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the diagnosis, treatment, and prevention of COPD.
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Chronic obstructive pulmonary disease (COPD) is one of the most common chronic respiratory diseases with high
morbidity and mortality. It has become the fifth most burdened and the third most deadly disease in the global
economy and increases year by year. The prevention and treatment of COPD are urgent. Smoking is the main and
most common risk factor for COPD. Cigarette smoke (CS) contains a large number of toxic substances, can cause a
series of changes in the trachea, lung tissue, pulmonary blood vessels, and promotes the occurrence and develop-
ment of COPD. In recent years, the development of epigenetics and molecular biology have provided new guidance
for revealing the pathogenesis, diagnosis, and treatment of diseases. The latest research indicates that pulmonary
vascular endothelial cell apoptosis initiates and participates in the pathogenesis of COPD. In this review, we summa-
rize the current research on the epigenetic mechanisms and molecular biology of CS-induced pulmonary vascular
endothelial cell apoptosis in COPD, providing a new research direction for pathogenesis of COPD and a new target for
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Introduction

Chronic obstructive pulmonary disease (COPD) is a
chronic respiratory disease caused by a variety of fac-
tors. It is characterized by chronic inflammation of the
airways, lung tissue, and pulmonary blood vessels. Long-
term inflammation causes remodelling of the airway
structure and subsequent restriction in respiratory air-
flow. The development of restricted respiratory airflow
is progressive, and the airflow restriction is irreversible,
even after removing the risk factors. Eventually, it seri-
ously affects the quality of life of patients, endanger-
ing people’s health [1-4]. The latest research data show
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that the incidence, disability, and mortality of COPD
are high, and there is a rising trend year by year. COPD
has become a serious worldwide public health problem
and one of the major risk factors for death in the global
population. The number of patients with COPD is nearly
299.4 million adults in worldwide [5—-8]. According to the
Global Burden of Disease Study, 3.2 million people died
due to COPD in 2017, which represented a more than
23% increase in deaths compared with 1990 [9].

Current research shows that smoking, biofuels, indoor
and outdoor air pollution, and industrial dust are the
major environmental risk factors for COPD [10]. Ciga-
rette smoke (CS) contains many harmful ingredients,
which have a stimulating effect on the respiratory tract.
Studies have demonstrated that long-term smoking can
destroy the structure of the air duct wall, damage the
septum of the alveolar wall, and cause interstitial fibrosis
[11-14]. In addition, smoking causes increased secretions
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from mucous glands and obstructive bronchiolitis, which
aggravates the progression of lung tissue lesions [15, 16].
At the same time, CS can stimulate lung tissue to produce
a large amount of reactive oxygen species (ROS), which
can lead to an imbalance of the oxidation and antioxidant
systems. This finally causes cell dysfunction and induces
cell apoptosis [17-19].

Smoking is an established risk factor for COPD. The
latest epidemiological data shows that smoking more
than 20 packs a year triples the prevalence of COPD in
China [20]. In addition to active smoking, passive smok-
ing is also related to the occurrence of COPD [21].
Research report shows that the prevalence of patients
with COPD who have never smoked is also high [20, 22,
23].

Airway inflammation, oxidative stress, and lung
emphysema are the main mechanisms of the onset of
COPD [24]. Recent studies have shown that pulmonary
vascular endothelial cell apoptosis also initiates and
participates in the pathogenesis of COPD [25]. In this
review, we summarize the current research on the epige-
netic mechanisms and other molecular biology of CSE/
CS-induced pulmonary vascular endothelial cell apopto-
sis in COPD.

COPD and pulmonary vascular endothelial cell apoptosis
Apoptosis refers to the physiological or pathological
stimulating signals of the cell to the environment, such
as DNA damage and oxidative stress. It’s a kind of active
and orderly gene control, resulting from environmen-
tal changes or mitigation of natural death [26]. The pro-
cess of apoptosis is complicated and it is a process that
is strictly regulated by multiple genes and molecular
signals. It involves a series of changes of molecular sig-
nal pathways. This gene-controlled apoptosis is highly
conserved among different species. Common apoptotic
genes include the Bcl-2 family, caspase family, oncogene
C-myc, and tumour suppressor gene P53. [27-29]. Until
now, studies have shown there are two main apoptotic
pathways: the exogenous or death receptor pathway and
the intrinsic or mitochondrial pathway [30]. Apoptosis
may be directly or indirectly related to the occurrence
and development of many diseases, such as lung cancer,
COPD, asthma, atherosclerosis, diabetes, and autoim-
mune diseases [31, 32].

A study by Demedts et al. [33] indicated that apopto-
sis of lung structural cells may be an important upstream
event in the pathogenesis of COPD. Both apoptotic alve-
olar epithelial and endothelial cells are increased in the
lungs of patients with COPD. These pathological changes
cannot be offset by the proliferation of structural cells,
and this leads to the destruction of lung tissue and the
development of emphysema.
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Many studies have confirmed that pulmonary vascu-
lar endothelial cell apoptosis initiates and participates
in the pathogenesis of COPD. Taraseviciene-Stewart
et al. [34] induced the apoptosis of rat pulmonary vas-
cular endothelial cells by intraperitoneal injection of
cigarette smoke extract (CSE) in 2005 and successfully
established a rat emphysema model. Successive stud-
ies have found that recombinant human tumour necro-
sis factors receptor: Fc fusion protein (thTNFR: Fc) may
interfere with tumour necrosis factor o (TNF-a) and
reduce alveolar septal apoptosis in CS-induced rats [35].
In addition, vascular endothelial growth factor (VEGEF)
is one of the major regulators of endothelial cell sur-
vival and is believed to play a role in the pathogenesis
of COPD [36]. Guan et al. [37] found that bone marrow
mesenchymal stem cells could reduce pulmonary vascu-
lar endothelial cell apoptosis and promote cell survival by
increasing VEGF expression in CS-induced rats. Moreo-
ver, Farkas et al. [38] found that after Smad3 knockout
mice were exposed to CS, the expression of VEGF was
reduced, which accelerated development of emphysema
and COPD. Oral N-acetylcysteine may reduce emphy-
sema and CS-induced alveolar septal cell apoptosis by
partly increasing VEGF secretion and protein expres-
sion [39]. Chen et al. [40] induced the apoptosis of mouse
pulmonary vascular endothelial cells with the intraperi-
toneal injection of CSE in 2009, also successfully estab-
lishing a mouse emphysema model, which provided a
powerful guide for future research. With the deepening
of research, more and more evidence has shown that epi-
genetic and other molecular biological mechanisms play
an important role in regulating CSE/CS-induced apopto-
sis of pulmonary vascular endothelial cells. At the same
time, a new chapter was opened for studying pulmonary
vascular endothelial cell apoptosis initiating the develop-
ment of COPD (Fig. 1).

Cigarette smoke and epigenetic mechanisms of pulmonary
vascular endothelial cell apoptosis

Epigenetics refer to heritable changes of gene expression,
without changing the nucleotide sequence of genes. More
and more studies have shown that epigenetics is involved
in the development of lung diseases. Epigenetic mecha-
nisms, such as DNA methylation, RNA methylation,
histone modification, exosomes (EXs), and non-coding
RNA, with regulatory functions have been continuously
revealed [41-43]. Studies have shown that long non-
coding RNA (IncRNA), microRNA (miRNA) and DNA
methylation, through various mechanisms to regulate the
transcription of genes and proteins, and activate a series
of molecular signal pathways to participate in the process
of apoptosis [44—46](Table 1).
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Fig. 1 Epigenetic and other molecular biology mechanisms in cigarette smoke-induced pulmonary vascular endothelial cell apoptosis, which
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DNA methylation and pulmonary vascular endothelial cell
apoptosis

DNA methylation is the most typical type of chromatin
modification. It refers to changes of genetic expression,
while without changes of DNA sequence. It is one of the
common genetic modifications in epigenetics by adding a
methyl group to the 5 ‘carbon position of the cytosine of

the genomic CpG dinucleotide through the role of DNA
methylation transferase [47, 48]. Research has shown that
DNA methylation can regulate gene expression and par-
ticipate in cell differentiation and apoptosis by changing
DNA stability and structure [49]. Sundar et al. [50] iso-
lated DNA from the lung tissue of eight non-smokers,
eight current smokers, and eight patients with COPD
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and confirmed the presence of high DNA methylation in
smokers and patients with COPD compared with non-
smokers. Song et al. [51] isolated bronchial tissue from
patients with and without COPD, isolated and cultured
goblet cells and promoted their differentiation and found
that SAM-pointed domain-containing ETS transcription
factor (SPDEF) and forkhead box protein A2 (FOXA2)
had abnormal DNA methylation during goblet cell dif-
ferentiation. Zinellu et al. [52] studied the methylcytosine
levels in the blood of forty-three patients with different
degrees of COPD and forty-three control subjects. The
results showed that DNA methylation was significantly
increased in patients with COPD, especially patients
with more severe COPD. These studies have shown that
DNA methylation plays a key role in the pathogenesis of
COPD.

Peng et al. [53] tested the rate of pulmonary vascular
endothelial cell apoptosis in lung tissue of eleven patients
with COPD and ten patients with non-COPD squamous
cell lung cancer, measured the expression of mitochon-
drial transcription factor (mtTFA) mRNA and protein
and methylation of the mtTFA promoter. The results
showed that the patients with COPD had a higher cell
apoptosis rate and lower mtTFA mRNA and protein
expression compared with the non-COPD group, which
has a negative correlation with pulmonary vascular
endothelial cell apoptosis and smoke index. The meth-
ylation rate of the mtTFA promoter in the COPD group
was significantly increased when compared with the non-
COPD group. Zhang et al. [54] found that methylation of
the mtTFA promoter and apoptosis rate of pulmonary
vascular endothelial cells in the CSE-induced mice group
were significantly increased. The mRNA and protein lev-
els of both mtTFA and cytochrome ¢ oxidase subunit II
(COX II) were significantly decreased, but the group of
mice treated with 5-aza-2'-deoxycytidine (AZA, a DNA
methyltransferase inhibitor) had restoration of the above
changes which suggesting that the removal of DNA
methylation by AZA can protect against CSE-induced
cell apoptosis. Zong et al. [55] tested the lung tissues of
ten patients with COPD and ten normal subjects, respec-
tively, and found that Notchl was mainly expressed in
endothelial cells, and was significantly decreased in the
endothelial cells of patients with COPD. Furthermore,
the results of in vitro cell experiments demonstrated
that Notchl overexpression reduces the CSE-induced
apoptosis of human pulmonary microvascular endothe-
lial cells (HPMECs), and CSE can significantly activate
the extracellular signal-regulated kinase (ERK) signal-
ling pathway. Treatment of CSE-induced HPMECs with
ERK inhibitors can heavily reduce cell apoptosis and
mtTFA methylation. Zeng et al. [56] studied the role and
mechanisms of the Bcl protein family in the apoptosis of
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emphysema cells by intraperitoneal injection of CSE and
AZA into mice, respectively, and found that the apoptosis
index was higher than in the control group. The expres-
sion of Bcl-2 in CSE-induced mice decreased, but the
level of Bcl-2 promoter methylation increased. However,
AZA treatment promoted the Bcl-2 promoter demeth-
ylation, increased the expression of Bcl-2 and decreased
the apoptosis index. These results indicated that the
epigenetic mechanism of Bcl-2 promoter methylation
is involved in CSE-induced emphysema and lung cell
apoptosis.

Histone modification and pulmonary vascular endothelial
cell apoptosis

Histone modification refers to histone acetylation, ubiq-
uitination, phosphorylation, or methylation. Studies have
shown that histone modification is involved in the regu-
lation of gene expression at the epigenetic level and plays
an important role in the development, ageing, differentia-
tion, apoptosis, and tumour migration of tissues, organs
and cells [57-62]. Sundar et al. [63] performed western
blot analysis of targeted histones in lung tissue of CSE-
induced mice and patients with COPD who continue to
smoke. The results showed that the expression levels of
several chromatin-modifying enzymes, including his-
tone acetyltransferase, histone methyltransferase, histone
domain proteins, and histone kinase were significantly
increased. More studies have found that arginine meth-
yltransferase-1 participates in the pathogenesis of epi-
thelial tract injury in COPD by adding methyl to arginine
residues in histones and non-histones to regulate protein
modification at post-translational levels [64].

Chronic inflammation of the trachea and bronchi is one
of the main characteristics of COPD [65]. Histone modi-
fication plays an important role in the chronic inflamma-
tion of COPD [66, 67]. Apoptosis of pulmonary vascular
endothelial cells is one of the initiating events of COPD.
Histone modification is also involved in smoking-induced
emphysema and apoptosis [68—70]. He et al. [71] found
that the expression of protein arginine methyltransferase
6 (PRMT6) and asymmetric di-methylation of histone
H3 arginine 2 (H3R2me2a) were significantly decreased
in the lung tissues of patients with COPD who continue
to smoke and CSE-induced mice. However, H3R2me2a
can prevent the tri-methylation of lysine 4 on histone
H3 (H3K4me3) which is located at the transcription
start site; the expression of H3K4me3 was significantly
increased, and emphysema inflammation, apoptosis, and
oxidative stress levels were more severe in CSE-induced
mice. Further research found that apoptosis, emphy-
sema inflammation, and oxidative stress were mark-
edly reduced with overexpression of PRMT6. In other
research, it was observed that the apoptosis of human
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umbilical vein endothelial cells (HUVECS) increased after
CSE exposure and decreased PRMT6 expression. How-
ever, a decreased in CSE-induced apoptosis was observed
after HUVECs were transfected with a plasmid express-
ing PRMT6. Notably, after CSE treatment, the expression
of H3K4me3 protein significantly increased in HUVECs,
while the expression of H3R2me2a protein decreased
significantly in HUVECs. However, the above changes
reversed after the transfection of cells with a plasmid
expressing PRMT6, suggesting that PRMT6 mediated
CSE-induced apoptosis through H3R2me2a in HUVECs
[72].

miRNA and pulmonary vascular endothelial cell apoptosis
miRNA is a type of non-coding RNA with regula-
tory functions and a length of about 22-25 nucleo-
tides. miRNA, which can regulate gene expression by
incompletely or completely directly binding to mRNA
3’-untranslated region (UTR), also interacts with pro-
moters, coding DNA sequence (CDS), and 5-UTR to
participate in gene regulation. It plays an important role
in regulating gene expression, organism development,
and apoptosis [73-77].

miRNA has been confirmed to be related to COPD
and smoking. It plays an important role in the develop-
ment of COPD [78, 79]. Conickx et al. [80] exposed mice
to air and CS for twenty-four weeks and detected differ-
ential expression profiles of miRNAs in mice lung tissue
and bronchoalveolar lavage fluid. The results showed
that thirty-one miRNAs differentially expressed in lung
tissue as well as seventy-eight miRNAs in bronchoal-
veolar lavage fluid in the CS exposed group compared
with air exposure. Van Pottelberge et al. [81] also found
that thirty-four miRNAs were differentially expressed in
the sputum supernatants of patients who never smoked
and current smokers. Compared with those who had
never smoked and had no airflow limitation, the expres-
sion levels of eight miRNAs were significantly reduced in
patients with COPD who continue to smoke.

In recent years, the role of miRNA in the smoking-
induced apoptosis of pulmonary vascular endothelial
cells and its related mechanisms also have been stud-
ied. Research by Long et al. [82] showed that CSE can
induce apoptosis of HPMECs with miR-34a significantly
upregulated. The miRNA target gene library was further
predicted through a biological information database and
Notchl was determined to be the target of miRNA-34a.
At the same time, it was confirmed that miR-34a regu-
lates gene expression at post-transcriptional levels by
targeting Notchl mRNA 3’-UTR after luciferase gene
determination. Furthermore, studies have confirmed that
the expression level of Notchl in CSE-induced HPMECs
is markedly decreased. In vitro cell experiments also
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confirmed that miR-34a mimic and Notchl gene plas-
mids were transfected into HPMECs exposed to CSE.
Overexpression of miR-34a can significantly increase the
apoptosis rate of HPMECs. However, the overexpres-
sion of Notchl has a protective effect on the apoptosis of
HPMECs caused by the increased miR-34a and reduced
the apoptosis rate. In other research, CSE-induced
HPMEC:s significantly upregulate miR-206 levels. How-
ever, the cell apoptosis rate decreased after the miR-
206 gene was knocked out. miR-206 participates in the
regulation of gene expression by targeting Notch3 and
vascular endothelial growth factor A (VEGFA) mRNA
3/-UTR after prediction by the bioinformatics gene
database. Then, miR-206 mimic, Notch3 vector plasmid
and VEGFA vector plasmid were transfected into CSE-
induced HPMEC:s, respectively. The results showed that
overexpression of miR-206 can lead to increased apopto-
sis of HPMECs. However, the overexpression of Notch3
and VEGFA can significantly reduce apoptosis [83].

IncRNA and pulmonary vascular endothelial cell apoptosis
IncRNA is non-protein-coding RNA with a length longer
than 200 nucleotides. IncRNA can regulate target gene
expression through different mechanisms to participate
in cell biological processes, from chromatin regulation
to protein degradation [84, 85], such as interacting with
miRNAs via ceRNA or directly target miRNAs, by encod-
ing proteins or polypeptides and by means of intercellu-
lar communication through EXs [86—89].

IncRNA has also has been confirmed to be related to
COPD and smoking [90, 91]. Qian et al. [92] identified
the differentially expressed IncRNA in smoking and non-
smoking patients with COPD through RNA sequencing
and bioinformatics analysis and found that ninety-six
IncRNA were identified in non-smoking patients, while
forty-four IncRNA were identified in smoking patients
with COPD. Further research into the IncRNA-miRNA-
mRNA interaction network found that let-7c-ADRB1-
HLA-DQB1-AS1 interactions may play a key role in the
pathogenesis in smoking COPD patients. Let-7c was
downregulated in smokers with COPD associated with
forced expiratory volume in 1 s. Adrenoceptor beta 1
(ADRBI) is a subtype of the adrenergic receptors which
are involved with the management of COPD exacerba-
tions and is upregulated in smoking COPD patients [93].
HLA-DQBI1-AS1 was a co-expressed IncRNA of ADRB1
and was upregulated in smoking COPD patients. Oth-
erwise, there were one hundred and nine IncRNA were
also found to be differentially expressed compared to
control groups in lung tissue of CS-induced COPD mice
models [94]. Studies have shown that IncRNA TUGI1
can promote airway remodelling by inhibiting the miR-
145-5p and DUSP6 axis in a CS-induced COPD mice
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model [95]. A study by Zhang et al. [96] found that the
IncRNA NEAT1 can inhibit the apoptosis of t-BHP-
treated HUVECsS by activating the miR-181d-5p and cyc-
lin-dependent kinase inhibitor 3 (CDKN3) axis. Bi et al.
[97] study indicated that co-cultured human pulmonary
vascular endothelial cells (HPVECs) with different con-
centrations of CSE (0%, 0.1%, 1% and 10%) significantly
promoted cell apoptosis, increased caspase-3 activity,
upregulated Bax expression, decreased Bcl-2 expres-
sion, and increased expression of the IncRNA MEGS3.
After the transfection of IncRNA MEG3 with a plasmid,
the expression of IncRNA MEG3 was increased, and cell
apoptosis further increased. However, knockdown of
IncRNA MEG3 showed the opposite effect, decreased
cell apoptosis, decreased caspase activity, decreased
Bax expression, and upregulated Bcl-2 expression. Also,
Song et al. [98] found that the expression of the IncRNA
MIR155HG was increased, while miRNA-218-5p was
decreased in CSE-induced HPMECs. Subsequently,
it was found that miRNA-218-5p was a direct target of
MIR155HG. This result was also confirmed in the res-
cue experiment, as a miRNA-218-5p inhibitor reduced
the inhibition effect of MIR155HG on CSE-induced
HPMECs. Further studies showed that miRNA-218-5p
directly targeted bromodomain containing 4 (BRD4), and
overexpression of miRNA-218-5p reversed cell apoptosis
by regulating BRD4. In conclusion, MIR155HG partici-
pates in the apoptosis of CSE-induced HPMECs by regu-
lating the miRNA-218-5p and BRD4 axis.

Exosomes and pulmonary vascular endothelial cell apoptosis
EXs are extracellular vesicles (EVs) with a size of approxi-
mately 30-150 nm that produce inward budding origi-
nating from the endosomal membrane of the cell upon
activation or during apoptosis [99]. It has been demon-
strated that EXs play a key role in intercellular commu-
nication by carrying biomolecules, including proteins,
DNA, miRNA and IncRNA4, involved in cell communica-
tion, migration, angiogenesis, and proliferation [100].
Some studies have demonstrated that CS can promote
the release of EXs in lung tissue cells. Benedikter et al.
[101] revealed that CSE exposure could boost the num-
ber of EXs secreted by bronchial epithelial cells. In addi-
tion, exposure to tobacco smoke extract (TSE) exposure
can cause human macrophages to release EVs (includ-
ing exosomes and ectosomes), which contribute to the
release of matrix metalloproteinase 14 (MMP14) and
may contribute to emphysema [102, 103]. Studies have
found that MMP14 activity and protein was increased
in the airway epithelium of tobacco smoke-exposed
mice and decreased MMP14 activity and protein could
diminish the mucin 5AC, oligomeric mucus/gel-forming
(MUC5AC) transcripts that played significant roles in
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the development of COPD [104]. A study by Zhao et al.
[105] showed that CS-induced epithelial cell-derived EXs
decreased the apoptosis of rat pulmonary microvascular
endothelial cells, but the underlying mechanisms remain
unclear and need further research.

Cigarette smoke and other molecular biology mechanisms
of pulmonary vascular endothelial cell apoptosis

There are still related studies exploring the mechanisms
of pulmonary vascular endothelial cell apoptosis in
other molecular biology caused by smoking [106]. The
metabolism of the three major nutrients of protein, fat
and glucose are the basis of the body’s life activities and
the basic component of cells. It maintains the stability of
cellular structure and participates in the life activities of
cells [107]. Studies have shown that glucose production,
clearance, oxidation, and glycolysis rates are increased in
patients with COPD compared to healthy subjects [108].
In addition, CS exposure has been shown to reduce gly-
colysis in type II cells [109]. Similarly, lipid metabolism
disorders also exist during acute exacerbations of COPD.
Glycerophospholipid and sphingomyelin metabolism are
associated with airflow obstruction, decreased lung func-
tion, and exacerbation of COPD [110, 111]. Decreased
levels of lipoproteins and amino acids were also observed
in the serum and urine of patient with COPD [112]. In
another study of pulmonary microvascular endothelial
cells in CSE-induced mice and patient with COPD, the
authors found that the carnitine palmitoyl transferase 1a
(Cptla) in cells was significantly reduced. In turn, the oxi-
dative ability of fatty acids (FAO) and mitochondrial res-
piration were decreased, but the apoptosis was increased.
Further studies also verified similar results. CSE-induced
apoptosis was further increased when pulmonary micro-
vascular endothelial cells were treated with Cptl inhibi-
tor or transfected with Cptla siRNA. Treatment with
L-carnitine increased the amount of FAO and reduced
cell apoptosis by increasing Cptla expression [113]. A
study by Wang et al. [114] found that the mitochondrial
aberrations, fission, oxidative stress, and cell apopto-
sis were increased, while mitochondrial respiration and
fusion were decreased in CSE-induced rat lung micro-
vascular endothelial cells (RLMVECs). However, bar-
rier dysfunction and apoptosis decreased in CS-induced
RLMVECs after inhibition of mitochondrial fission and
anti-oxidant intervention of mitochondria.

There were studies found that in the systemic, CS-
induced endothelial dysfunction through the following
aspects: firstly, directed toxic effects of CS on endothelial
cells; then, promoted the production of auto-antibodies
in endothelial cells; next, CS-induced inflammation of
vascular; in addition, increased oxidative stress levels
with reduced activation of the anti-oxidant pathways in
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endothelial cells; finally, CS-induced increased mediators
with vasoconstrictor, pro-inflammatory, and remodelling
activities and increased endoplasmic reticular stress and
the unfolded protein response in endothelial cells [115].
A study by Taraseviciene-Stewart et al. [116] found that
intraperitoneal injection of endothelial cells into rats
could lead to the generation of anti-endothelial cell anti-
bodies, which promoted endothelial cell apoptosis and
caused emphysema. However, concomitant injection
with the toll-like receptor 4 (TLR4) ligand lipid A into
rats could decrease endothelial cell apoptosis and reduce
the incidence of emphysema. It was implied that CS
induction might lead to the generation of anti-endothe-
lial cell antibodies, which promoted vascular endothe-
lial cell apoptosis and caused emphysema. However, it
needed further research. In addition, a study by Romund-
stad et al. [117] found that renal dysfunction was linked
to CS-induced lung injury, with an association between
emphysema severity and the estimated glomerular fil-
tration rate. In addition, patients with COPD who were
shown to have more glomerulosclerosis and greater renal
arterial and arteriolar sclerosis were linked to vascular
endothelial cell injury and apoptosis [118]. It might be
that the oxidative stress level was increased which further
activated the advanced glycation end product (AGE) and
receptor for advanced glycation end products (RAGE) in
CS-induced endothelial cells and circulating CS directed
toxicity on endothelial cells. Also, the production of anti-
endothelial antibodies against endothelial cells. So, it was
worthy to further study the connection between lung and
kidney endothelial cell injury and apoptosis in patients
with COPD with CS [119].

Cell activity is a complex process which is regulated by
multiple genes and protein molecules. Cyclooxygenase-2
is a rate-limiting enzyme in the metabolic pathway of
cells and can convert arachidonic acid into prostaglan-
dins. Studies have demonstrated that CSE can affect
the expression of cyclooxygenase-2 in HPVECs, subse-
quently affecting the production of prostaglandins. It is
worth noting that prostaglandins can inhibit the CSE-
induced apoptosis of vascular endothelial cells [120]. P53
is a tumour suppressor gene that encodes the p53 protein
involved in the process of cell apoptosis. Macrophage
migration inhibitory factor (MIF) is an anti-apoptotic
cytokine produced by HPVECs. The expression of MIF
was decreased, while P53 was increased when pulmo-
nary vascular endothelial cells were exposed to CSE.
However, MIF is a negative regulator of p53 expression
and can protect the CSE-induced apoptosis of pulmo-
nary vascular endothelial cells by combating p53-medi-
ated caspase-dependent apoptosis pathways [121].
Another study also found that xanthine oxidoreductase
(XOR) is an upstream effector of p53. XOR activity was
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significantly increased in the lung tissues of CS-induced
mice, promoted the production of ROS, and involved in
CS-induced pulmonary vascular endothelial cells apopto-
sis through the p53-mediated caspase-dependent apop-
tosis pathway [122]. Also, XOR activity was significantly
increased in the bronchoalveolar lavage fluid of patients
with COPD [123, 124]. Interestingly, Fallica et al. [125]
found that MIF, a pleiotropic cytokine, both reduced
in mice with CS-induced emphysema and patients
with COPD. Further studies have found that MIF, as a
determinant factor of ROS production after vascular
endothelial cells were exposed to CS, affected the apop-
tosis signal-regulating kinase 1 (ASK1) P38 kinase cas-
cade, regulated the activity of XOR enzymes produced
by ROS and antagonized ASK1-p38-dependent pulmo-
nary vascular endothelial cell apoptosis. In general, MIF
reduces the CS-induced apoptosis of pulmonary vascular
endothelial cells by inhibiting the signal transduction of
the ASK1-P38-XOR pathway (Table 2).

In addition, CS-induce pulmonary vascular endothelial
cell apoptosis could promote the secretion of transform-
ing growth factor-beta 1(TGF-B1) [126, 127]. TGF-p1 is
a multi-functional cytokine that regulates angiogenesis,
and fibroblasts/myofibroblasts [128]. Moreover, the TGF-
B1/Smad2.3 signalling pathway is strongly implicated in
endothelial to mesenchymal transition (EndMT) which
plays a key role in the pathogenesis of COPD [129-131].
At the same time, accumulated research on EndMT
showed that endothelial dysfunction contributes to the
pathogenesis of pulmonary hypertension [132] and pul-
monary vascular endothelial cell apoptosis can promote
the development of pulmonary hypertension, which is
a common complication of COPD and is closely related
to COPD progression [133]. Studies have shown that
the reticular basement membrane (Rbm) had mark-
edly increased splitting and hypervascularity, while the
lamina propria (LP) was hypovascular in COPD. Inhaled
corticosteroid (ICS) therapy increased the density of ves-
sels and brought back it to normal levels in the LP, but
there was no influence on the Rbm hypervascular, which
may suggest that ICS therapy reduces vessel destruction
rather than promotes the growth of new vessels. This
might be related to vascular endothelial cell apoptosis,
but the specific mechanisms need further investigation
[134, 135].

Conclusions

CS is one of the main causes of COPD, and it induces
pulmonary vascular endothelial cell apoptosis initiates
and participates the pathogenesis of COPD. However, the
mechanisms of CS-induced apoptosis have not been fully
elucidated. Epigenetics has been a hot topic in recent
years. Histone modification, miRNA, IncRNA, DNA
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Fig. 2 CS-induced apoptosis of pulmonary vascular endothelial cells, epigenetic and other molecular biological mechanisms of regulatory

methylation, RNA methylation and other regulatory
effects also exist in the CS-induced pulmonary vascular
endothelial cell apoptosis. However, its potential regula-
tory mechanisms need to be further studied. The devel-
opment of molecular biology technology provides the
possibility to discover and study the underlying mecha-
nisms of COPD. Elucidating the mechanisms of CS-
induced pulmonary vascular endothelial cell apoptosis
will help to explore new strategies in the diagnosis, treat-
ment, and prevention of COPD (Fig. 2).
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