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Background: There is a growing realization that COPD, or at least emphysema, involves 

several processes presenting in aging and cellular senescence. Endothelial progenitor cells 

(EPCs) contribute to neovascularization and play an important role in the development of COPD. 

The gene for p16Ink4a is a major dominant senescence one. The aim of the present study was to 

observe changes in lung function, histomorphology of lung tissue, and expression of p16Ink4a 

in lung tissue and bone marrow-derived EPCs in emphysematous mice induced by cigarette-

smoke extract (CSE), and further to search for a potential candidate agent protecting against 

emphysema induced by CSE.

Materials and methods: An animal emphysema model was induced by intraperitoneal 

injection of CSE. 5-Aza-2′-deoxycytidine (5-Aza-CdR) was administered to the emphysematous 

mice. Lung function and histomorphology of lung tissue were measured. The p16Ink4a protein 

and mRNA in EPCs and lung tissues were detected using Western blotting and quantitative 

reverse-transcription polymerase chain reaction, respectively.

Results: CSE induced emphysema with increased p16Ink4a expression in lung tissue and bone 

marrow-derived EPCs. 5-Aza-CdR partly protected against emphysema, especially in the lung-

morphology profile, and partly protest against the overexpression of p16Ink4a in EPCs and lung 

tissue induced by CSE.

Conclusion: 5-Aza-CdR partly protected against emphysema in mice via suppressing p16Ink4a 

expression in EPCs and lung tissue.

Keywords: 5-Aza-2′-deoxycytidine, cigarette smoke, emphysema, endothelial progenitor 

cells, p16Ink4a

Introduction
Increasing research has indicated that COPD, or at least emphysema, represents 

premature aging or premature senescence of lung parenchymal cells, which are 

induced in part by oxidative damage from cigarette-smoke (CS) components, resulting 

in accelerated lung aging/accelerated lung senescence.1–3 Moreover, the key patho-

genetic processes involved in COPD are considered to involve those senescent cells, 

notably progenitor cells, decreasing regenerative properties.4 Bone marrow-derived 

endothelial progenitor cells (EPCs), one of the major components of parenchymal 

cells, provide an alternative source of endothelial cells (ECs) and play a fundamental 

role in the maintenance of endothelial integrity and function, postnatal vasculogenesis, 

vascular repair, and tissue regeneration through pivotal bioactivity, differentiating into 

ECs and secretion of vasoactive substances that promote angiogenesis and maintain 

vascular homeostasis.5–7 The normal function of EPCs is required for tissue repair and 
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airway remodeling in lungs.8–10 Our previous study showed 

decreased and dysfunctional circulating EPCs in patients 

with COPD.11

p16Ink4a was initially discovered as a tumor-suppressor 

factor composed of 148 amino-acid residues with molecular 

weight 16 kD.12 With increased tumor investigations, it was 

found that relationships between p16Ink4a and tumor cells 

were not all the same. p16Ink4a is a cyclin-dependent kinase 

inhibitor that controls cell-cycle progression,13 and could 

be regarded as a major dominant senescence gene.14 ECs have 

higher expression rates of p16Ink4a, inducing cell senescence 

in COPD patients.15 p16Ink4a expression in EPCs and emphy-

sematous lung tissue has been little studied.

The advent of genome-wide epigenetic studies allowed 

for more comprehensive study of the epigenome in many 

diseases. Hypermethylation of genes associated with CS has 

been reported.16,17 5-Aza-2′-deoxycytidine (5-Aza-CdR), an 

S-phase-specific inhibitor of DNA methyltransferase, is the 

most widely used inhibitor of DNA methylation and triggers 

demethylation, leading to a consecutive reactivation of epige-

netically silenced genes in vitro and in vivo.18 In this study, 

in an attempt to elucidate pathophysiological mechanisms 

of emphysema with regard to gene hypermethylation, we 

detected p16Ink4a expression in bone marrow-derived EPCs 

and lung tissue of mice with emphysema induced by CS 

extract (CSE) and compared the results with those in mice 

with emphysema treated with 5-Aza-CdR. Lung function, 

histomorphology, and apoptosis in lung tissue were the indi-

cators for evaluating the severity of emphysema in mice.

Materials and methods
animals
A total of 24 C57BL/6J male mice aged 4–6 weeks were 

randomly enrolled in this study. All animals were purchased 

from the Shanghai Laboratory Animal Center of the Chinese 

Academy of Sciences and fed in a cleaning unit at 23°C–25°C 

and 50%–60% humidity, with a 12-hours light–dark cycle. 

The study was approved by the institutional review board of 

Central South University and conformed to the guiding prin-

ciples for research involving animals and human beings.

Preparation of Cse
CSE was prepared according to a previous publication,19 

with some modifications. Briefly, one unfiltered Furong 

cigarette (tar 13 mg, nicotine 1 mg, carbon monoxide 

14 mg/cigarette; China Tobacco Hunan Industrial, Changsha, 

China) was burned and the smoke passed through 4 mL PBS 

via a vacuum pump at a constant pressure of -0.1 kPa. This 

product was further filtered through a filter with 0.22 μM pores 

(Thermo Fisher Scientific, Waltham, MA, USA) to remove 

particles and bacteria and used for intraperitoneal injection. 

The solution was prepared freshly for each injection.

Preparation of 5-aza-2′-deoxycytidine
5-Aza-CdR powder (5 g; Sigma-Aldrich, St Louis, MO, 

USA) was dissolved in 2 mL PBS and further diluted to 

25 mg/mL, subpackaged, and stored under -80°C until 

experiments.

animal modeling
The mouse emphysema model was established as previously 

described.20 C57BL/6J mice were divided into three groups: 

controls, CSE, and CSE + 5-Aza-CdR (n=8 per group). The 

total experimental period was 4 weeks, with intraperitoneal 

injection of PBS, CSE, or 5-Aza-CdR (Table 1). According 

to animal weight, intraperitoneal injection doses of PBS, 

CSE, 5-Aza-CdR were 0.3 mL/20 g, 0.3 mL/20 g, and 

2.5 mg/kg (0.3 mL/20 g constant volume), respectively. 

At day 28, mice were killed for measurement of lung 

function, detection of histomorphology of lung tissue, and 

separation of bone marrow-derived EPCs.

Isolation, culture, and identification 
of ePCs
Ficoll density-gradient centrifugation (Histopaque-1083; 

Sigma-Aldrich) was used to isolate mononuclear cells 

(MNCs) from bone marrow of C57BL/6J mice according 

to a previously published method.21,22 Isolated MNCs were 

cultured with EGM-2 growth medium in the presence of 

5% FBS (SingleQuots; Lonza, Basel, Switzerland) under 

an atmosphere of 95% humidity, 5% CO
2
, and 37°C for 

EPC culture. Cells were inoculated into culture flasks at a 

density of 3–5×106/mL. Then, culture fluid was replaced 

totally by fresh culture medium on day 4 of the culture to 

remove unattached cells. Half replacement with the fresh 

medium was performed every 3 days. Cell harvesting was 

performed on day 7 of the culture. To identify EPCs, firstly 

photos were taken during the culture using phase-contrast 

Table 1 experiment schedule

 Day 0 11 15 17 19 22 28

Group
Control PBs PBs PBs PBs PBs PBs Disposed
Cse Cse Cse PBs PBs PBs Cse Disposed
Cse + 5-aza-Cdr Cse Cse aza aza aza Cse Disposed

Abbreviations: Cse, cigarette-smoke extract; 5-aza-Cdr, 5-aza-2′-deoxycytidine.
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microscopy (Olympus, Tokyo, Japan) to confirm the mor-

phology of EPCs. Secondly, cells positively stained with both 

DiI-labeled acetylated low-density lipoprotein (acLDL) and 

fluorescein isothiocyanate (FITC)-labeled Ulex europaeus 

agglutinin (UEA)-1 were identified as EPCs.23,24 Briefly, cells 

were incubated with 7.5 μg/mL Dil-acLDL (Thermo Fisher 

Scientific) at 37°C for 4 hours and fixed with 4% paraformal-

dehyde for 10 minutes. After being washed, cells were treated 

with 10 μg/mL FITC-UEA1 (Sigma-Aldrich) for 30 minutes. 

Finally, cells were treated with 1 μg/mL DAPI for 5 minutes 

before identification through laser-scanning confocal micros-

copy (Olympus). Fifteen random-view fields were involved 

to calculate the positive rate of amphophilic cells.

lung-function measurement
Lung-function measurement was performed using small-

animal spirometry (PLY3211 system; Buxco Electronics, 

Wilmington, NC, USA) as previously described with a 

minor modification.20 Briefly, the mouse was anesthetized 

by intraperitoneal injection of 10% chloral hydrate (3 mL/kg 

body weight) and tracheostomized. The trachea was cannu-

lated and the cannula connected to the computer-controlled 

small-animal spirometer. Airway resistance (R
aw

), lung 

dynamic compliance (C
dyn

), peak expiratory flow (PEF), 

and inspiratory time/expiratory time (T
i
/T

e
) were measured 

according to the manufacturer’s instructions.

histomorphological detection
After lung-function measurement, animals were killed by 

overdose of anesthetic. The lower-left lobes of lungs were 

inflated with 4% paraformaldehyde at a pressure of 25 cm 

H
2
O, then fixed with 4% paraformaldehyde for 24 hours.3 

Fixed lungs were embedded in paraffin (Sigma-Aldrich) and 

sliced into 4 μm sections. The slices were stained with H&E 

(Sigma-Aldrich). Pulmonary emphysema was quantified 

based on the measurement of the mean linear intercept (MLI) 

and destructive index (DI) in micrometers. The MLI was 

measured by dividing the length of a line drawn across the 

lung section by a total number of intercepts counted within 

this line at 100× magnification. A total of 36 lines per mouse 

lung were drawn and measured. The DI was calculated by 

dividing the defined destructive alveoli by the total number 

of alveoli counted. Destructive alveolus was defined if at 

least one of the following alveoli was observed: alveolar 

wall defects, intraluminal parenchymal rags in alveolar 

ducts, obviously abnormal morphology, and typically 

emphysematous changes. Analysis was performed using a 

microscopic point-count technique at 200× magnification.19 

Ten randomly selected fields per slice were photographed 

in a blinded manner. Airways and vascular structures were 

eliminated from the analysis.

apoptosis assay
Terminal deoxynucleotidyl transferase dUTP nick-end 

labeling (TUNEL) was performed to label the DNA-damaged 

cells in the lungs of experimental mice using an in situ cell-

death-detection kit (Hoffman-La Roche, Basel, Switzerland) 

following the manufacturer’s instructions. The apoptotic 

index (AI) was calculated as the percentage of TUNEL-

positive nuclei in a total of more than 3,000 nuclei randomly 

counted for each lung at 400× magnification.

Western blotting
Briefly, EPCs were washed three times with ice-cold 

PBS, then lysed in radioimmunoprecipitation-assay lysate 

(Applygen Technologies Beijing, China) for 30 minutes 

on ice. Lung tissues were homogenized manually in a glass 

homogenizer and lysed in radioimmunoprecipitation-assay 

lysate for 30 minutes on ice. Solutions of EPCs or lung tissue 

were centrifuged at 4°C, 12,000 g for 5 minutes. A BCA 

protein-quantification kit (Wellbio, Changsha, China) was 

used for protein measurement. Protein (30–60 μg) was 

mixed 1:1 with 2× sodium dodecyl sulfate (SDS) loading 

buffer (20% glycerol, 4% SDS, 3.12% dithiothreitol DDT, 

0.2% bromophenol blue, and 0.1 mol/L Tris HCl, pH 6.8; 

all Sigma-Aldrich) and incubated at 100°C for 4 minutes. 

Equal amounts of protein for each sample were separated 

by 10%–12% SDS–polyacrylamide gel run at 120 V for 

90 minutes and blotted onto a polyvinylidene difluoride 

microporous membrane (EMD Millipore, Billerica, MA, 

USA). Membranes were incubated with a 1:200 dilution of 

primary antibody (mouse monoclonal antibody; Santa Cruz 

Biotechnology, Dallas, TX, USA) overnight, then washed for 

three times with Tris-buffered-saline with Tween (TBS-T) 

and revealed using secondary antimouse antibody with 

horseradish peroxidase conjugate (1:3,000, 1 hour), followed 

by washing with TBS-T again. Immunoreactive bands were 

developed using enhanced chemiluminescence substrate 

(Thermo Fisher Scientific).

rna extraction and quantitative rT-PCr
p16Ink4a mRNA expression in bone marrow-derived EPCs and 

lung tissue was detected by quantitative reverse-transcription 

polymerase chain reaction (RT-PCR). Total RNA was 

extracted from cells or tissues using Trizol reagent (Thermo 

Fisher Scientific). First-strand cDNA was synthesized 
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using a RevertAid first-strand cDNA-synthesis kit (Thermo 

Fisher Scientific) according to the manufacturer’s instruc-

tions, and used as the template for quantitative RT-PCR 

analysis. DNase-treated samples were subjected to RT-PCR 

using SYBR Green quantitative PCR master mix (Thermo 

Fisher Scientific) on a CFX96 real-time system (Bio-Rad 

Laboratories, Hercules, CA, USA), with β-actin used as an 

internal control. The PCR-amplification conditions were 

10 minutes at 95°C followed by 40 cycles of denaturation 

at 95°C for 15 seconds and annealing and extension for 

1 minute at 60°C. Data were analyzed using comparative 

C
t
.25 The relative expression level of p16Ink4a was calcu-

lated by determining the ratio of p16Ink4a to that of the 

internal control. Melting-curve analysis (65°C–95°C) 

was used to determine melting temperatures of specific 

amplification products and primer dimmers. Each experi-

ment was repeated twice in triplicate. Primer sequences 

were: β-actin, 5′-CATCCTGCGTCTGGACCTGG-3′ 
(forward), 5′-TAATGTCACGCACGATTTCC-3′ (reverse); 

p16Ink4a, 5′-CCGCCTCAGCCCGCCTTTTT-3′ (forward), 

5′-CCGCCGCCTTCGCTCAGTTT-3′ (reverse).

statistical analysis
Analyses were performed using SPSS for Windows 16.0 

(SPSS, Chicago, IL, USA). All data are expressed as means ± 

SD. Analyses of differences among groups were performed 

using one-way analysis of variance, followed by post hoc 

analysis as appropriate. Values of P,0.05 were considered 

statistically significant.

Results
Culture and identification of EPCs
On day 1 of the culture, MNCs isolated from the murine bone 

marrow formed circularly, sizes of cells were almost uniform, 

and cells were suspended in culture media (Figure 1A). 

On day 4 of the culture, the cells were attached to one 

another and getting larger, and shapes became oval, spindle, 

or polygonal. The cells at this stage tended to gather to form 

ball-like structures (Figure 1B). On culture day 7, cells 

shaped into fusiform or polygon patterns and contacted one 

another to attempt to form capillary structures (Figure 1C). 

Cell shapes at this stage displayed well in the culture medium. 

In addition, laser-scanning confocal microscopy illustrated 

that cells on culture day 7 displayed red cytoplasm when 

stained with Dil-acLDL (Figure 2A), green cytomembrane 

when combined with FITC-UEA1 (Figure 2B), and orange 

confocal when double-positively stained with Dil-acLDL and 

FITC-UEA1 (Figure 2C). The positive rate of amphophilic 

cells was 95.25%±3.61% on culture day 7.

lung-function test
As shown in Figure 3, the maximal expiratory flow-volume 

curve of the CSE group (Figure 3B) and CSE + 5-Aza-CdR 

group (Figure 3C) showed abrupt ascents, and descending 

limbs showed a prolonged expiratory phase compared with 

that in controls (Figure 3A). C
dyn

 (mL/cmH
2
O) was sig-

nificantly lower in the CSE group (0.57±0.15, P,0.01) and 

CSE + 5-Aza-CdR group (0.67±0.19, P,0.05) than controls 

(1.03±0.29). R
aw

 (cmH
2
O/mL/min) was significantly higher in 

the CSE group (2.49±0.52, P,0.01) and CSE + 5-Aza-CdR 

group (1.91±0.47, P,0.01) than controls (0.58±0.14). PEF 

(mL/second) was significantly lower in the CSE group 

(2.91±0.5, P,0.01) and CSE + 5-Aza-CdR group (3.24±0.62, 

P,0.05) than controls (4.4±0.74). The T
i
/T

e
 was signifi-

cantly lower in the CSE group (0.63±0.17) than controls 

(0.89±0.17, P,0.05). There was no significant difference 

in T
i
/T

e
 between the CSE + 5-Aza-CdR group (0.7±0.15) 

and controls (P.0.05). There was no significant difference 

between the CSE group and CSE + 5-Aza-CdR group in terms 

of the parameters described (P.0.05, Figure 4).

Figure 1 Morphological changes in endothelial progenitor cells (ePCs) sourced from bone marrow of C57Bl/6J mice during culture.
Notes: (A) representative microscopy of ePCs cultured with endothelial growth medium 2 in the presence of 5% fetal bovine serum on day 1. ePCs formed were 
spherical, cell sizes were almost the same, and cells were suspended in the culture medium. (B) On day 4 of the culture, the cells were attached to one other, getting larger, 
and became oval, spindly, or polygonal. (C) On day 7 of the culture, the cells became fusiform or polygonal in pattern. ePCs contacted one another to attempt to form 
capillary structures (arrows). Magnification ×100.
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histomorphological changes in lung tissue
As shown in Figure 5, lung tissue of the CSE group exhib-

ited enlarged alveolar space, thinner alveolar septum, and 

destroyed alveolar wall. Lung tissue of the CSE + 5-Aza-

CdR group also exhibited enlarged alveolar space, but less 

than the CSE group. The changes described were manifested 

in the MLI and DI (Figure 6). The MLI of the CSE group 

(67.63±9.87 μm) was significantly increased when compared 

with controls (29.2±4.64 μm, P,0.01). Interestingly, the 

MLI of the CSE + 5-Aza-CdR group (52.7±6.34 μm) was 

significantly smaller than the CSE group (P,0.01), though 

larger than controls (P,0.01). Similarly, the DI of the CSE 

group (42.41%±5.86%) was significantly increased when 

compared with controls (6.38%±1.57%, P,0.01). The DI 

of the CSE + 5-Aza-CdR group (33.26%±5.03%) was sig-

nificantly less than the CSE group (P,0.05), though more 

than controls (P,0.01).

apoptosis in lung tissue
As shown in Figure 7, numbers of apoptotic cells in alveo-

lar septa in the CSE and CSE + 5-Aza-CdR groups were 

significantly increased comparing with controls. Quantita-

tively, the AI of the CSE group (19.5%±3.16%) was signifi-

cantly increased when compared with controls (2.75%±0.46%, 

P,0.01). Interestingly, the AI of the CSE + 5-Aza-CdR group 

(12.75%±1.67%) was significantly lower than the CSE group 

(P,0.05), though higher than controls (P,0.01, Figure 6).

expression of p16Ink4a protein in lung 
tissue and ePCs
As shown in Figure 8A and C, p16Ink4a/β-actin in lung tissue 

was significantly increased in the CSE group (0.59±0.05, 

P,0.01) and CSE + 5-Aza-CdR group (0.46±0.03, P,0.01) 

compared with controls (0.32±0.02). Interestingly, p16Ink4a/ 

β-actin in lung tissue was significantly lower in the CSE + 

5-Aza-CdR group than the CSE group (P,0.01).

As shown in Figure 8B and C, p16Ink4a/β-actin in EPCs 

was significantly increased in the CSE group (0.51±0.05, 

P,0.01) and CSE + 5-Aza-CdR group (0.42±0.02, P,0.05) 

compared with controls (0.36±0.02). Interestingly, p16Ink4a/ 

β-actin in EPCs was significantly lower in the CSE + 

5-Aza-CdR group than the CSE group (P,0.05).

Figure 2 Double-positive cells stained with Dil-acLDL and FITC-UEA1 were identified as endothelial progenitor cells.
Notes: laser-scanning confocal microscopy illustrated that cells on day 7 of the culture displayed red cytoplasm when stained with DiI-aclDl (A), green cytomembrane 
when combined with FITC-Uea1 (B), orange when double-stained with Dil-aclDl and FITC-Uea1 (C). Magnification ×400.
Abbreviations: Dil-acLDL, DiI-labeled acetylated low-density lipoprotein; FITC-UEA1, fluorescein isothiocyanate-labeled Ulex europaeus agglutinin 1.

Figure 3 Maximal expiratory flow-volume curves.
Notes: In each image, the peaks (upper) represent the expiratory phase and the troughs (lower) the inspiratory phase. Compared with controls (A), the Cse group (B) and 
Cse + 5-aza-Cdr group (C) showed abrupt ascents, and descending limbs showed a prolonged expiratory phase.
Abbreviations: Cse, cigarette-smoke extract; 5-aza-Cdr, 5-aza-2′-deoxycytidine; sec, second; div, division.
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expression of p16Ink4a mrna in lung 
tissue and bone marrow-derived ePCs
As shown in Figure 9, p16Ink4a mRNA in lung tissue was sig-

nificantly increased in the CSE group (5.24±0.67, P,0.01) 

and CSE + 5-Aza-CdR group (3.82±0.44, P,0.01) compared 

with controls (1±0.12). Interestingly, p16Ink4a mRNA in lung 

tissue was significantly lower in the CSE + 5-Aza-CdR group 

than the CSE group (P,0.05). p16Ink4a mRNA in EPCs was 

significantly increased in the CSE group (4.4±0.6, P,0.01) 

and CSE + 5-Aza-CdR group (1.99±0.25, P,0.05) compared 

with controls (1.01±0.13). p16Ink4a mRNA in EPCs was sig-

nificantly lower of CSE + 5-Aza-CdR group than the CSE 

group (P,0.01).

Discussion
The present study showed that the expression of p16Ink4a in 

lung tissue and bone marrow-derived EPCs was increased 

in mice with CSE-induced emphysema, which suggested 

that CSE might induce p16Ink4a expression, resulting in EPC 

senescence that contributes to emphysema with overexpres-

sion of p16Ink4a in lung tissue of mice with emphysema. Most 

importantly, the present study demonstrated for the first time 

that 5-Aza-CdR can partly protect against emphysema in the 

mouse model induced by CSE, especially in the profile of 

lung morphology via suppressing expression of p16Ink4a in 

EPCs and lung tissue.

Cigarette smoking is by far the most critical risk factor for 

emphysema and COPD. CS induces significant increases in 

reactive oxygen species generation.26 CSE contains most of 

the compounds inhaled by cigarette smokers, and is usually 

used as a surrogate for CS.27 CSE directly induces inflam-

matory cytokines28,29 and superoxide generation,30 resulting 

in increased p16Ink4a expression that induces fibroblast 

senescence.31

There was evidence showing that expression of p16Ink4a 

in aged cells may be ten times more than in young cells. 

Inserting p16Ink4a cDNA into normal fibroblasts slowed cell 

growth, aggravated nonenzymatic glycosylation, increased 

senescence-associated β-galactosidase positivity, and 

shortened telomeres. On the other hand, significant delay 

of several senescent features was observed in fibroblasts, 

and the life span of fibroblasts was significantly extended 

by inserting antisense p16,Ink4a but the onset of replicative 

senescence could not be totally prevented.14 Therefore, 

p16Ink4a could be regarded as a major dominant senescence 

gene. p16Ink4a levels are increased in pulmonary vascular 

ECs in patients with COPD.32 A recent study showed that 

cord-blood EPCs in premature neonates exhibited overex-

pression of p16Ink4a, contributing to accelerated senescence 

of EPCs.33

Figure 5 histomorphological changes in lung tissue.
Notes: lung tissue in the Cse group (B) exhibited enlarged alveolar space, thinner alveolar septum, and destroyed alveolar wall when compared with controls (A). lung 
tissue in the Cse + 5-aza-Cdr group (C) also exhibited enlarged alveolar space, but smaller than that of the CSE group. Magnification ×100.
Abbreviations: Cse, cigarette-smoke extract; 5-aza-Cdr, 5-aza-2′-deoxycytidine.

Figure 4 lung function.
Notes: Cdyn (ml/cm h2O) was significantly lower in the CSE group and CSE + 
5-aza-Cdr group than controls (P,0.01/P,0.05). raw (cm h2O/ml/min) was 
significantly higher in the CSE group and CSE + 5-aza-Cdr group than the controls 
(P,0.01). PEF (mL/second) was significantly lower in the CSE group and CSE + 
5-aza-Cdr group than the controls (P,0.01/P,0.05). Ti/Te was significantly lower 
in the Cse group than the controls (P,0.05). There was no statistical difference 
in Ti/Te between the Cse + 5-aza-Cdr group and controls (P.0.05). P,0.05 
compared with controls; P,0.01 compared with controls.
Abbreviations: Cdyn, lung dynamic compliance; Cse, cigarette-smoke extract; 
5-aza-Cdr, 5-aza-2′-deoxycytidine; raw, airway resistance; PeF, peak expiratory 
flow; sec, second; Ti, inspiratory time; Te, expiratory time.
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The present study showed overexpression of p16Ink4a 

in both bone marrow-derived EPCs and lung tissue of 

emphysematous mice induced by CSE. There is a growing 

realization that COPD, or at least emphysema, involves 

several processes present in aging and cellular senescence. 

Aging and cellular senescence underlie loss-of-function 

diseases.34–36 Aging-associated inflammation/structural 

change is the result of failure of reactive oxygen species 

elimination, failure of repair of damaged DNA, and telomere 

shortening.1 Meanwhile, biological aging may occur before 

age-related aging, and is considered related to chronic 

inflammation, as evidenced in IL6, IL1β, and TNFα lev-

els.37 Our previous study showed that IL6 in sputum from 

COPD patients was increased.38 On the other hand, cellular 

senescence is believed to induce inflammation by producing 

various inflammatory cytokines in tissue.36 Premature pulmo-

nary vascular EC senescence is a major process perpetuating 

lung inflammation in COPD.32 CSE-induced apoptosis of 

pulmonary ECs exerts a direct effect on pulmonary vascular 

structure.39 EPCs are the precursors of ECs. Accumulating 

evidence indicates that EPCs derived from bone marrow 

contribute to “reendothelialization” of injured vessels, as 

well as neovascularization of ischemic lesions in either a 

direct or an indirect way under physiological and pathological 

conditions.40,41 EPCs have been demonstrated to be required 

for tissue repair and airway remodeling in lungs.8–10 EPC 

function is decreased after chronic stimulation by CSE.42 

Peripheral infusion of rat bone marrow-derived EPCs is help-

ful in vascular repair and damage-healing processes by hom-

ing in on impaired locations.43 Autologous transplantation of 

circulating EPCs effectively attenuates acute lung injury by 

direct endothelial repair and indirect immunomodulation.44 

Our study suggests that CSE can induce p16Ink4a expression, 

resulting in EPC senescence and contributing to emphysema 

and direct p16Ink4a expression in lung tissue.

Aging lungs exhibit both structural and functional 

alterations.1 The leading clinical symptom of COPD or 

emphysema is chronic airflow limitation, which means 

decreased lung function. In the present study, airflow limi-

tation was detected in CSE-induced emphysematous mice 

and manifested by decreases in C
dyn

, R
aw

, PEF, and T
i
/T

e
. 

Lung tissue in emphysema mice showed enlarged alveolar 

space, thinner alveolar septum, and destroyed alveolar wall, 

manifested in increased MLI and DI. Alveolar septal cell 

apoptosis plays an important role in the development of 

emphysema.45,46 Oxidative stress also triggers apoptosis.47 

In the present study, the AI of lung tissue, which reflects the 

apoptosis status of lung parenchyma, from emphysematous 

mice was increased compared with control mice.

In COPD, oxidative stress induced by cigarette smoking 

further damages the lung, leading to acquired genetic 

changes, including DNA methylation, due to inefficient 

Figure 6 histomorphological changes in lung tissue.
Notes: The mean linear intercept (MLI) was significantly increased in the CSE group 
compared to controls (P,0.01). Interestingly, the MLI was significantly lower in 
the Cse + 5-aza-Cdr group than the Cse group (P,0.01), although significantly 
higher than controls (P,0.01). The destructive index (DI) was significantly increased 
in the Cse group compared with controls (P,0.01). Interestingly, the DI was 
significantly lower in the CSE + 5-aza-Cdr group than the Cse group (P,0.05), 
although significantly higher than controls (P,0.01). The apoptotic index (aI) was 
significantly increased in the CSE group compared with the controls (P,0.01). 
Interestingly, the AI was significantly lower in the CSE + 5-aza-Cdr group than the 
Cse group (P,0.05), although significantly higher than controls (P,0.01). P,0.01 
compared with controls; P,0.05 compared with Cse group; P,0.01 compared 
with Cse group.
Abbreviations: Cse, cigarette-smoke extract; 5-aza-Cdr, 5-aza-2′-deoxycytidine.

Figure 7 apoptosis of lung tissue.
Notes: numbers of apoptotic cells (arrows) in the alveolar septa in the Cse group (B) and Cse + 5-aza-Cdr group (C) were increased compared to controls (A). The 
number of apoptotic cells in the Cse + 5-aza-Cdr group (C) was lower than that of the CSE group. Magnification ×400.
Abbreviations: Cse, cigarette-smoke extract; 5-aza-Cdr, 5-aza-2′-deoxycytidine.
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DNA-repair machinery.48 DNA methylation is catalyzed by 

the DNA methyltransferase (DNMT) family,49,50 and plays 

an important role in maintaining cell identity by affecting 

gene expression. 5-Aza-CdR, a DNMT inhibitor, inhibits 

DNMT and demethylates DNA by incorporation into DNA,51 

degradation of DNMT,52 downregulation of DNMT mRNA 

and protein levels,53,54 or repression of DNMT enzymatic 

activity,55 leading to changes in gene reactivation.

Typically, methylation in the promoter region of a gene 

is associated with repression. A high frequency of aberrant 

methylation of the gene for p16Ink4a has been shown in cases 

of non-small-cell lung cancer,56 heavy smokers, and advanced 

and poorly differentiated small adecocarcinoma.57 Breuer et al 

showed that loss of p16Ink4a expression by promoter hyperm-

ethylation is inconsistent and occurs late in the carcinogenic 

process at the level of severe dysplasia.58 Another intriguing 

observation is that DNA-methylation levels within gene 

bodies are also dynamic in relation to gene expression.59 In the 

present study, increased p16Ink4a expression in CSE-induced 

emphysematous mice was partly suppressed by 5-Aza-CdR. 

Lung morphological changes and apoptosis in emphyse-

matous mice induced by CSE were also partly reversed by 

5-Aza-CdR. The molecular mechanism of active demethyla-

tion in mammalian cells is not well understood, but seems 

to be linked to DNA-repair machinery.60 We noticed that in 

this study, there was no statistical difference in lung function 

between the CSE group and CSE + 5-Aza-CdR group, despite 

little change in the numbers. The possible reason may lie in 

lung-function tests being less sensitive than morphometry.61

Since methylation is reversible, it is an interesting target 

for intervention with specific inhibitors of DNA methylation. 

The antitumor effect or auxiliary-therapy effect of 5-Aza-CdR 

has been investigated and confirmed by many studies.62–65 

It could be assumed that 5-Aza-CdR at lower concentrations 

might be applied in the attenuation of emphysema.

In summary, the present study indicated that p16Ink4a 

expression was increased in EPCs and lung tissue in 

CSE-induced emphysematous mice, and contributed to 

alterations in lung function, histomorphological changes, 

and apoptosis in emphysematous lung tissue. 5-Aza-CdR 

partly reversed the structural emphysematous outcomes 

resulted from CSE stimulation, which in turn suggested 

that DNA methylation may be involved in the pathogenesis 

of emphysema with regard to epigenetic modifications in 

Figure 9 expression of p16Ink4a mrna.
Notes: p16Ink4a mRNA in lung tissue was significantly increased in the CSE group 
and Cse + 5-aza-Cdr group compared with controls (P,0.01). Interestingly, 
p16Ink4a mRNA in lung tissue was significantly lower in the CSE + 5-aza-Cdr group 
than the Cse group (P,0.05). p16Ink4a mRNA in EPCs was significantly increased 
in the Cse group and Cse + 5-aza-Cdr group compared with controls (P,0.01/
P,0.05). p16Ink4a mRNA in EPCs was significantly lower in the CSE + 5-aza-Cdr 
group than the Cse group (P,0.01). P,0.05 compared with controls; P,0.01 
compared with controls; P,0.05 compared with Cse group; P,0.01 compared 
with Cse group.
Abbreviations: Cse, cigarette-smoke extract; 5-aza-Cdr, 5-aza-2′-deoxycytidine;  
ePCs, endothelial progenitor cells.

Figure 8 expression of p16Ink4a protein in lung tissue (A) and ePCs (B). (C) p16Ink4a 
protein-expression comparison.
Notes: p16Ink4a/β-actin in lung tissue was significantly increased in the CSE group 
and Cse + 5-aza-Cdr group compared with controls (P,0.01). Interestingly, 
p16Ink4a/β-actin in lung tissue was significantly lower in the CSE + 5-aza-Cdr group 
than the Cse group (P,0.01). p16Ink4a/β-actin in EPCs was significantly increased in 
the Cse group and Cse + 5-aza-Cdr group compared with controls (P,0.01 or 
P,0.05). p16Ink4a/β-actin in EPCs was significantly lower in the CSE + 5-aza-Cdr 
group than the Cse group (P,0.05). P,0.05 compared with controls; P,0.01 
compared with controls; P,0.05 compared with Cse group; P,0.01 compared 
with Cse group.
Abbreviations: ePCs, endothelial progenitor cells; Cse, cigarette-smoke extract; 
5-aza-Cdr, 5-aza-2′-deoxycytidine; C + a, Cse + 5-aza-Cdr; n, normal (controls).
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terms of hypermethylation of genes and EPC senescence. 

DNA methyltransferase inhibitors might help potentially in 

clinical treatment of emphysema. Future study is expected 

to elucidate the exact mechanism of regulation of p16Ink4a on 

EPC senescence.
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