CSE-induced apoptosis, and mitochondrial apoptosis pathway was
involved in this process.

Abbreviations
CSE: cigarette smoke extract; HPMECs:human pulmonary microvascular endothelial cells; ROS: reactive
oxygen species; mtTFA: mitochondrial transcription factor A IMM: inner mitochondrial membrane; IBD:
in ammatory bowel disease; TNF- : tumor necrosis factor alpha; COPD: chronic obstructive pulmonary
disease; Ad: adenovectors; BCA: bicinchoninic acid; PVDF: polyvinylidene di uoride; MMP: Mitochondrial
membrane potential; ASMCs: airway smooth muscle cells; NSCLC: non-small cell lung cancer; H2O2:
hydrogen peroxide; NADH: Nicotinamide adenine dinucleotide hydrogen; mtSSB: mitochondrial singlestranded DNA binding protein.

Declarations

Ethical Approval and Consent to participate
Ethical approval was obtained from the Hospital Research Ethics Committee.

Consent for publication
The authors declare that there is no con ict of interest regarding the publication of this paper.

Availability of supporting data
The data used to support the ndings of this study are available from the corresponding author upon
request.

Competing interests
None.

Funding
This project carried out with the support of the National Key Clinical Specialist Construction Projects
((2012)No. 650) and National Natural Science Foundation of China (81370143,81170036).

Authors' contributions
Page 9/18

YP designed the research. YP, ZZ, AZ, and JD performed the experiments. YP, H, RO and YC conducted the
data analyses. YP wrote the paper. All authors have reviewed the manuscript and PC approved the nal
version of the manuscript.

Acknowledgements
This project supported by the National Key Clinical Specialist Construction Projects ((2012)No. 650) and
National Natural Science Foundation of China (81370143,81170036).

References
1. Kasahara Y, Tuder R M, Cool C D, et al. Endothelial cell death and decreased expression of vascular
endothelial growth factor and vascular endothelial growth factor receptor 2 in emphysema[J].
American journal of respiratory and critical care medicine, 2001, 163(3): 737-744.
2. Fallica J, Varela L, Johnston L, et al. Macrophage Migration Inhibitory Factor: A Novel Inhibitor of
Apoptosis Signal-Regulating Kinase 1–p38–Xanthine Oxidoreductase–Dependent Cigarette Smoke–
Induced Apoptosis[J]. American journal of respiratory cell and molecular biology, 2016, 54(4): 504514.
3. Kim B S, Serebreni L, Hamdan O, et al. Xanthine oxidoreductase is a critical mediator of cigarette
smoke-induced endothelial cell DNA damage and apoptosis[J]. Free Radical Biology and Medicine,
2013, 60: 336-346.
4. Zong D, Li J, Cai S, et al. Notch1 regulates endothelial apoptosis via the ERK pathway in chronic
obstructive pulmonary disease[J]. American Journal of Physiology-Cell Physiology, 2018, 315(3):
C330-C340.
5. Long Y J, Liu X P, Chen S S, et al. miR-34a is involved in CSE-induced apoptosis of human pulmonary
microvascular endothelial cells by targeting Notch-1 receptor protein[J]. Respiratory research, 2018,
19(1): 21.
6. Peng Y T, Chen P, Ouyang R Y, et al. Multifaceted role of prohibitin in cell survival and apoptosis[J].
Apoptosis, 2015, 20(9): 1135-1149.
7. Theiss A L, Jenkins A K, Okoro N I, et al. Prohibitin Inhibits Tumor Necrosis Factor alpha–induced
Nuclear Factor-kappa B Nuclear Translocation via the Novel Mechanism of Decreasing Importin α3
Expression[J]. Molecular biology of the cell, 2009, 20(20): 4412-4423.
8. Soulitzis N, Neofytou E, Psarrou M, et al. Downregulation of lung mitochondrial prohibitin in COPD[J].
Respir Med,2012,106(7):954-961.
9. Schleicher M, Shepherd B R, Suarez Y, et al. Prohibitin-1 maintains the angiogenic capacity of
endothelial cells by regulating mitochondrial function and senescence[J]. The Journal of cell biology,
2008, 180(1): 101-112.

Page 10/18

10. Shi Z, Chen Y, Pei Y, et al. The role of cyclooxygenase-2 in the protection against apoptosis in
vascular endothelial cells induced by cigarette smoking[J]. Journal of thoracic disease, 2017, 9(1):
30
11. Jia R, Zhao X F. MicroRNA‐497 functions as an in ammatory suppressor via targeting DDX3Y and
modulating Toll‐like receptor 4/NF‐κB in cigarette smoke extract‐stimulated human bronchial
epithelial cells[J]. The journal of gene medicine, 2019.
12. Ramage L, Jones A C, Whelan C J. Induction of apoptosis with tobacco smoke and related products
in A549 lung epithelial cells in vitro[J]. Journal of In ammation, 2006, 3(1): 3.
13. Gong J, Zhao H, Liu T, et al. Cigarette smoke reduces fatty acid catabolism, leading to apoptosis in
lung endothelial cells: implication for pathogenesis of COPD[J]. Frontiers in pharmacology, 2019, 10:
941.
14. Aravamudan B, Kiel A, Freeman M, et al. Cigarette smoke-induced mitochondrial fragmentation and
dysfunction in human airway smooth muscle[J]. American Journal of Physiology-Lung Cellular and
Molecular Physiology, 2014, 306(9): L840-L854.
15. Zeng H, Shi Z, Kong X, et al. Involvement of B-cell CLL/lymphoma 2 promoter methylation in
cigarette smoke extract-induced emphysema[J]. Experimental Biology and Medicine, 2016, 241(8):
808-816.
16. He L, You S, Gong H, et al. Cigarette smoke induces rat testicular injury via mitochondrial apoptotic
pathway[J]. Molecular reproduction and development, 2017, 84(10): 1053-1065.
17. LIU Y. Damaging effect of cigarette smoke extract on primary cultured human umbilical vein
endothelial cells and its mechanism[J]. Biomedical and Environmental Sciences, 2004, 17: 121-134.
18. Xuan L, Shi J, Yao C, et al. Vam3, a resveratrol dimer, inhibits cigarette smoke-induced cell apoptosis
in lungs by improving mitochondrial function[J]. Acta Pharmacologica Sinica, 2014, 35(6): 779.
19. Yin W, Li B, Li X, et al. Critical role of prohibitin in endothelial cell apoptosis caused by glycated lowdensity lipoproteins and protective effects of grape seed procyanidin B2[J]. Journal of
cardiovascular pharmacology, 2015, 65(1): 13-21.
20. Xu Z H, Miao Z W, Jiang Q Z, et al. Brain microvascular endothelial cell exosome–mediated S100A16
up-regulation confers small-cell lung cancer cell survival in brain[J]. The FASEB Journal, 2018, 33(2):
1742-1757
21. Ye J, Li J, Xia R, et al. Prohibitin protects proximal tubule epithelial cells against oxidative injury
through mitochondrial pathways[J]. Free radical research, 2015, 49(11): 1393-1403.
22. Sripathi S R, He W, Atkinson C L, et al. Mitochondrial–nuclear communication by prohibitin shuttling
under oxidative stress[J]. Biochemistry, 2011, 50(39): 8342-8351.
23. Kang T, Lu W, Xu W, et al. MicroRNA-27 (miR-27) targets prohibitin and impairs adipocyte
differentiation and mitochondrial function in human adipose-derived stem cells[J]. Journal of
Biological Chemistry, 2013, 288(48): 34394-34402.
24. Chiu C F, Ho M Y, Peng J M, et al. Raf activation by Ras and promotion of cellular metastasis require
phosphorylation of prohibitin in the raft domain of the plasma membrane[J]. Oncogene, 2013, 32(6):
Page 11/18

777.
25. Cloonan S M, Choi A M K. Mitochondria in lung disease[J]. The Journal of clinical investigation,
2016, 126(3): 809-820.
26. Lerner C A, Sundar I K, Rahman I. Mitochondrial redox system, dynamics, and dysfunction in lung
in ammaging and COPD[J]. The international journal of biochemistry & cell biology, 2016, 81: 294306.
27. Hernando-Rodríguez B, Artal-Sanz M. Mitochondrial quality control mechanisms and the PHB
(prohibitin) complex[J]. Cells, 2018, 7(12): 238.
28. Anderson C J, Kahl A, Qian L, et al. Prohibitin is a positive modulator of mitochondrial function in PC
12 cells under oxidative stress[J]. Journal of neurochemistry, 2018, 146(3): 235-250.
29. Mazat JP, Devin A, Ransac S.Modelling mitochondrial ROS production by the respiratory chain[J].
Cell Mol Life Sci. 2020, Feb;77(3):455-465.
30. Yang H, Li T W H, Zhou Y, et al. Activation of a novel c-Myc-miR27-prohibitin 1 circuitry in cholestatic
liver injury inhibits glutathione synthesis in mice[J]. Antioxidants & redox signaling, 2015, 22(3): 259274.
31. Ye J, Li J, Xia R, et al. Prohibitin protects proximal tubule epithelial cells against oxidative injury
through mitochondrial pathways[J]. Free radical research, 2015, 49(11): 1393-1403
32. Kathiria A S, Butcher M A, Hansen J M, et al. Nrf2 is not required for epithelial prohibitin-dependent
attenuation of experimental colitis[J]. American Journal of Physiology-Gastrointestinal and Liver
Physiology, 2013, 304(10): G885-G896
33. Babizhayev M A, Yegorov Y E. Smoking and health: association between telomere length and factors
impacting on human disease, quality of life and life span in a large population‐based cohort under
the effect of smoking duration[J]. Fundamental & clinical pharmacology, 2011, 25(4): 425-442.
34. Neofytou E, Tzortzaki E G, Chatziantoniou A, et al. DNA damage due to oxidative stress in chronic
obstructive pulmonary disease (COPD)[J]. International journal of molecular sciences, 2012, 13(12):
16853-16864.
35. Fouquerel E, Sobol R W. ARTD1 (PARP1) activation and NAD+ in DNA repair and cell death[J]. DNA
repair, 2014, 23: 27-32.
36. Ekstrand M, Larsson NG. Breeding and genotyping of Tfam conditional knockout mice. Methods
Mol Biol. 2002;197:391-400.
37. Wang J, Silva J P, Gustafsson C M, et al. Increased in vivo apoptosis in cells lacking mitochondrial
DNA gene expression[J]. Proceedings of the National Academy of Sciences, 2001, 98(7): 4038-4043.
38. Kunkel G H, Chaturvedi P, Tyagi S C. Mitochondrial pathways to cardiac recovery: TFAM[J]. Heart
failure reviews, 2016, 21(5): 499-517
39. Dai X G, Li T, Huang W B, et al. Upregulation of Mitochondrial Transcription Factor A Promotes the
Repairment of Renal Tubular Epithelial Cells in Sepsis by Inhibiting Reactive Oxygen SpeciesMediated Toll-Like Receptor 4/p38MAPK Signaling[J]. Pathobiology, 2019: 1-11.
Page 12/18

40. Kasashima K, Sumitani M, Satoh M, et al. Human prohibitin 1 maintains the organization and
stability of the mitochondrial nucleoids[J]. Experimental cell research, 2008, 314(5): 988-996.
41. Schlegel N, Leweke R, Meir M, et al. Role of NF-κB activation in LPS-induced endothelial barrier
breakdown[J]. Histochemistry and cell biology. 2012, 138(4): 627-641
42. Lingappan K. NF-κB in oxidative stress[J]. Current opinion in toxicology, 2018, 7: 81-86.
43. Hayashi Y, Yoshida M, Yamato M, et al. Reverse of age-dependent memory impairment and
mitochondrial DNA damage in microglia by an overexpression of human mitochondrial transcription
factor a in mice[J]. Journal of Neuroscience, 2008, 28(34): 8624-8634.
44. Wang H, Zhou Y, Oyang L, et al. LPLUNC1 stabilises PHB1 by counteracting TRIM21-mediated
ubiquitination to inhibit NF-κB activity in nasopharyngeal carcinoma[J]. Oncogene, 2019: 1.

Figures

Figure 1
CSE induced dose-dependent downregulation of prohibitin in HPMECs. (A) Prohibitin protein levels were
determined in HPMECs exposed to control medium or 1%, 1.5%, 2% and 2.5% CSE for 12 h. (B) Bar graphs
represent the results from three independent experiments. (C) Relative mRNA expression were determined
in HPMECs exposed to control medium or 1%, 1.5%, 2% and 2.5% CSE for 12 h. * P < 0.05 vs. control. ** P
< 0.01 vs. control.
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Figure 2
Prohibitin modulates changes in the Δψm and ATP content in HPMECs exposed to CSE. (A) HPMECs
were transfected with the adenoviral PHB constructs for 2 h and cultured for 24 h or 48h. Then, PHB
content in HPMECs was detected by Western blot method. (B) HPMECs were transfected with the
adenoviral PHB constructs at a MOI of 2.3×109 PFU/ml or empty vector for 2 h and cultured for 24 h.
Then, HPMECs were cultured in fetal bovine serum-free media for 8 h and treated with 2.5% CSE for
another 12 h. (B) Representative cytometry plots of cells incubated with JC-1 probe. (C) Bar graph
demonstrates the levels of MMP at different groups. (D) ATP content analysis in HPMECs with indicated
treatments. Bar graphs represent the results from three independent experiments. * P < 0.05 vs. Empty
vector-transfected cells with control medium; # P < 0.05 vs. Empty vector-transfected cells with CSE.
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Figure 3
Prohibitin suppresses CSE-induced intracellular ROS in HPMECs. (A) Fluorescent photomicrographs of
cellular ROS level in HPMECs transfected with prohibitin-expressing plasmid or vector and exposed to
control medium or CSE. Original magni cation×200. (B) Bar graph demonstrates the levels of ROS at
different groups. * P < 0.05 vs. Empty vector-transfected cells with control medium; # P < 0.05 vs. Empty
vector-transfected cells with CSE.
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Figure 4
Prohibitin suppresses CSE-induced oxidative damage in HPMECs. (A) Immunohistochemistry
photomicrographs of 8-OHdG expression in HPMECs transfected with empty vector or prohibitinexpressing plasmid and exposed to control medium or CSE. Original magni cation×400. (B) Bar graph
demonstrates the levels of 8-OHdG at different groups. * P < 0.05 vs. Empty vector-transfected cells with
control medium; # P < 0.05 vs. Empty vector-transfected cells with CSE.
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Figure 5
Prohibitin protects HPMECs from CSE-induced apoptosis. (A)The apoptosis rate of HPMECs were tested
by ow cytometry. (B) Bar graph demonstrates the apoptosis rate at different groups. (C) Measurement of
caspase-3 activity in HPMECs transfected with prohibitin-expressing plasmid or empty vector before
exposure to control medium or CSE. The results are expressed as fold change relative to empty vectortransfected cells treated with control medium. ** P < 0.01 vs. Empty vector-transfected cells with control
medium; ## P < 0.01 vs. Empty vector-transfected cells with CSE. Scale bar, 20 μm.
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Figure 6
Prohibitin changed protein expression in HPMECs under CSE. (A) Western blot analysis of mtTFA,
Phospho-IKKα/β, and IκB-α protein in HPMECs with indicated treatments. (B C D) Quantitative intensity
data of the mtTFA, Phospho-IKKα/β, and IκB-α protein bands normalized to GAPDH. (E) Western blot
analysis of Nuclear and cytosolic p65 expression in HPMECs with indicated treatments. (F G)
Quantitative intensity data of the p65 protein bands normalized to histone H3 or GAPDH. * P < 0.05 vs.
Empty vector-transfected cells with control medium; # P < 0.05 vs. Empty vector-transfected cells with
CSE.
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