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Abstract: Autophagy is a process of cell self-renewal that is dependent on the degradation
of the cytoplasmic proteins or organelles of lysosomes. Many diseases, such as metabolic
diseases, cancer, neurodegenerative diseases, and lung diseases, have been confirmed to be
associated with elevated or impaired levels of autophagy. At present, studies have found that
autophagy participates in the regulation of chronic obstructive pulmonary disease (COPD),
idiopathic pulmonary fibrosis, pulmonary hypertension, acute lung injury, lung cancer, and
other pulmonary diseases. Using recent literature on the signal transduction mechanisms

of autophagy and the effects of autophagy signalling on lung diseases, this review intends to
clarify the mechanisms of lung disease to guide the treatment of related diseases.

The reviews of this paper are available via the supplemental material section.

Keywords: acute lung injury, autophagy, idiopathic pulmonary fibrosis, infectious lung disease,
lung cancer, pulmonary artery hypertension, pulmonary disease

Received: 12 April 2019; revised manuscript accepted: 31 October 2019.

Introduction

Autophagy, one type of cell death, has attracted
increasing attention and discussion in recent
years. Japanese molecular and cell biologist
Yoshinori Ohsumi, who won the Nobel Prize in
physiology or medicine, explained the basic
principle behind the process of autophagy:
autophagy is the key to removing ‘garbage’ in
cells, preventing abnormal cell death, and main-
taining normal cell functions. It is a mechanism
that relies on lysosomes to degrade their own
organelles or proteins for cell self-protection and
self-renewal. An increasing number of studies
have found that autophagy plays an important
role in maintaining the stability of the intracel-
lular environment, and participates in cellular
mechanisms. Conversely, some studies have
found that autophagy is involved in the patho-
genesis of many diseases, such as cancer and
inflammatory disorders. The process of
autophagy requires the participation of dozens
of autophagy-related genes. These core proteins
mediate the process of autophagy through differ-
ent protein complexes. However, how autophagy
participates in the pathogenesis of different dis-
eases is unclear. Disease pathogenesis may
involve the regulation of autophagy-related

genes, activation of related proteins, and positive
and negative regulation. Once autophagy
becomes dysfunctional, disease results.

Types of autophagy

Autophagy is an evolutionarily conserved, lysoso-
mal-dependent, subcellular degradation pathway
that can be divided into three types according to
the different ways a substrate can enter the lyso-
some: macroautophagy, microautophagy, and
chaperone-mediated autophagy (CMA).1:2
Research on autophagy focuses mainly on macro-
autophagy, and the mechanism of macroau-
tophagy is also the most well defined.
Macroautophagy is often defined as cell autophagy
in a narrow sense, and includes initiation, exten-
sion, closure, and degradation processes. The
critical event in autophagosome biogenesis is the
nucleation of a small membrane sac, called a pha-
gophore, in the cytoplasm. After nucleation, the
phagophore elongates at both ends to form a cup-
shaped structure that sequesters a portion of the
cytoplasm. Once the two ends of the phagophore
meet, the membranes seal to close the autophago-
somes and sequester the cytoplasmic cargo.
Autophagosomes can sequester cargo either
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Figure 1. Three types of autophagy in mammalian cells. Macroautophagy relies on de novo formation of
cytosolic double-membrane vesicles, autophagosomes, to sequester and transport cargo to the lysosome.
Chaperone-mediated autophagy transports individual unfolded proteins directly across the lysosomal
membrane. Microautophagy involves the direct uptake of cargo through invagination of the lysosomal
membrane. All three types of autophagy lead to degradation of cargo and release of the breakdown products

back into the cytosol for reuse by the cell.

nonselectively in a bulk fashion, or selectively by
engaging specific cargo with the autophagic
membranes.3* Microautophagy is a form of cargo
delivery that bypasses vesicular intermediates and
directly internalizes the cargo into lysosomes via
direct invaginations in the lysosomal membrane.
A similar process can also occur along the surface
of late endosomes, leading to the formation of
multivesicular bodies (MVBs). MVBs then fuse
with lysosomes for cargo degradation. This latter
form of autophagy is termed endosomal microau-
tophagy.>° In contrast to capturing cargo with a
vesicular intermediate, CMA delivers individual
substrates directly to the lysosomal lumen. CMA
has thus far been described only in mammalian
cells.”8

Although the three types of autophagy occur in
different ways, they play important roles in the
processes of cell responses to external stimuli and
their removal of damaged substances. In the
above processes, dozens of proteins are formed by
autophagy-related genes (ATGs), whose prod-
ucts mediate autophagy by forming different pro-
tein complexes. (Figure 1).

Molecular biological mechanism of

autophagy

In the early 1990s, Yoshinori Ohsumi’s team dis-
covered the autophagy process in yeast, and identi-
fied most of the key genes involved in autophagy.
After consulting among themselves, in 2003, differ-
ent research groups combined the genes involved in
autophagy into a category known as ATGs. At pre-
sent, 40 key ATGs have been identified. The
molecular core mechanism of autophagy is regu-
lated by proteins encoded by approximately 18
core genes,® 1! and can be summarized as follows:
the Autophagy-related protein 1/ Unc-51-like
kinase 1 complex (Atgl/ULKI1 complex), includ-
ing Atgl, Atgl3, Atgll, Atgl7, Atg29 and Atg31,
plays an important role in the initiation of
autophagy; vesicles containing Atg9 and Atg2-
Atgl8 complexes are also involved in autophagy.
Atg9-expressing vesicles can circulate in the bilayer
membrane and cytoplasm, relying on the Atgl7 or
Atgll complex to localize the vesicles to the pre-
autophagosomal structure (PAS) and on the Atg2-
Atgl8complextoleavethe PAS;phosphatidylinositol
3-kinase (PI3K) complexes, including Vacuolar
protein sorting-associated protein (Vps)34, Vpsl5,
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Atg6/Beclin-1, Atgl4, and Atg38, bind to the
membrane and catalyze the conversion of phos-
phatidylinositol (PI) to phosphatidylinositol-
3-phosphate (PI3P), thereby recruiting proteins
that bind to PI3P; two ubiquitin systems, one
including Atg8/Autophagy marker Light Chain 3
(LC3), Atg4, Atg3, Atg7, and the other including
Atgl2, Atg7, Atg5, Atgl0O, and Atgl6 have been
described. Beclin-1 (Atg6) was first found to be an
important regulatory factor in the process of
autophagy, and the level of LC3 (Atg8) is directly
proportional to the number of autophagy bubbles.
These two proteins are the most commonly used
autophagy markers.

In recent years, researchers have identified a new
type of gene-dependent autophagy that is regu-
lated by Na+, K+ ATPase, and nonapoptotic
cell death, termed ‘autosis’, which can be induced
by autophagy-inducing peptides (Tat-Beclinl),
characterized by the disappearance of the endo-
plasmic reticulum and focal swelling of the
nuclear space. Tat-Beclinl increase levels of
autophagy through a mechanism that is thought
to involve disruption of Beclinl/ GAPR-1 binding
in the Golgi complex.!?

Autophagy and pulmonary disease

Autophagy and COPD

Chronic obstructive pulmonary disease (COPD)
is a common, preventable, and treatable dis-
ease. COPD is caused by significant exposure to
toxic particles or gases that cause airway or alve-
olar abnormalities, and typically presents with
persistent respiratory symptoms and airflow
limitations.!3:14 Cigarette smoke extract (CSE)
exposure is the most common risk factor for
COPD.1516 The mechanisms underlying the
pathogenesis of COPD remain incompletely
understood, but an increasing number of exper-
iments have shown that autophagy may be
involved in the pathogenesis of COPD.

In clinical studies, Chen and colleagues found ele-
vations in the expression of general autophagy
markers (LC3-II, microtubule-associated pro-
tein-1 light chain-3B, Atg4, Atg5/12, Atg7) in
COPD lung tissue, decreased histone deacetylase
(HDAC) activity as a result of CSE, resulting in
increased binding of early growth response-1 (Egr-
1) and E2F factors to the LC3B promoter on the
autophagy gene, and increased LLC3B expression.

Inhibition of autophagy by LC3B-knockdown pro-
tected epithelial cells from CSE-induced apopto-
sis.!” Through comparing the autophagy levels in
the peripheral blood mononuclear cells (PBMCs)
of patients with COPD and healthy patients, Wu
and colleagues found that the levels of autophagy
(LC3II/T and beclin-1 levels) in PBMCs in patients
with COPD were increased, negatively correlated
with the predicted FEV1, and positively correlated
with the circulating levels of pro inflammatory
cytokines (IL-6,IL.-8, and TNF-a).18 Furthermore,
Puig-Vilanova’s working group showed that levels
of autophagy markers, including ultrastructural
autophagosome counts, were increased in the
muscles of cachectic COPD patients.!® These
studies suggest that autophagy is an important
indicator for assessing the onset and the severity of
COPD; the same conclusion has been confirmed
in animal experiments. Zeng found that in the lung
tissue of mice, the level of autophagy in the COPD
model group was significantly higher than that in
the control group, and microRNA-21 aggravated
COPD by promoting autophagy and apoptosis in
bronchial epithelial cells.2? Chen’s group, how-
ever, employed a model of emphysematous air-
space enlargement in mice subjected to chronic
(6months) CSE exposure; increased autophago-
some numbers and increased expression of
autophagy proteins (ILC3B) were observed in the
lung tissue of mice that were chronically exposed
to CSE compared with healthy mice, and LC3B—/—
mice had significantly decreased levels of apoptosis
in the lungs after CSE exposure, and displayed
resistance to CSE-induced air space enlarge-
ment.2! Autophagy-deficient Becnl—/— mice were
resistant to mucociliary clearance disruption in the
airways after subchronic CSE exposure i vivo0.%2
In COPD, impaired airway clearance induced by
ciliophagy-mediated cilia shortening may affect the
removal of pathogens from airways, resulting in
repeated respiratory infections.?> In addition,
recent studies have demonstrated the critical role
of autophagy in regulating inflammasome activa-
tion and the release of pro-inflammatory cytokines,
such as IL.-1f, which contribute to the initiation of
hyperinflammatory responses in COPD.2427
Moreover, Xiao-Xi and colleagues identified that
CSE contributes to the pathogenesis of COPD
(induced neutrophil death and elastase release),
partly by inducing PAFR-dependent autophagic
death in neutrophils.?8 These findings suggest that
autophagy serves different functions throughout
the pathogenesis of COPD progression.
Pathologically, COPD is characterized primarily
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Figure 2. COPD and autophagy pathway. A typical macroautophagic process starts from initiation induced by
autophagic activators followed by nucleation, elongation/closure, fusion, and finally degradation/recycling.
CSE induces autophagy nucleation through upregulating the expression of microRNA-21. In addition,

CSE decreases the activity of histone deacetylase (HDAC]), resulting in the increase of LC3B expression by
enhancing the binding of Egr-1 and E2F factors, thus inducing autophagy. Beclin-1 not only participates in
autophagy nucleation, but is also an important gene in the process of autosis.

COPD, Chronic obstructive pulmonary disease; CSE, cigarette smoke extract; HDAC, histone deacetylase.

by airway inflammation, alveolar destruction, and
cell apoptosis, and the ultimate process of autosis
is apoptosis. It remains to be determined, there-
fore, if the pathogenesis of COPD is a result of the
autosis pathway. How autophagy participates in
the pathogenesis of COPD remains unclear.
Further studies will be necessary to improve the
understanding of the role of autophagy in the
pathogenesis of COPD (Figure 2).

Autophagy and lung cancer

Studies have shown that autophagy is closely
related to tumor cell movement, tumor cell inva-
sion, tumor stem cell differentiation, and immune
escape. On the one hand, autophagy can promote
the survival of lung cancer cells, which is condu-
cive to the occurrence and development of
tumors. On the other hand, autophagy can also
cause apoptosis or death in lung cancer cells
through related channels, and inhibit tumor
development.

Autophagy is involved in the occurrence and devel-
opment of lung cancer. Xue and colleagues inves-
tigated the potential function and molecular
mechanism of Inhibitor of Apoptosis Stimulating
Protein of P53 (IASPP) in autophagy in human
nonsmall cell lung cancer (NSCLC), and their

data showed that iASPP could promote tumor
growth by increasing autophagic flux.2® Autoph-
agy provides the metabolic substrates for Ras-
driven lung cancer cells to meet their energy
needs and maintain their nucleic acids, thereby
promoting their survival.30 A recent study dem-
onstrated an oncosupportive role of BECNI1 in
the migration of NSCLC cells through regulation
of the ubiquitination of vimentin. BECN1 over-
expression increased cell migration, and knocking
down BECNI significantly reduced the migra-
tory ability of NSCLC cells.3! Paradoxically, as a
crucial component of cellular defence mecha-
nisms, autophagy has a putative anticarcinogenic
effect through the preservation of the mitochon-
dria, the clearance of subcellular debris, the recy-
cling of metabolic precursors, and the dampening
of inflammation.3? A study of 66 patients with
stage I/II NSCLC found that patients with high
expression of autophagy protein LC3 had better
prognoses than patients with low expression of
L.C3.33 Beclin-1 expression is inversely correlated
with tumor size, and primary tumor stage in
human lung adenocarcinoma, and is reduced in
NSCLC tissue relative to that in normal tis-
sue.3%35 Autophagy is induced by epidermal
growth factor receptor-tyrosine kinase inhibitor
(EGFR-TKI), which can decrease the levels of
EGFR, and shows a strong inhibitory effect on
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NSCLC both # witro and in viv0.3¢ Through
AMPK-mTOR and JNK signalling pathways,
ginsenoside metabolite compound K (C-K) can
promote autophagy-mediated apoptosis of
NSCLC cells.?” Based on these results, the effect
of autophagy may differ at different stages of
tumor development.

Role of autophagy in lung cancer therapy. Chemo-
therapy often induces tumor cell autophagy, and
inhibiting autophagy can enhance the sensitivity
of lung cancer cells to chemotherapy, which pro-
vides a reasonable basis for the combined applica-
tion of autophagy inhibitors and chemotherapy,
provided that the chemotherapy-induced autoph-
agy has a protective effect on tumor cells.383°
Gemcitabine induces lung cancer cell autophagy,
thus changing the sensitivity of lung cancer cells to
chemotherapy; this gemcitabine-induced autoph-
agy protects human lung cancer cells from apop-
totic death.#® Autophagy promotes the resistance
of lung adenocarcinoma cells to cisplatin through
activated adenosine monophosphate-activated
protein kinase/mammalian target of rapamycin
(AMPK/mTOR) signalling pathways. Cisplatin in
combination with autophagy inhibitors leads to
increased apoptosis in lung cancer cells. Blocking
autophagy can increase the sensitivity of lung can-
cer to europium, prevent tumor-related immune
tolerance, increase immune cell infiltration in the
tumor microenvironment, and inhibit lung cancer
progression and metastasis.4! Autophagy exerts a
protective role in camptothecin (CPT)-treated
lung cancer cells, and the inhibition of autophagy
enhances the levels of CPT-induced DNA damage
in lung cancer cell lines.#? Combined with current
offerings, most research shows that inhibiting
autophagy enhances the sensitivity of lung cancer
to chemotherapy drugs. Therefore, inhibiting
autophagy may become a new strategy for the
treatment of lung cancer (Figure 3).

Autophagy in infectious lung disease

Autophagy is involved in host-pathogen interac-
tions and plays a decisive role in the process of
infection. Invading pathogens are transferred to
lysosomes by autophagy, forming autophagic lys-
osomes, and destroying the pathogens. Autophagy
makes an important contribution to host defences
against various microbes, including bacteria,
fungi, and viruses. At present, the antibacterial
and antipathogenic functions of autophagy have
been widely demonstrated.?*

ai

Inhibitor of Autophagy

Autophagy

BECN1
Overexpression

the sensitivity of lung cancer
to chemotherapy drugs I

Figure 3. Lung cancer and autophagy pathway. The blue arrows show the
relationships between autophagy and occurrence/development of lung
cancer. C-K activates mTOR through AMPK signal pathway, inactivation of
ULKI induced by mTOR increases autophagy and participates in the growth
and migration of tumor cells. EGFR-TKI involves in the development of lung
cancer by inhibiting autophagy levels. The yellow arrows show that inhibiting
autophagy enhances the sensitivity of lung cancer to chemotherapy drugs.
AMPK, adenosine monophosphate-activated protein kinase; C-K, compound K;
EGFR-TKI, epidermal growth factor receptor-tyrosine kinase inhibitor; mTOR

mammalian target of rapamycin.

In bacterial studies, Wang and colleagues first dem-
onstrated that invading Acinetobacter bawmannii
induced a complete, ubiquitin-mediated autophagic
response that is dependent upon the septins SEPT2
and SEPT9 in mammalian cells, and that autophagy
induced by A. baumannii was Beclin-1 dependent
via the AMPK/ERK/mTOR pathway.#*> Group A
streptococcus (GAS) can continue to replicate and
proliferate in macrophages by promoting autophagy
escape through streptococcus haemolysin O.%*
Neumann and colleagues demonstrated the induc-
tion of selective autophagy during Staphylococcus
aureus infection as well as the escape of S. aureus
from autophagosomes and the proliferation of S.
aureus in the cytoplasm using live cell imaging.
After invasion, S. aureus becomes ubiquitinated
and recognized by receptor proteins, such as
Sequestosomel/p62 (SQSTMI1/p62), leading to
phagophore recruitment. However, S. aureus
evades phagophores and prevents further degrada-
tion through a mitogen-activated protein kinase 14/
p38a mitogen-activated protein kinase (MAPK14/
p38a MAP kinase)-mediated blockade of
autophagy.#> In addition, autophagy activation aids
in the control of inflammation, contributing to a
more efficient innate immune response against
Mycobacterium  tuberculosis. The activation of
autophagy by isoniazid, an anti-tb drug, can inhibit
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Figure 4. Infectious lung disease and autophagy pathway. Invading pathogens are transferred to lysosomes
by autophagy, forming autophagic lysosomes and destroying the pathogens. Autophagy makes an important
contribution to host defence against various microbes, including bacteria, fungi, and viruses.

the pro-inflammatory response induced by M.
tuberculosis in macrophages.#6 A recent study
reported that autophagy activation participated in
the pathophysiologic process of sepsis, and allevi-
ated the cytokine [cytokine tumour necrosis factor
(TNF), interleukin (IL)-6, IL-10, monocyte chem-
otactic protein (MCP)1, and high-mobility group
box (HMGB)1] excessive release and lung injury in
sepsis.4” At the same time, relevant studies have
found that autophagy plays a protective role in fun-
gal infection. Noncanonical fungal autophagy
inhibits inflammation in response to Interferon-y
(IFN-y) wia Death-associated protein kinase
1(DAPK1).48 The absence of the autophagy-
related Atg7 gene allows host defence mechanisms
to easily kill Cryprococcus neoformans, and makes C.
neoformans implantation in the host difficult.4®
Moreover, studies have shown that autophagy plays
an important role in the antiviral process. Infections
with influenza viruses can promote the induction of
autophagy and autophagosome formation, which is
required for viral replication. During influenza A
virus (IAV) infection, autophagy can activate extra-
cellular vesicle-mediated protein secretion and con-
tribute to the enhancement of virus infectivity by
downregulating superoxide dismutase 1 expression
in alveolar epithelial cells.5%-53 Therefore, autophagy
is considered a key player in infection progression
(Figure 4).

Autophagy and idiopathic pulmonary fibrosis
Idiopathic pulmonary fibrosis (IPF) is a chronic,
progressive, and fatal form of fibrosing interstitial

pneumonia of unknown cause. The typical clinical
course includes dyspnoea, decreased exercise
capacity, dry cough, and death 2.5-5years after
diagnosis.>* Fibroblast-to-myofibroblast differen-
tiation is a crucial process in the development of
IPF.55 Studies have shown that autophagy is
involved in the pathogenesis of IPF, and that it
also plays a role in promoting fibrosis. Autophagy
promotes the profibrotic effects of Transforming
Growth Factor B1( TGF-B1) in human lung
fibroblasts.>¢ Aktl-mediated mitophagy contrib-
utes to alveolar macrophage apoptosis resistance
and is required for pulmonary fibrosis develop-
ment.’” In addition, the balance between cell
autophagy and apoptosis is an important regula-
tor of IPF. There is an interaction between apop-
tosis and autophagy; in the process of pulmonary
fibrosis, the insufficient apoptosis of fibroblasts
becomes an important pathogenic process. Lung
tissue from IPF patients and human lung fibro-
blasts treated with TGF- demonstrate increased
cellular senescence and decreased autophagic
activity characterized by decreased autophagy
marker LC3B protein expression.>8:3° However,
there are more studies suggesting that the
induction or enhancement of autophagy may
have antipulmonary fibrosis effects. First, fibrosis
is characterized by excessive extracellular matrix
(ECM) protein deposition in the basement
membrane and interstitial tissue of the injured
epithelium, and the expansion of activated
mesenchymal cells. Del Principe found that
an autophagy deficiency can promote the
deposition of ECM in lung fibroblasts, and
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Figure 5. Antifibrotic effects of Nintedanib through the autophagy pathway. Nintedanib plays an antifibrotic
role by inhibiting TGF- signaling and downstream ECM secretion. Beclin-1-dependent and ATG7-independent
autophagy is also involved in the process of Nintedanib antifibrotic action in the lung.

ECM, extracellular matrix; TGF-B, transforming growth factor 1.

accelerate the process of fibrosis.®%61 The latest
report found that eEF2K might inhibit TGF-1-
induced normal lung fibroblast (NHLF) prolif-
eration and differentiation and activate NHLF
cell apoptosis and autophagy through p38 MAPK
signalling, which might ameliorate lung fibro-
blast-to-myofibroblast differentiation.%? Reduced
autophagy induces EMT of alveolar epithelial
cells, and can contribute to fibrosis via aberrant
epithelial-fibroblast  crosstalk.>  Pirfenidone
and nintedanib are the only two United States
(US) Food and Drug Administration (FDA)-
approved drugs to treat pulmonary fibrosis.
Nintedanib plays an antifibrotic role by down-
regulating ECM secretion and inhibiting TGF-3
signaling, and induces Dbeclin-1-dependent,
ATG7-independent autophagy.6%% Moreover,
Atgdb is an important factor regulating
autophagy. When Atg4b is knocked out, damage
to bronchial and alveolar epithelial cells is aggra-
vated and apoptosis is increased.’® Using fibro-
blasts from IPF patients compared with those
from healthy controls, Ricci and colleagues dem-
onstrated that beclin-1 expression decreased,
bcl-2 expression increased, autophagy was insuf-
ficient, and apoptosis was inhibited.®” These
studies suggest that inhibition of mTOR, inhibi-
tion of TGF-P signalling, and enhancement of
autophagy may be therapeutic strategies for IPF
treatment (Figure 5).

Autophagy and pulmonary arterial hypertension
Pulmonary arterial hypertension (PAH) is a seri-
ous disease affecting the pulmonary vasculature
that is characterized by the sustained elevation of
pulmonary arterial pressure (>25mmHg at
rest).%® PAH is classified as a pulmonary-selective
vascular remodelling disease in which vascular
smooth muscle cells display a proliferative and
antiapoptotic phenotype. Pulmonary artery
smooth muscle cell and pulmonary vascular
endothelial cell autophagy are involved in pulmo-
nary vascular remodelling and play an important
role in the pathogenesis of PAH.%®

Autophagy has been reported to have an antipro-
liferation effect on pulmonary vascular cells.?0-71
Oestradiol can directly inhibit the proliferation of
vascular endothelial cells, improve hemodynam-
ics, and inhibit the occurrence of pulmonary
hypertension by enhancing autophagy, especially
mitochondrial autophagy.”? By enhancing
autophagy and apoptosis, carfilzomib can reverse
pulmonary vascular remodelling and PAH.”

However, other studies have shown that
autophagy can promote the development of pul-
monary hypertension. In the lung tissues of PAH
patients, mTOR expression is significantly down-
regulated. In mTOR overexpression, autophagy
inhibition has been shown to be triggered by
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Figure 6. Pulmonary arterial hypertension and autophagy pathway. GLP-1 regulates the level of autophagy
via atg-5/atg-7/beclin-1-dependent pathways, and further participates in pulmonary vascular remodeling.
Hypoxia affects the nucleation and elongation of autophagy by changing the expression levels of NF-kB and

LC3, involved in the formation of PAH.

GLP-1, glucagon-like peptide-1; NF-kB, nuclear factor-kappaB; PAH, pulmonary arterial hypertension.

hypoxia resulting from blocked LLC3B expres-
sion. Hypoxia also enhanced the proliferation of
human pulmonary artery smooth muscle cells
(HPASMUC:s), which was markedly abrogated by
mTOR overexpression.’* Autophagy deficiency
generated by the knockdown of the expression of
the autophagy protein beclin-1 resulted in
improved angiogenic functions in pulmonary
artery endothelial cells from foetal lambs with
persistent pulmonary hypertension.”> In HIV-
associated PAH, autophagy accelerates the trans-
formation of pulmonary vascular endothelial
cells from an apoptotic to a hyperproliferative
phenotype.”® Fatty acid synthase (FAS) expres-
sion and activity increases in hypoxic human pul-
monary artery smooth muscle cells (HPASMCs).
The works of Singh demonstrated that inhibiting
FAS can increase HPASMC apoptosis and
reduce autophagy in HPASMCs, thereby reduc-
ing pulmonary vascular remodelling and pulmo-
nary endothelial dysfunction.”” The glucagon-like
peptide-1 (GLP-1) receptor agonist can mitigate
the proliferation of PASMCs by inhibiting
the Atg-5/Atg-7/Beclin-1/LC3B-dependent path-
ways of autophagy in PAH.7® Finally, nuclear
factor-kappaB (NF-kB)-induced autophagy con-
tributes to the development of PAH in MCT-
treated rats (Figure 6).7°

Autophagy and acute lung injury
Acute lung injury (ALI) is a common clinical dis-
order that causes substantial health problems

worldwide. The pathophysiology of ALI is char-
acterized by complex mechanisms that involve
cell inflammation, cytokines, and abnormal apop-
tosis with pulmonary cells, including pulmonary
alveolar type II epithelial cells, pulmonary vascu-
lar endothelial cells, and alveolar macrophages.80-81
An excessive inflammatory response is the central
feature of ALI, but the mechanism is still unclear,
especially in regard to the role of autophagy.

Autophagy plays a protective role in acute lung
injury. Autophagy plays a protective role in lipo-
polysaccharide (LPS)-induced ALI in mice by
regulating the expression level of the chemokine
CXCL16.The activation of MTOR in the epithe-
lium promotes LPS-induced ALI, likely through
the downregulation of autophagy, and the inhibi-
tion of autophagy by 3-MA exacerbates the cyto-
toxicity induced by LPS in A549 alveolar epithelial
cells.82-8¢ The lungs of diabetic patients are more
vulnerable to myocardial ischaemia reperfusion
(IR), which involves impaired autophagy. Dia-
betic rats treated with autophagy inhibitor
3-methyladenine (3-MA) showed more serious
AL with higher lung injury scores when myocar-
dial IR occurs, in addition to impaired autophagy
as indicated by reduced beclin-1 expression.®>
Chlorine gas (Cl,) induces the ALI reaction pro-
cess, and the upregulation of autophagy protects
against Cly-induced lung inflammation.8¢ High-
mobility group box-1 (HMGB]1) also induces an
inflammatory response to aggravate ALI through
the PI3K/AKT/mTOR pathway.8’

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar

S-x Liao, P-p Sun et al.

3-MA, Chlorine gas, MiR-34a, Visfatin,
Virus , Bacteria , and etc.

L4

-
’\:»

= e

=

..
Phagophore

ROS

equestratlon

Che okines

Autophagosome

Acute lung injury

Cytokines

Cytokines
Cytokines Permebility
Granule relase K

Chemo ines

Permeblllty

hond

ial d
CeII death

0@@6%@@

Macrophages

Neutrophlls Ep|the||a| cells Endothehal cells

f’
-
-
-
P
-~
gz

Figure 7. Acute lung injury and autophagy pathway. Several pharmacological and nutritional interventions

as autophagy initiators/inhibitors affect the nucleation and elongation stages of autophagy. These autophagy
promoters/inhibitors such as 3-MA, Cl,, MiR-34a, visfatin, virus, bacteria, and HMGB1 regulate the autophagy
level by affecting the expression of beclin-1 and LC3 as well as LKB1/PI3K pathways, and lead to the release of
chemokines, ROS, and other cytokines that contribute to ALI. The final effects of these interactions may vary,
depending on the outcome of interactions between cell types.

ALI, acute lung injury; HMGB1, high-mobility group box-1; LC3, light chain 3; LKB1/PI3K, liver kinase B1/
phosphatidylinositol 3-kinase; 3-MA, 3-methyladenine; ROS, reactive oxygen species.

Autophagy can aggravate acute lung injury. Stud-
ies have shown that autophagy can aggravate ALI.
First, autophagy activation in the lungs during
mechanical ventilation is dramatically attenuated
in alveolar macrophage-depleted mice. Selective
silencing of autophagy-related protein 5 in lung
macrophages abolishes mechanical ventilation-
induced nucleotide-binding oligomerization
domain-like receptor containing pyrin domain 3
(NLRP3) inflammasome activation and lung
inflammatory injury. Pharmacological inhibition
of autophagy also significantly attenuates the
inflammatory responses caused by lung hyperin-
flation.®8® MiR-34a might suppress excessive
autophagic activity (LC3 II/T and p62) in alveolar
type II epithelial (AT-II) cells by targeting FoxO3
to reduce the damage of LPS-induced ALI.%°
Moreover, autophagy in endothelial cells (ECs)
could contribute to lung vascular injury. By regu-
lating the expression of autophagy, visfatin acti-
vates the PI3K/AKT signalling pathway and
reduces the autophagy level of ALI alveolar epi-
thelial cells, resulting in a protective effect on lung
tissue.”0

In addition, studies have reported that the levels of
autophagy detected at different stages of ALI dif-
fer. In the early stages (1h and 2h) of ALI,
autophagy in the LPS group reached a peak at 2h.

As the ALI process progressed, apoptosis gradu-
ally increased in the lung tissue and reached its
maximal level at later stages (6 h), while autophagy
was time-dependently decreased.®! Therefore, the
role of autophagy in ALI may be related to the
pathophysiological process of ALI, and whether
autophagy is over-activated; further research is
needed to determine the relationships between
autophagy and the molecular mechanisms of ALI
(Figure 7).

Conclusion

In conclusion, autophagy is a cellular behavior
that has been highly conserved throughout the
course of evolution, and different types of cells
have unique autophagy regulation mechanisms.
Although preocular studies on autophagy are
increasingly advanced in humans, they are still
limited to the cellular level. The pathogenesis of
autophagy in pulmonary disease remains unclear.
Methods to exploit the positive effect, and avoid
or reduce the ill effects, of autophagy still need
further study. The transition from the laboratory
to clinical practice remains far in the future.
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