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Abstract
Mammalian lungs are metabolically active organs that frequently encounter environmental insults. Stress responses elicit 
protective autophagy in epithelial barrier cells and the supportive niche. Autophagy promotes the recycling of damaged 
intracellular organelles, denatured proteins, and other biological macromolecules for reuse as components required for lung 
cell survival. Autophagy, usually induced by metabolic defects, regulates cellular metabolism. Autophagy is a major adap-
tive response that protects cells and organisms from injury. Endogenous region-specific stem/progenitor cell populations 
are found in lung tissue, which are responsible for epithelial repair after lung damage. Additionally, glucose and fatty acid 
metabolism is altered in lung stem/progenitor cells in response to injury-related lung fibrosis. Autophagy deregulation has 
been observed to be involved in the development and progression of other respiratory diseases. This review explores the role 
and mechanisms of autophagy in regulating lung metabolism and epithelial repair.
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Introduction

The lungs mediate gas exchange between the body and 
external environment through respiration, which is essential 
for maintaining life activities. The lungs are metabolically 
active, and energy consumption is essential for performing 
routine cellular activities (such as gene transcription, protein 
translation, and DNA repair) and maintaining the unique 
activities of the organ, including cilia movement, constric-
tion of the airways and blood vessels, and surfactant produc-
tion [1]. Glucose, fatty acid, and amino acid metabolisms are 
the main cellular-metabolic pathways that occur in lung tis-
sue. Autophagy is initiated as a metabolic recycling process 
in response to nutrition deficiency [2]. Autophagy provides 

an internal source of glucose, fatty acids, amino acids, and 
nucleosides that are released for cell metabolic reutilization 
[3]. Although the basal level of autophagy is low in most 
tissues, a stressed state greatly stimulates autophagy [4–6]. 
Data from previous studies showed that metabolic homeo-
stasis plays important roles in regulating cell proliferation 
and differentiation [7]. Conversely, autophagy controls the 
cellular energy balance. Increasing evidence suggests that 
autophagic regulation of energy metabolism is important 
for lung homeostasis and diseases such as lung cancer, 
chronic obstructive pulmonary disease (COPD), asthma 
and pulmonary fibrosis [8, 9]. To maintain normal respira-
tory function, mammalian lungs have evolved sophisticated 
injury repair mechanisms. Multiple region-specific epithe-
lial stem/progenitor cells exist in the lung, such as airway 
stem/progenitor cells [10–14] and alveolar stem/progenitor 
cells [15–20], which can regenerate and repair the lung epi-
thelium in response to various injuries. In this review, we 
summarize the role and mechanisms of autophagy in regulat-
ing lung metabolism and epithelial repair after lung injury. 
Autophagy mainly includes three types: macro-autophagy, 
micro-autophagy, and chaperone-mediated autophagy [21, 
22]. We focused on macro-autophagy (hereafter collectively 
referred to as “autophagy”), which is most commonly stud-
ied in the lung.
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Autophagy

Autophagy is a "self-eating" phenomenon that promotes 
cell homeostasis and organelle renewal through lysoso-
mal mechanisms. The autophagy process involves a series 
of molecular events, including initiation, elongation, and 
maturation. Following autophagy-induction signaling, a 
flat "liposome"-like membrane envelops part of the cyto-
plasm, cell organelles, and proteins that are targeted for 
degradation and forms autophagosomes. Next, autophago-
somes and lysosomes fuse to form the autophagy–lyso-
some compartment, after which the contents are degraded 
and the products are transported to the cytoplasm for reuse 
or discharged outside the cell [22, 23]. Since the early 
1990s, Yoshinori Ohsumi’s team and other groups have 
identified most of the relevant genes involved in autophagy 
[24], which are known as autophagy-related genes (ATGs) 
[25, 26]. Among them, two types of proteins are often used 
as autophagy indicators. Beclin-1 (ATG6) is an important 
regulatory factor of autophagy, and a change in the ratio of 
LC3-II/I is an important indicator of the autophagy level 
[27]. Mammalian target of rapamycin inhibition or AMP-
activated protein kinase activation provokes autophagy by 
stimulating biogenesis of the phagophore membrane [28]. 
ATG5–ATG12 complexes and LC3-II participate in the 
autophagosome-formation process [29].

Autophagy is a very "conserved" process that has under-
gone little evolution. Autophagy is generally considered as 
a defense and stress-regulation mechanism. Under normal 
physiological conditions, autophagy occurs at a basal level 
to maintain cell homeostasis [30]. Autophagy prevents dys-
functional cells from aging and apoptosis, and maintains 
normal cell physiological functions by removing waste 
materials from cells [31]. Through autophagy, cells recycle 
damaged organelles, denatured proteins, and other biological 
macromolecules. Therefore, autophagy provides the neces-
sary raw materials for cell reconstruction and regeneration 
[32]. Autophagic flux is typically activated during differ-
ent types of cellular stress, such as nutrient deficiency, and 
is visualized by the accumulation of autophagosomes [33]. 
Autophagy is involved in regulating multiple biological 
functions, such as inflammation, DNA-damage repair, redox 
balance, and apoptosis in the lung. Autophagy plays a vital 
role in maintaining a dynamic balance in the intracellular 
environment and acts as a homeostatic response to extracel-
lular metabolic stress.

Cellular metabolism in the lung

Cellular metabolism is a general term for a series of 
ordered chemical reactions that sustain life and includes 

catabolism and anabolism. Catabolism is the process by 
which the body breaks down macromolecular substances 
to obtain energy, and anabolism uses energy to synthe-
size proteins, nucleic acids, and other macromolecular 
substances required for various cellular activities [34]. 
Although cellular metabolism is often discussed in the 
context of a single pathway, the survival of an organism is 
ultimately dependent on the integration of all metabolic 
pathways [1]. Energy consumption in the lungs is essen-
tial, both for regulating general cellular functions and for 
maintaining the unique activities of the organ. Research 
related to cellular metabolism in respiratory medicine 
has increased rapidly in recent years. These studies not 
only provided insight into the complexity of the lungs, 
but also revealed how changes in cellular metabolism 
lead to complex pathological events, such as abnormal 
cilia beating [35], anti-apoptotic behaviors of pulmonary 
endothelial cells [36], phenotypic polarization of alveolar 
macrophages, and cellular senescence of alveolar epithe-
lium tissue [37, 38].

Glucose catabolism, pentose‑phosphate pathway, 
and the TCA cycle

Glucose is the main source of energy in most tissues, includ-
ing the lung. Glycolysis is the energy-production process by 
which glucose is broken down to produce lactic acid during 
hypoxia. Glycolysis results in the conversion of one mol-
ecule of glucose to two molecules of lactic acid, along with 
the production of two molecules of ATP. It has been pro-
posed that lactate production serves as a main energy source 
for cells lacking nutrients in pulmonary circulation [39]. 
Three irreversible reactions occur in the glycolytic pathway, 
namely the reactions catalyzed by hexokinase (glucokinase), 
6-phosphofructokinase 1, and pyruvate kinase [40, 41]. The 
pentose-phosphate pathway (PPP) is responsible for oxida-
tive decomposition of glucose and the parallel production 
of important molecules, such as NADPH and 5-phosphate 
ribose [42]. PPP is generally activated when lung epithelial 
cells are exposed to oxidant molecules. Indeed, it has been 
estimated that over 10% of metabolized glucose is deliv-
ered to the PPP for further breakdown in rat lungs [43, 44]. 
NADPH acts as a key biological reducing agent for various 
cellular reactions, such as glutathione regeneration, and cho-
lesterol and fatty acid production [43]. Ribose 5-phosphate is 
the constituent sugar used to synthesize all ribonucleotides. 
This makes PPP an essential metabolic pathway for cellular 
proliferation (Fig. 1). Aerobic oxidation of glucose gener-
ates pyruvate, which mobilizes to mitochondria for further 
oxidization to acetyl-coenzyme A, which is completely oxi-
dized to water, carbon dioxide, and ATP through the tricar-
boxylic acid (TCA) cycle [45] (Fig. 1). The lung is a deli-
cate organ with a large surface area exposed to the external 
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environment, making it highly vulnerable to oxidative stress 
damage. Inhibiting ATP production through the TCA cycle, 
but not glycolysis, was shown to enhance reactive oxygen 
species (ROS) production in lung epithelial cells [46]. ROS 
can oxidize DNA, proteins, and lipids, resulting in epithelial 
cell injury in the lung [47].

Lipid metabolism

β-Oxidation is a predominant catabolic process occurring in 
the mitochondrial matrix, which yields acetyl-coenzyme A 
and NADH/FADH2 for ATP production [48]. Previous data 
showed that β-oxidation of fatty acids was upregulated by 
nearly 40% in the rat lungs during starvation [49]. Although 
β-oxidation is an excellent source of ATP, it also causes sig-
nificant oxidative stress to cells. Fatty acid synthesis pro-
duces palmitate, phospholipids, triglycerides, and other 

fatty acid molecules with important roles in energy storage, 
membrane formation, and signal transduction [50] (Fig. 1). 
Lipid production is an energy-consuming process, and 
thus the fatty acid-synthesis pathway is closely related to 
the energy state of the cell. Alveolar type-II epithelial cells 
(AT2 cells) are mostly responsible for producing pulmonary 
surfactants; therefore, they must continue lipid production 
to reduce alveolar surface tension, even during starvation. 
AT2 cells have evolved to consume less energy when replen-
ishing their surfactant lipid pools [51]. In addition, lipids 
are important components of cellular signal-transduction, 
helping to regulate lung inflammation. As a short-range 
messenger, eicosanoids are effective biological signal mol-
ecules. Arachidonic acid, a 20-carbon fatty acid, is the pre-
cursor of many signaling lipid molecules [34]. Prostanoids 
are metabolites of arachidonic acid [52] and their levels are 
upregulated in respiratory secretions of patients with COPD, 

Nutrient deficiency / Cellular stress

OrganellesCytoplasmic components Proteins

Autophagolysosome

Glycolysis

Pyruvate
PPP

Lactate

Nucleotide 
synthesis

TCA cycle

β-
oxidation

Fatty acids

Glucose

Nucleosides

Amino acids

Mitochondrion

ATP

ATP

Lipids metabolism

α-KG

GlutamateGlutamine

Surfactant lipids

Membrane lipids

Glutamine metabolism

ATP
ROS

Signaling molecules

GSH

Proliferation

Differentiation

Glut

Nucleus

Amino acids

Proteins

Fig. 1  Autophagy and metabolism in lung tissue. Autophagy is 
activated in response to nutrient deficiency or cellular stress. After 
autophagy degradation, glucose, amino acids, fatty acids, and nucle-

osides are recycled through metabolic reprogramming. ATP Aden-
osine-triphosphate, α-KG α-ketoglutarate, PPP pentose-phosphate 
pathway, ROS reactive oxygen species, TCA  tricarboxylic acid cycle



5054 X. Li et al.

1 3

fasting [71]. Recent evidence suggested that lipid droplets 
act as direct lipid sources for autophagy and that lack of lipid 
droplets may inhibit autophagy [72]. Non-small cell lung 
cancer cells lacking Atg7 were more sensitive to starvation, 
which was reversed by exogenous Gln [73]. Gln metabo-
lism restores autophagy-dependent mammalian target of 
rapamycin C1 activation in case of amino acid starvation in 
mouse embryonic fibroblasts [74]. Undoubtedly, autophagy 
regulates lung tissue metabolism, and metabolism has a 
profound impact on autophagy. Autophagy is a metabolic 
process that controls either the airway or alveolar cell energy 
balance. Increasing evidence indicates that autophagy plays 
vital roles in regulating energy metabolism during respira-
tory diseases. It is important to further understand the meta-
bolic changes caused by autophagy and to study the reuse 
of the metabolic substrates produced by autophagy in the 
lung tissue.

Lung epithelial stem/progenitor cells and tissue 
regeneration

Efficient lung repair relies on healthy epithelial stem/pro-
genitor cells, which exhibit region-specific distributions and 
responses to various lung injuries. The large airways (tra-
chea and bronchi) are covered with a layer of pseudostrati-
fied columnar epithelium, which contains basal, goblet, cili-
ated, and Club cells. These cells are scattered by submucosal 
glands. Secretory, goblet, and Club cells secrete various 
mucins, which are the main components of mucus cover-
ing the airway epithelium [75]. The cell populations in the 
small airway (bronchioles and terminal bronchioles) include 
Club cells, ciliated cells, neuroendocrine cells, and a small 
number of basal cells [76]. To maintain normal function, the 
lung airway epithelium employs multiple repair mechanisms 
in the steady state or under conditions of severe damage. 
There are multiple subtypes of basal cells, and keratin  5+ 
 (Krt5+) basal cells can differentiate into Club cells and cili-
ated cells.  Krt5+ basal cells express the transcription factor 
p63, which functions to help maintain a stable number of 
basal cells [77]. After tracheal epithelial injury, stromal cells 
secrete interleukin (IL)-6 to promote the differentiation of 
 p63+Krt5+ basal cells into ciliated cells [78]. Previous data 
suggested that in response to H1N1 influenza A virus infec-
tion, rare distal airway stem cells expressing p63 and Krt5 
underwent proliferative expansion and differentiated into 
nascent alveolar epithelial cells [76]. Pulmonary neuroen-
docrine cells expressing calcitonin gene-related peptide [79] 
can proliferate and differentiate into Club cells and ciliated 
cells [80]. Club cells show a self-renewal ability and can dif-
ferentiate into ciliated cells and goblet cells [81, 82]. They 
also participate in xenobiotic metabolism by expressing 
cytochrome p450 and regulate lung inflammation by secret-
ing Club cell secretory protein (CCSP). When naphthalene 

causing increased inflammation in the lung [53, 54]. Leu-
kotriene B4 is a potent lipid mediator of inflammation and 
is related to various inflammatory diseases including asthma 
and COPD [55, 56].

Glutamine metabolism

In addition to glucose and lipids, glutamine (Gln) metabo-
lism (which produces α-ketoglutarate in the TCA cycle) 
and amino acid and nucleotide synthesis are essential for 
maintaining cellular homeostasis. Gln is deaminated by 
glutaminase to form glutamate, an important intermediate 
metabolite for amino synthesis [57]. Glutamate is a precur-
sor of the main cellular antioxidant, glutathione. In addition, 
Gln metabolism is a source of non-essential amino acids that 
are required for macromolecular synthesis (Fig. 1). Previous 
results suggested that Gln is necessary for myofibroblast dif-
ferentiation and collagen production [58–60]. Maintenance 
of bodily Gln homeostasis requires a balance between Gln 
release and uptake in the body. Recent data suggested that 
lungs play important roles in Gln flow under both normal 
and catabolic states [61]. The lungs express Gln synthetase 
l, which catalyzes de novo Gln synthesis [62]. During physi-
ological stress, the lungs increase production of the amino 
acid glutamine to maintain Gln homeostasis [63]. Respira-
tory diseases are often accompanied by enhanced inflam-
matory responses and catabolic activity. Under these con-
ditions, changes occur in terms of Gln concentration and 
depletion. Exogenous Gln administration may be beneficial 
for inhibiting respiratory diseases, particularly in individuals 
with asthma or lung cancer [64]. Further studies are neces-
sary to clarify the regulation of lung Gln levels at the whole-
organ and cellular levels.

Regulation of lung metabolism by autophagy

Autophagy is activated in response to the deprivation of 
nutrients, such as amino acids or glucose [65, 66]. During 
starvation, hexokinase II, the first mediator of glycolysis, 
promotes autophagy and glucose metabolism to maintain 
survival [66]. After autophagy-based degradation, glucose, 
fatty acids, amino acids, and nucleosides are reused in lung 
metabolic processes (Fig. 1). Autophagy facilitates glu-
cose uptake and lactate production by promoting plasma 
membrane translocation of glucose transporter 1 (Glut1) 
in hypoxic cells [67]. In airway Club cells, autophagy may 
enhance glucose uptake through Glut1 trafficking, rather 
than by increasing Glut1 expression [68]. In AT2 cells, 
autophagy reprograms metabolic pathways by promoting 
glucose metabolism while inhibiting fatty acid metabolism 
[69]. Autophagy-deficient lung tumor cells are dependent on 
fatty acid oxidation for energy production [70]. Autophagy 
regulates β-oxidation and ketone body production during 
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injury causes Club cell loss, variant Club (vClub) cells 
expressing lower levels of Scgb1a1 can replenish the Club 
cell population [83, 84]. Using hereditary mice, our previ-
ous studies revealed subtypes of Club cells in the mouse 
airways, which could promote regional epithelial cell repair 
[14]. We found that the airway progenitor cells (vClub and 
Club) were essential for epithelial repair during ovalbumin-
induced acute inflammation.

The alveolar epithelial mucosa is connected to the ter-
minal bronchioles, serving as an important barrier, and the 
pulmonary alveolar epithelium plays important roles in the 
lungs by promoting gas exchange-dependent host defenses 
[85]. The alveolar epithelium is comprised of alveolar type 
1 (AT1) and alveolar type 2 (AT2) cells [86]. AT1 cells are 
flat and abundant, accounting for approximately 95% of the 
alveolar surface area, and form a very thin gas-exchange 
surface as an air–blood barrier. AT2 cells synthesize and 
secrete various surfactants that can not only reduce alveolar 
surface tension, but also have antioxidant and antibacterial 
effects [87, 88]. AT1 and AT2 cells are tightly connected 
to each other to maintain the integrity of the alveolar epi-
thelia [89, 90]. Several types of stem/progenitor cells exist 
and are capable of repairing the adult alveolar epithelium in 
response to injuries [13, 91–93]. Previous data showed that 
AT2 cells proliferate and give rise to AT1 cells to restore the 
alveolar epithelium during bleomycin injury [15, 18, 19], 
and thus the cells are considered as alveolar stem/progenitor 
cells [15, 94]. In addition, a subset of alveolar cells express-
ing the laminin receptor α6β4 but no surfactant protein C 
can regenerate AT2 cells following bleomycin-induced 
lung injury [11]. Lineage-negative progenitor cells mobi-
lize to regenerate the alveolar epithelium after bleomycin- 
or influenza-induced injury in mice [12]. In addition, Kim 
et al. identified cells expressing both scgb1a1 and surfactant 
protein C in the terminal bronchioles of mice, which were 
designated as bronchioalveolar stem cells (BASCs) [10, 19]. 
BASCs are resistant to alveolar damage and proliferate after 
bleomycin treatment [10, 95]. Additionally, epithelial cells 
with CCSP-promoter activity, but not CCSP expression, are 
observed in the alveolar space and participate in alveolar 
development [96]. Adult AT1 cells that were lineage-labeled 
with the atypical homeodomain-containing protein Hopx 
proliferated and gave rise to AT2 cells during adult alveolar 
regrowth following partial pneumonectomy [16, 17]. The 
AT1 cell population contains  Hopx+  Igfbp2+ and  Hopx+ 
Igfbp2-subsets, which have different cell fates during alve-
olar epithelial regeneration.  Hopx+  Igfbp2+ AT1 cells are 
terminally differentiated and cannot transdifferentiate into 
AT2 cells after pneumonectomy [17]. Together, these data 
suggest that alveolar stem/progenitor cells respond to inju-
ries within the lung epithelium and contribute to subsequent 
regeneration of the lung.

Autophagy in stem cell metabolism 
and regeneration in lung diseases

Lung tissue is metabolically active, and energy consump-
tion is not only essential for regulating cell function but also 
essential for maintaining respiratory activity. Dysregulation 
of autophagy and metabolism are associated with many dis-
ease processes including metabolic diseases, cancer, and 
neurodegenerative diseases. In the context of respiratory 
diseases, current studies have found that autophagy and 
metabolism are involved in the pathology of lung cancer, 
chronic obstructive pulmonary disease (COPD), asthma, and 
idiopathic pulmonary fibrosis (IPF).

Lung cancer

Lung cancer is the primary cause of all cancer-related deaths 
worldwide [97]. Lung cancers are usually divided into non-
small cell lung cancer (NSCLC) and small cell lung cancer 
(SCLC). The major histological type is non-small cell lung 
cancer, constituting 80% of all lung cancers, and includes 
adenocarcinoma (ADC), squamous cell carcinoma (SCC), 
and large cell carcinoma [98]. Despite great advances in the 
treatment of NSCLC and increasing understanding of tumor 
progression over the last two decades, the poor prognosis 
of these tumors urgently warrants further research into the 
molecular mechanisms of lung tumors and the development 
of novel therapeutic strategies that are more efficacious [99]. 
Research has shown that lung cancers may originate from 
either endogenous stem cells, or from a group of tumori-
genic cells called cancer stem cells (CSC) [100]. Improper 
epithelial regeneration contributes to the development of 
lung cancer [101].

Lung tumor cells usually initiate autophagy in response 
to the rapidly increasing need for material and energy sub-
strates. Autophagy has a dual role in promoting apopto-
sis in NSCLC. On the one hand, autophagy can provide a 
source of metabolic substances for tumor cells to promote 
their growth. Inhibition of autophagy causes an imbalance 
in cellular homeostasis, accelerating its apoptosis. On the 
other hand, autophagy can stimulate activation of the apop-
totic pathway, promoting cell apoptosis [99]. Tumor cells 
characteristically exhibit significant metabolic alterations 
when compared to healthy cells. These altered metabolic 
levels maintain their high proliferation and survival rates, 
even in an environment of nutrient deficiency and insuffi-
cient oxygen [102]. Autophagy is known to promote glyco-
lysis during tumorigenesis [103], increasing glucose uptake 
by promoting the expression of Glut1 [67]. Cells produce 
large amounts of lactic acid by anaerobic glycolysis, even 
in the presence of sufficient oxygen, known as the Warburg 
effect [41, 104]. Glycolysis serves as an important source 
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of intermediates for the synthesis of substances, including 
lipids, proteins, and nucleic acids, which are essential for 
cell growth and proliferation [1]. Once pyruvate is formed, 
it is usually used to either produce acetyl-CoA and enter 
the mitochondrial metabolism through the tricarboxylic 
acid (TCA) cycle, or to produce lactic acid through lac-
tate dehydrogenase [1]. Lactic acid can then induce the 
production of hyaluronic acid, promoting tumor metasta-
sis [104] (Fig. 2). Additionally, lactic acid can induce the 
secretion of vascular endothelial growth factor (VEGF), 
promoting the formation of new blood vessels that pro-
vide oxygen and nutrients for cell growth and proliferation 
[104]. Autophagy is significantly elevated in tumor cells, 
and consequently there is reason to believe that autophagy 
may promote the proliferation of tumor cells by regulat-
ing glycolysis, and producing large amounts of lactic acid. 
The increase in pyruvate to lactic acid limits the availabil-
ity of acetyl-CoA required to flow into the TCA cycle. To 
compensate for this approach, tumor cells increase their 
uptake of the non-essential amino acid glutamine [102]. 

High levels of glutamine have been observed in lung can-
cer, especially in NSCLC, and these elevated glutamine 
levels support tumor progression [105]. As a source of car-
bon and nitrogen, glutamine participates in the synthesis of 
proteins, purine bases, and fatty acids, promoting the pro-
liferation of tumor cells [105]. Moreover, the metabolism 
of glutamine activates several signaling pathways, such 
as mTOR and MAPK, to promote tumor cell proliferation 
[102] (Fig. 2).

In addition to glycolysis and glutamine metabolism, the 
pentose-phosphate pathway (PPP) is also an important path-
way in tumor cell metabolism. The PPP, a branch of glycoly-
sis at the first step of glucose metabolism, is a main source of 
NADPH and ribonucleotides synthesis [106]. As an impor-
tant reductant, NADPH can reduce the level of reactive oxy-
gen species (ROS) and inhibit tumor cell apoptosis, while 
simultaneously participating in the synthesis of cholesterol 
and fatty acids for cell proliferation [1, 106] (Fig. 2). Nota-
bly, autophagy also degrades lipids into fatty acids, provid-
ing substrates for the TCA cycle [103].

Autophagy
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Fig. 2  Regulation of lung repair by autophagy in NSCLC. NSCLC 
originates from transformation of lung stem/progenitor cells. Lung 
tumor cells initiate autophagy to meet the energy requirement for 
rapid proliferation. Autophagy activates glycolysis to provides a 

source of metabolic substances and sufficient energy for tumor cells 
to grow. NSCLC non-small cell lung cancer, ROS reactive oxygen 
species, PPP pentose-phosphate pathway
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Levels of lipid metabolism are also significantly elevated 
in tumor cells. Tumor cells synthesize large amounts of fatty 
acids, which are essential for cell membrane biosynthesis 
and signal transduction. Fatty acid synthesis is derived 
from acetyl-CoA, which is supplied by citrate in the TCA 
cycle. Phospholipids are major components of cell mem-
branes, and play an important role as secondary messengers 
in inter- and intracellular signal transduction. For example, 
phosphatidylinositols (PI) often serve as secondary messen-
gers to activate the AKT pathway in the regulation of cell 
proliferation in NSCLC. Another important process involved 
in cancer progression is cholesterol synthesis [107]. Stud-
ies have shown that occurrence of lung cancer is related 
to imbalances in cholesterol metabolism with an important 
role in the maintenance of cell homeostasis [108]. Choles-
terol levels are elevated in tumor cells, contributing to tumor 
development [109] (Fig. 2).

Metabolic reprogramming plays an important role in the 
occurrence and development of tumors; elevated metabolic 
levels promote the growth and proliferation of tumor cells. 
Autophagy is closely related to tumor cell migration, inva-
sion, tumor stem cell proliferation and differentiation. On 
the contrary, autophagy promotes the survival of lung cancer 
cells, which is conductive to the occurrence and develop-
ment of tumors. Contrarily, autophagy also causes cell apop-
tosis or death, thereby inhibiting tumor development [110]. 
Autophagy and metabolism in tumor cells are therefore 
inextricably linked. The cross-regulation of these processes 
acts to buffer the proliferation of cancer cells from excessive 
environmental and internal pressure. A better understanding 
of how autophagy promotes the metabolism of transformed 
lung stem/progenitor cells will subsequently provide insights 
into more effective therapeutic approaches for cancer.

Chronic obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD) is caused 
by alterations in airway epithelium, including cilia short-
ening and goblet cell hyperplasia, and alveolar disruptions 
including cell apoptosis and senescence [111]. Pathogen-
esis of COPD was studied with well-established animal 
models of cigarette smoke (CS) exposure [112]. Stimula-
tion of lung epithelial cells with CS extract or exposure of 
mice with CS were shown to alter autophagy, however, it is 
debatable whether autophagy is inhibited or activated during 
these treatments [113–115]. This discrepancy could result 
from variations in the cell types analyzed, the complexity 
of cigarette components, or variations to the duration of CS 
exposure. It seems clear that autophagy is induced in lung 
tissue from COPD patients due to increased expression of 
autophagic proteins [116], however, cell-specific analysis 
of autophagy in lung tissue from COPD patients remains to 
be investigated.

In airways, CS was shown to strengthen the PPP meta-
bolic pathway of glucose, which prevents ROS-induced 
cell senescence of airway epithelial cells [117] (Fig. 3). It 
is unclear whether this relates to airway epithelial hyper-
plasia in COPD patients. Glycolysis favors Club cell 
proliferation, but inhibits goblet cell differentiation and 
ciliated cell differentiation [68] (Fig. 3). Autophagy facili-
tates glucose uptake by Club cells and exhibits similar 
role in regulating Club cell fate, suggesting that autophagy 
may promote glycolysis [68]. These data suggest that 
autophagy inhibition abrogates glycolysis-derived goblet 
cell over-differentiation of Club cells during COPD patho-
genesis. However, mucin secretion requires autophagy 
[118]. Autophagy overactivation is harmful and induces 
cell apoptosis, while inhibition of autophagy leads to air-
way epithelial cell senescence [113, 114, 119] (Fig. 3). 
Fatty acids including cholesterol are important compo-
nents of the cell membrane, and are therefore required for 
the proliferation of stem/progenitor cells; oxidative prod-
ucts of cholesterol 25-HC/27-HC are, however, associated 
with leukocyte activation and inflammation and resulting 
airway epithelial cell apoptosis and senescence in COPD 
[120, 121] (Fig. 3). Similarly, glycerol products LTB4 and 
PGE2 are increased in COPD patients, and LTB4-induced 
neutrophilic inflammation contributes to airway epithelial 
cell apoptosis and senescence [122] (Fig. 3). This may 
explain why fatty acid oxidation is shown to be promoted 
during CS exposure [123]. Autophagy is impaired by oxi-
dative stress, but long-chain fatty acids induce autophagy 
[124]. The role of autophagy in regulating lipid oxida-
tion and synthesis in airway stem/progenitor cells remains 
unclear.

In alveoli, CS extract induces autophagy in AT2 cells 
[125]. Glycolysis and lactate production are inhibited by 
CS exposure [126]. This suggested that autophagy may 
play a different role in alveolar cell fate determination. 
A recent study indicated that CS-induced senescence of 
AT2 cells was due to decreased autophagy [127]. Inhi-
bition of autophagy also promotes AT2 cell apoptosis 
[128] (Fig. 3). AT2 cell apoptosis and senescence con-
tributes to the emphysema observed in COPD patients. 
Cell apoptosis and senescence mainly due to the action 
of ROS, which could be prevented by PPP metabolic 
pathway of glucose. These data suggested that autophagy 
may promote PPP pathway in AT2 cells in COPD. CS 
exposure was shown to enhance β-oxidation of phosphati-
dylcholine, a major surfactant phospholipid [126]. Inhi-
bition of early steps of fatty acid synthesis favors AT2 
cell proliferation [69]. These fatty acids cannot be com-
ponents of the cell membrane. Phospholipid ceramide is 
able to induce AT2 cell apoptosis [129]. When mitophagy 
occurs, β-oxidation process of fatty acids that are trans-
ported into the mitochondria is terminated. However, it 
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was also shown that mitochondria respiration is increased 
following CS exposure [123]. This suggests that the level 
of autophagy is essential to regulation of cellular metab-
olism in COPD. Actually, both lack of autophagy and 
overaction of autophagy are known to be associated with 
COPD pathogenesis. Surprisingly, a recent report showed 
that the stem cell status of AT2 cell is strengthened in 
response to chronic CS exposure [130]. A comprehensive 
understanding of the metabolic regulation underlying AT2 
cell self-renewal and differentiation is lacking in the field. 
Overall, autophagy is important in metabolic reprogram-
ming through regulation stem/progenitor cell fate during 
COPD pathogenesis, but the underlying mechanisms of 
these regulatory effects are highly complex.

Asthma

Asthma is a chronic airway disease characterized by bron-
chial inflammation, airway hyperresponsiveness, and airflow 
obstruction [131]. Airway remodeling in asthma includes 
epithelial damage, cilial dysfunction, and goblet cell hyper-
plasia. These features aggravate asthma by thickening the 
airway wall, secreting mucus, as well as obliterating small 
airway passages [132]. Recent studies indicated that changes 
in autophagy levels affect the direction and prognosis of 
asthma [133]. In bronchial biopsy tissues from moderately 
severe asthmatic patients, double-membrane autophago-
somes were found to be more prevalent in epithelial cells 
compared to those of healthy controls [134].
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Fig. 3  Regulation of lung repair by autophagy in COPD. In COPD, 
autophagy inhibition or overreaction leads to cell apoptosis or senes-
cence. Autophagy level impacts the metabolism of glucose and fatty 
acids. Glycolysis promotes the proliferation of both airway Club cells 
and alveolar AT2 cells, but inhibits goblet cell differentiation and cili-
ated cell differentiation. Autophagy prevents ROS-induced AT2 cell 

apoptosis. Fatty acids promote cell regeneration, but some lipids also 
accelerate cell senescence and apoptosis by affecting the secretion of 
inflammatory factors. AA arachidonic acid, 25-HC cholesterol 25-HC, 
27-HC cholesterol 27-HC, COPD chronic obstructive pulmonary dis-
ease, LTB4 Leukotriene B4, ROS reactive oxygen species, PPP pen-
tose-phosphate pathway
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In a mouse model of house dust mite (HDM)-induced 
allergic airway disease, an increase in glycolysis was 
observed in lung tissue homogenates during HDM expo-
sure; this finding was also observed in primary nasal epi-
thelial cells (NECs) from asthmatics [135]. Our previous 
research has found that autophagy promotes the proliferation 
of vClub and Club cells during ovalbumin-induced acute 
inflammation. Loss of Atg5 disrupts the uptake of glucose 
in vClub cells. Glucose deprivation or glycolysis inhibition 
is not conducive to the proliferation of vClub and Club cells 
but is beneficial to the differentiation of ciliated and goblet 
cells [68] (Fig. 4). These results show that autophagy is ben-
eficial for lung epithelial repair in asthma progression. The 
pentose-phosphate pathway is known to generate NADPH 
that prevents ROS-induced goblet cell differentiation [136] 
and epithelial apoptosis, and seems to be an alternative 
mechanism for autophagic regulation of Club cell fate in 
asthmatic inflammation (Fig. 4).

There has no evidence on the regulation of fatty acids 
by autophagy in Club cells. However, many fatty acids are 
components of the cell surface membrane; it is most likely 
that autophagy promotes fatty acid synthesis, promoting cell 

division for cells including airway stem/progenitor cells. It 
has been reported that fatty acid oxidative decomposition 
alleviates airway hyperresponsiveness and mucus production 
[137]. Mucus production and bronchial hyperresponsiveness 
are both increased in response to mitochondrial oxidative 
damage [138]. Mitochondrial arginase transports ornithine 
into the mitochondrion in the asthmatic airway epithelium. 
In this manner, it supplies nitrogen for the de novo synthesis 
of arginine to replenish TCA cycle intermediates and for 
the formation of nitric oxide (NO) through the nitric oxide 
synthase (NOS) pathway [139]. Disturbance of NO synthe-
sis via competition for l-arginine is responsible for protec-
tion against the epithelial shedding that is seen in asthma 
in turn [140] (Fig. 4). Reportedly, synthesis of spermidine 
through a pathway involving l-arginine metabolism has been 
implicated in the facilitation of autophagy [141]. In addition, 
gama-aminobutyric acid (GABA) produced by pulmonary 
neuroendocrine cells in mice makes a difference in mucus 
overproduction [142] (Fig. 4). This may explain the vari-
ous effects of glutamine metabolism on asthma progression. 
Although a number of studies have showed that autophagy 
and metabolism play an important role in the pathogenesis 

Fig. 4  Regulation of lung repair 
by autophagy in Asthma. In 
asthma, autophagy increases the 
level of glucose metabolism by 
promoting glucose uptake. Gly-
colysis promotes the prolifera-
tion of Club cells and prevents 
goblet cell differentiation. 
Insufficient autophagy in airway 
progenitor cells may impair 
airway epithelial repair and 
promote goblet cell hyperplasia. 
Both the arginine metabolite 
NO and the glutamine metabo-
lite GABA promote the mucin 
secretion of goblet cells. GABA 
γ-aminobutyric acid, ROS 
reactive oxygen species, PPP 
pentose-phosphate pathway
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of asthma, the molecular mechanism of autophagy regulat-
ing cell metabolism requires further investigation.

Idiopathic pulmonary fibrosis

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive 
fibrotic interstitial pneumonia whose pathogenesis remains 
poorly understood. It is currently believed that IPF is the 
result of repeated damage to the alveolar epithelium, dysreg-
ulation of cellular homeostasis, abnormal wound healing and 
insufficient repair of the epithelial injuries. IPF is an age-
related disease. It is generally believed that autophagy activ-
ity decreases with age, and might lead to the accumulation 
of damaged macromolecules and organelles in lung tissue 
[143]. Studies have shown that autophagy flow is blocked 
and its function is reduced in the lung tissue of patients with 
IPF. It is characterized by decreased number of autophago-
somes, autophagosomes failed to fuse with lysosomes, and 
the accumulation of p62 and ubiquitinated proteins in the 
cells [144, 145]. Decreased autophagy in alveolar epithelial 
cells promotes p21-mediated cellular senescence [146, 147]. 
Aging lung epithelial cells can release a large amount of pro-
fibrotic cytokines and inhibit autophagy, thereby promoting 
the progression of pulmonary fibrosis [145]. Collectively, 
these findings indicate that impaired autophagy may contrib-
ute to pulmonary fibrosis. However, the molecular mecha-
nism of autophagy deficiency in regulating the develop-
ment of pulmonary fibrosis remains to be comprehensively 
elucidated. Annie Pardo et al. have shown that autophagy 
is activated in the bleomycin-induced pulmonary fibrosis 
[148–150]. Inhibition of autophagy by an Atg4b deficient 
mouse model intensified the apoptosis of alveolar epithelial 
cells and promoted the progression of pulmonary fibrosis 
[148]. Autophagy is an adaptive survival response, which 
protects alveolar epithelial cells against senescence and 
apoptosis in pulmonary fibrosis.

In IPF, oxidative stress, endoplasmic reticulum (ER) 
stress, and hypoxia are well known as inducers of autophagy 
[151–156]. Autophagy is also a metabolic process, which 
regulates cell metabolism to achieve controlling energy bal-
ance and maintaining cell homeostasis. Studies have found 
that glucose anaerobic glycolysis is activated in IPF lung 
tissue [157], the level of intracellular lactate is increased 
[158], and TCA cycle enzymes and metabolites are down-
regulated [158]. Autophagy can promote glucose uptake 
in lung epithelial cells, thereby increasing the intracellular 
glucose metabolism process [68]. We speculate that pyru-
vate produces lactic acid under anaerobic conditions, and 
the accumulation of large amounts of lactic acid acceler-
ates the apoptosis of alveolar epithelial cells in IPF [159, 
160] (Fig. 5). In addition, for stem cells, inhibiting glyc-
olysis and increasing the TCA cycle is conducive to cell 
differentiation [161, 162]. However, the level of glycolysis 

is increased while the TCA cycle is decreased in alveolar 
epithelial cells. This metabolic change is harmful to the dif-
ferentiation of AT2 [163, 164] (Fig. 5). At the same time, 
studies have found that the levels of glutamine, glutamate, 
and GSH are reduced in alveolar epithelial cells [157]. The 
slow metabolism of glutamine may be due to the stimulation 
of glucose metabolism by autophagy, which makes the alve-
olar cells more dependent on glycolysis for energy in IPF. 
Glutamine is essential for cell proliferation as it provides 
nitrogen, pyrimidine, and protein for purine biosynthesis 
[74]. Moreover, glutathione is ROS inhibitor, and the reduc-
tion of GSH levels is unfavorable for cell resistance to oxida-
tion stress-induced senescence and apoptosis [165] (Fig. 5). 
Therefore, the slowing down of glutamine metabolism is not 
conducive to alveolar cell proliferation and anti-oxidation.

Elevated levels of free fatty acids can induce autophagy, 
which in turn inhibits further fatty acid synthesis; this may 
be an important mechanism to avoid lipo-toxicity [69, 
166, 167]. Neutral lipid stores are mobilized to support 
autophagic membrane formation [69]. There are many types 
of fatty acids, and their mechanisms of regulating cellular 
functions vary. Studies have shown that the level of pal-
mitic acid is elevated in the lung tissues of patients with 
IPF [168]. After bleomycin induces pulmonary fibrosis, a 
high-fat diet rich in palmitic acid causes lung epithelial cell 
death and pro-apoptotic endoplasmic reticulum (ER) stress 
response [168, 169] (Fig. 5). However, sphingolipids, as 
the main component of cell plasma membrane, are closely 
related to cell proliferation. Studies have shown that levels 
of sphingosine metabolites are reduced in the lung tissue of 
IPF patients, which is not conducive to the remodeling of 
the lung epithelial structure [158]. From this perspective, 
autophagy inhibits the synthesis of sphingolipids, which 
is not conducive to the proliferation of alveolar epithelial 
cells (Fig. 5). Accumulating evidence illustrates there are 
many dysfunctional mitochondria in the alveolar epithelial 
cells of IPF lung tissue [170]. Mitochondrial dysfunction 
impairs the TCA cycle and fatty acid β-oxidation, which pro-
vide energy and macromolecules for proliferating cells. In 
addition, mitochondrial dysfunction induces epithelial cell 
senescence and apoptosis [171]. Inhibition of the formation 
of phospholipids and cholesterol prevent AT2 cells from 
secreting surfactant following mitochondrial dysfunction 
[172]. Interestingly, autophagy can eliminate dysfunctional 
mitochondria and prevent cellular senescence and apoptosis 
[166].

Previously, we reported that the absence of Atg5 from 
AT2 cells accelerates bleomycin-induced lung injury [69]. 
In bleomycin-induced lung fibrosis, glucose catabolism is 
increased, and fatty acid anabolism is decreased in alveo-
lar epithelial cells. When lack of autophagy gene Atg5 in 
AT2 cells, this metabolic level is reprogrammed, along with 
decreased abundance and impaired proliferation of AT2 
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cell membranes and surfactants are necessary for AT2 cell prolifera-
tion. AT1 alveolar type 1, AT2 alveolar type 2, IPF idiopathic pulmo-
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cells. Therefore, we believe that autophagy promotes the 
regeneration of alveolar epithelium by promoting glucose 
catabolism and inhibiting fatty acid synthesis. In vitro, inhi-
bition of fatty acid synthase activity can promote the prolif-
eration of AT2 cells, and this effect depends on autophagy. 
In bleomycin-induced lung injury, loss of Glut1 occurs, 
while damage to AT2 cells is aggravated and their prolif-
eration is decreased. In addition, inhibiting the hexokinase 
or pentose-phosphate pathway in glucose metabolism is not 
conducive to the proliferation of AT2 cells and accelerates 
the progression of pulmonary fibrosis (Fig. 5). This may be 
result from anaerobic glycolysis and aerobic oxidation in the 
process of glucose metabolism producing large amounts of 
ATP, which is beneficial for cell proliferation and differen-
tiation [163, 164]. NADPH produced by the metabolism of 

pentose-phosphate pathway resists cellular oxidative stress 
and prevents alveolar cells from senescence and apoptosis. 
At the same time, the production of ribonucleic acid facili-
tates the synthesis of nucleotides and further promotes the 
regeneration of alveolar cells [42] (Fig. 5). These results 
indicate that autophagy regulates the metabolic reprogram-
ming of alveolar epithelial cells to meet the energy and sub-
strate requirements for alveolar epithelium regeneration.

Conclusions and perspectives

In summary, although autophagy has been highly conserved 
during evolution, different mechanisms regulate autophagy 
in different cells in lung tissues. Accumulating evidence 
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suggests that autophagy participates in regulating diverse 
biological functions in the lungs, such as inflammatory 
responses, DNA-damage repair, apoptosis, cell prolifera-
tion, and differentiation. Therefore, autophagy plays a vital 
role in maintaining metabolic homeostasis in lung tissues 
and in the development and pathogenesis of chronic res-
piratory diseases. Additionally, autophagy elicits both pro-
tective and injurious effects during the progression of lung 
disease; these diverse effects may vary with different types 
of diseases or different cell types in the lungs. More and 
more evidences also show that autophagy plays an important 
role in regulating energy metabolism and the development 
of metabolic diseases. Autophagy causes lung epithelium 
metabolic reprogramming and regulates the energy balance 
of metabolic pathways in asthma and bleomycin-induced 
lung fibrosis. In general, autophagy acts as a regulator, not 
only in maintaining metabolic homeostasis, but also during 
lung repair.

However, the role of autophagy in regulating lung regen-
eration and metabolism is not fully understood. Since 
autophagy is a dynamic biological process, we need to 
understand the changes of autophagy activity in specific cell 
types at different stages of disease development. Significant 
progress has been made in our understanding of energy 
metabolism in the lung with the application of new tech-
nologies. The latest single-cell sequencing and single-cell 
metabolomic technologies can be used to quantitatively eval-
uate the metabolism in individual cells. Autophagy reporter 
can be introduced to track dynamic change of autophagy in 
lung stem/progenitor cells at steady state or lung diseases. 
Combined genomics, proteomics, and metabolomics analy-
ses may provide a systematic insight into mechanisms of 
pathophysiological characteristics of clinical respiratory 
diseases.

Acknowledgements This study was supported by the National 
Natural Science Foundation of China (81773394, 81970001, 
82070001), Natural Science Foundation of Tianjin (20JCQNJC01790, 
18ZXDBSY00150) and Science and Technology Planning Project of 
Tianjin Jinnan District (20200118).

Declarations 

Conflict of interest The authors declare that they have no conflicts of 
interest.

References

 1. Liu G, Summer R (2019) Cellular metabolism in lung health and 
disease. Annu Rev Physiol 81:403–428. https:// doi. org/ 10. 1146/ 
annur ev- physi ol- 020518- 114640

 2. Levine B, Klionsky DJ (2004) Development by self-digestion: 
molecular mechanisms and biological functions of autophagy. 
Dev Cell 6(4):463–477. https:// doi. org/ 10. 1016/ s1534- 5807(04) 
00099-1

 3. Rabinowitz JD, White E (2010) Autophagy and metabolism. 
Science 330(6009):1344–1348. https:// doi. org/ 10. 1126/ scien 
ce. 11934 97

 4. Kim YC, Guan KL (2015) mTOR: a pharmacologic target for 
autophagy regulation. J Clin Invest 125(1):25–32. https:// doi. org/ 
10. 1172/ JCI73 939

 5. Mihaylova MM, Shaw RJ (2011) The AMPK signalling path-
way coordinates cell growth, autophagy and metabolism. Nat 
Cell Biol 13(9):1016–1023. https:// doi. org/ 10. 1038/ ncb23 29

 6. Neufeld TP (2010) TOR-dependent control of autophagy: bit-
ing the hand that feeds. Curr Opin Cell Biol 22(2):157–168. 
https:// doi. org/ 10. 1016/j. ceb. 2009. 11. 005

 7. Agathocleous M, Harris WA (2013) Metabolism in physio-
logical cell proliferation and differentiation. Trends Cell Biol 
23(10):484–492. https:// doi. org/ 10. 1016/j. tcb. 2013. 05. 004

 8. Aggarwal S, Mannam P, Zhang J (2016) Differential regula-
tion of autophagy and mitophagy in pulmonary diseases. Am 
J Physiol Lung Cell Mol Physiol 311(2):L433-452. https:// doi. 
org/ 10. 1152/ ajplu ng. 00128. 2016

 9. Nakahira K, Pabon Porras MA, Choi AM (2016) Autophagy in 
pulmonary diseases. Am J Respir Crit Care Med 194(10):1196–
1207. https:// doi. org/ 10. 1164/ rccm. 201512- 2468SO

 10. Kim CF, Jackson EL, Woolfenden AE, Lawrence S, Babar I, 
Vogel S, Crowley D, Bronson RT, Jacks T (2005) Identification 
of bronchioalveolar stem cells in normal lung and lung cancer. 
Cell 121(6):823–835. https:// doi. org/ 10. 1016/j. cell. 2005. 03. 
032

 11. Chapman HA, Li X, Alexander JP, Brumwell A, Lorizio W, Tan 
K, Sonnenberg A, Wei Y, Vu TH (2011) Integrin alpha6beta4 
identifies an adult distal lung epithelial population with regenera-
tive potential in mice. J Clin Invest 121(7):2855–2862. https:// 
doi. org/ 10. 1172/ JCI57 673

 12. Vaughan AE, Brumwell AN, Xi Y, Gotts JE, Brownfield DG, 
Treutlein B, Tan K, Tan V, Liu FC, Looney MR, Matthay MA, 
Rock JR, Chapman HA (2015) Lineage-negative progenitors 
mobilize to regenerate lung epithelium after major injury. Nature 
517(7536):621–625. https:// doi. org/ 10. 1038/ natur e14112

 13. Kumar PA, Hu Y, Yamamoto Y, Hoe NB, Wei TS, Mu D, Sun 
Y, Joo LS, Dagher R, Zielonka EM, de Wang Y, Lim B, Chow 
VT, Crum CP, Xian W, McKeon F (2011) Distal airway stem 
cells yield alveoli in vitro and during lung regeneration following 
H1N1 influenza infection. Cell 147(3):525–538. https:// doi. org/ 
10. 1016/j. cell. 2011. 10. 001

 14. Chen H, Matsumoto K, Brockway BL, Rackley CR, Liang J, Lee 
JH, Jiang D, Noble PW, Randell SH, Kim CF, Stripp BR (2012) 
Airway epithelial progenitors are region specific and show dif-
ferential responses to bleomycin-induced lung injury. Stem Cells 
30(9):1948–1960. https:// doi. org/ 10. 1002/ stem. 1150

 15. Barkauskas CE, Cronce MJ, Rackley CR, Bowie EJ, Keene 
DR, Stripp BR, Randell SH, Noble PW, Hogan BL (2013) 
Type 2 alveolar cells are stem cells in adult lung. J Clin Invest 
123(7):3025–3036. https:// doi. org/ 10. 1172/ JCI68 782

 16. Jain R, Barkauskas CE, Takeda N, Bowie EJ, Aghajanian H, 
Wang Q, Padmanabhan A, Manderfield LJ, Gupta M, Li D, Li 
L, Trivedi CM, Hogan BLM, Epstein JA (2015) Plasticity of 
Hopx(+) type I alveolar cells to regenerate type II cells in the 
lung. Nat Commun 6:6727. https:// doi. org/ 10. 1038/ ncomm s7727

 17. Wang Y, Tang Z, Huang H, Li J, Wang Z, Yu Y, Zhang C, Li J, 
Dai H, Wang F, Cai T, Tang N (2018) Pulmonary alveolar type 
I cell population consists of two distinct subtypes that differ in 
cell fate. Proc Natl Acad Sci USA 115(10):2407–2412. https:// 
doi. org/ 10. 1073/ pnas. 17194 74115

 18. Hogan BL, Barkauskas CE, Chapman HA, Epstein JA, Jain R, 
Hsia CC, Niklason L, Calle E, Le A, Randell SH, Rock J, Snitow 
M, Krummel M, Stripp BR, Vu T, White ES, Whitsett JA, Morri-
sey EE (2014) Repair and regeneration of the respiratory system: 

https://doi.org/10.1146/annurev-physiol-020518-114640
https://doi.org/10.1146/annurev-physiol-020518-114640
https://doi.org/10.1016/s1534-5807(04)00099-1
https://doi.org/10.1016/s1534-5807(04)00099-1
https://doi.org/10.1126/science.1193497
https://doi.org/10.1126/science.1193497
https://doi.org/10.1172/JCI73939
https://doi.org/10.1172/JCI73939
https://doi.org/10.1038/ncb2329
https://doi.org/10.1016/j.ceb.2009.11.005
https://doi.org/10.1016/j.tcb.2013.05.004
https://doi.org/10.1152/ajplung.00128.2016
https://doi.org/10.1152/ajplung.00128.2016
https://doi.org/10.1164/rccm.201512-2468SO
https://doi.org/10.1016/j.cell.2005.03.032
https://doi.org/10.1016/j.cell.2005.03.032
https://doi.org/10.1172/JCI57673
https://doi.org/10.1172/JCI57673
https://doi.org/10.1038/nature14112
https://doi.org/10.1016/j.cell.2011.10.001
https://doi.org/10.1016/j.cell.2011.10.001
https://doi.org/10.1002/stem.1150
https://doi.org/10.1172/JCI68782
https://doi.org/10.1038/ncomms7727
https://doi.org/10.1073/pnas.1719474115
https://doi.org/10.1073/pnas.1719474115


5063Role and mechanisms of autophagy in lung metabolism and repair  

1 3

complexity, plasticity, and mechanisms of lung stem cell func-
tion. Cell Stem Cell 15(2):123–138. https:// doi. org/ 10. 1016/j. 
stem. 2014. 07. 012

 19. Zacharias WJ, Frank DB, Zepp JA, Morley MP, Alkhaleel FA, 
Kong J, Zhou S, Cantu E, Morrisey EE (2018) Regeneration 
of the lung alveolus by an evolutionarily conserved epithelial 
progenitor. Nature 555(7695):251–255. https:// doi. org/ 10. 1038/ 
natur e25786

 20. Wu A, Song H (2020) Regulation of alveolar type 2 stem/progen-
itor cells in lung injury and regeneration. Acta Biochim Biophys 
Sin (Shanghai) 52(7):716–722. https:// doi. org/ 10. 1093/ abbs/ 
gmaa0 52

 21. Feng Y, He D, Yao Z, Klionsky DJ (2014) The machinery of 
macroautophagy. Cell Res 24(1):24–41. https:// doi. org/ 10. 1038/ 
cr. 2013. 168

 22. Glick D, Barth S, Macleod KF (2010) Autophagy: cellular and 
molecular mechanisms. J Pathol 221(1):3–12. https:// doi. org/ 10. 
1002/ path. 2697

 23. Kelekar A (2005) Autophagy. Ann N Y Acad Sci 1066:259–271. 
https:// doi. org/ 10. 1196/ annals. 1363. 015

 24. Ohsumi Y (2012) Yoshinori Ohsumi: autophagy from beginning 
to end. Interview by Caitlin Sedwick. J Cell Biol 197(2):164–
165. https:// doi. org/ 10. 1083/ jcb. 1972pi

 25. Liao SX, Sun PP, Gu YH, Rao XM, Zhang LY, Ou-Yang Y 
(2019) Autophagy and pulmonary disease. Ther Adv Respir Dis 
13:1753466619890538. https:// doi. org/ 10. 1177/ 17534 66619 
890538

 26. Kim S, Eun HS, Jo EK (2019) Roles of autophagy-related genes 
in the pathogenesis of inflammatory bowel disease. Cells 8(1):77. 
https:// doi. org/ 10. 3390/ cells 80100 77

 27. Morel E, Mehrpour M, Botti J, Dupont N, Hamai A, Nascimbeni 
AC, Codogno P (2017) Autophagy: a druggable process. Annu 
Rev Pharmacol Toxicol 57:375–398. https:// doi. org/ 10. 1146/ 
annur ev- pharm tox- 010716- 104936

 28. Zhang D, Wang W, Sun X, Xu D, Wang C, Zhang Q, Wang 
H, Luo W, Chen Y, Chen H, Liu Z (2016) AMPK regulates 
autophagy by phosphorylating BECN1 at threonine 388. 
Autophagy 12(9):1447–1459. https:// doi. org/ 10. 1080/ 15548 627. 
2016. 11855 76

 29. Wesselborg S, Stork B (2015) Autophagy signal transduction by 
ATG proteins: from hierarchies to networks. Cell Mol Life Sci 
72(24):4721–4757. https:// doi. org/ 10. 1007/ s00018- 015- 2034-8

 30. Marino G, Niso-Santano M, Baehrecke EH, Kroemer G (2014) 
Self-consumption: the interplay of autophagy and apoptosis. Nat 
Rev Mol Cell Biol 15(2):81–94. https:// doi. org/ 10. 1038/ nrm37 
35

 31. Yang Z, Klionsky DJ (2009) An overview of the molecular mech-
anism of autophagy. Curr Top Microbiol Immunol 335:1–32. 
https:// doi. org/ 10. 1007/ 978-3- 642- 00302-8_1

 32. Mizushima N, Komatsu M (2011) Autophagy: renovation of cells 
and tissues. Cell 147(4):728–741. https:// doi. org/ 10. 1016/j. cell. 
2011. 10. 026

 33. Russell RC, Yuan HX, Guan KL (2014) Autophagy regulation 
by nutrient signaling. Cell Res 24(1):42–57. https:// doi. org/ 10. 
1038/ cr. 2013. 166

 34. Goodpaster BH, Sparks LM (2017) Metabolic flexibility in health 
and disease. Cell Metab 25(5):1027–1036. https:// doi. org/ 10. 
1016/j. cmet. 2017. 04. 015

 35. Bisgrove BW, Yost HJ (2006) The roles of cilia in developmental 
disorders and disease. Development 133(21):4131–4143. https:// 
doi. org/ 10. 1242/ dev. 02595

 36. Niethamer TK, Stabler CT, Leach JP, Zepp JA, Morley MP, Babu 
A, Zhou S, Morrisey EE (2020) Defining the role of pulmo-
nary endothelial cell heterogeneity in the response to acute lung 
injury. Elife. https:// doi. org/ 10. 7554/ eLife. 53072

 37. Remmerie A, Scott CL (2018) Macrophages and lipid metabo-
lism. Cell Immunol 330:27–42. https:// doi. org/ 10. 1016/j. celli 
mm. 2018. 01. 020

 38. Manevski M, Muthumalage T, Devadoss D, Sundar IK, Wang 
Q, Singh KP, Unwalla HJ, Chand HS, Rahman I (2020) Cellular 
stress responses and dysfunctional Mitochondrial-cellular senes-
cence, and therapeutics in chronic respiratory diseases. Redox 
Biol 33:101443. https:// doi. org/ 10. 1016/j. redox. 2020. 101443

 39. Faubert B, Li KY, Cai L, Hensley CT, Kim J, Zacharias LG, 
Yang C, Do QN, Doucette S, Burguete D, Li H, Huet G, Yuan 
Q, Wigal T, Butt Y, Ni M, Torrealba J, Oliver D, Lenkinski RE, 
Malloy CR, Wachsmann JW, Young JD, Kernstine K, DeBerar-
dinis RJ (2017) Lactate metabolism in human lung tumors. Cell 
171(2):358-371.e359. https:// doi. org/ 10. 1016/j. cell. 2017. 09. 019

 40. Al Hasawi N, Alkandari MF, Luqmani YA (2014) Phosphofruc-
tokinase: a mediator of glycolytic flux in cancer progression. Crit 
Rev Oncol Hematol 92(3):312–321. https:// doi. org/ 10. 1016/j. 
critr evonc. 2014. 05. 007

 41. Sreedhar A, Zhao Y (2018) Dysregulated metabolic enzymes and 
metabolic reprogramming in cancer cells. Biomed Rep 8(1):3–
10. https:// doi. org/ 10. 3892/ br. 2017. 1022

 42. Stincone A, Prigione A, Cramer T, Wamelink MM, Campbell K, 
Cheung E, Olin-Sandoval V, Gruning NM, Kruger A, Tauqeer 
Alam M, Keller MA, Breitenbach M, Brindle KM, Rabinowitz 
JD, Ralser M (2015) The return of metabolism: biochemistry and 
physiology of the pentose phosphate pathway. Biol Rev Camb 
Philos Soc 90(3):927–963. https:// doi. org/ 10. 1111/ brv. 12140

 43. Fisher AB, Itakura N, Dodia C, Thurman RG (1981) Pulmonary 
mixed-function oxidation: stimulation by glucose and the effects 
of metabolic inhibitors. Biochem Pharmacol 30(4):379–383. 
https:// doi. org/ 10. 1016/ 0006- 2952(81) 90070-8

 44. Bassett DJ, Fisher AB (1976) Pentose cycle activity of the iso-
lated perfused rat lung. Am J Physiol 231(5 Pt. 1):1527–1532. 
https:// doi. org/ 10. 1152/ ajple gacy. 1976. 231.5. 1527

 45. Ren JG, Seth P, Ye H, Guo K, Hanai JI, Husain Z, Sukhatme 
VP (2017) Citrate suppresses tumor growth in multiple models 
through inhibition of glycolysis, the tricarboxylic acid cycle and 
the IGF-1R pathway. Sci Rep 7(1):4537. https:// doi. org/ 10. 1038/ 
s41598- 017- 04626-4

 46. Chow LWC, Cheng KS, Leong F, Cheung CW, Shiao LR, Leung 
YM, Wong KL (2019) Enhancing tetrandrine cytotoxicity in 
human lung carcinoma A549 cells by suppressing mitochon-
drial ATP production. Naunyn Schmiedebergs Arch Pharmacol 
392(4):427–436. https:// doi. org/ 10. 1007/ s00210- 018- 01601-2

 47. Boukhenouna S, Wilson MA, Bahmed K, Kosmider B (2018) 
Reactive oxygen species in chronic obstructive pulmonary dis-
ease. Oxid Med Cell Longev 2018:5730395. https:// doi. org/ 10. 
1155/ 2018/ 57303 95

 48. Carracedo A, Cantley LC, Pandolfi PP (2013) Cancer metab-
olism: fatty acid oxidation in the limelight. Nat Rev Cancer 
13(4):227–232. https:// doi. org/ 10. 1038/ nrc34 83

 49. Shaw ME, Rhoades RA (1977) Substrate metabolism in the 
perfused lung: response to changes in circulating glucose and 
palmitate levels. Lipids 12(11):930–935. https:// doi. org/ 10. 1007/ 
BF025 33313

 50. Yan F, Wen Z, Wang R, Luo W, Du Y, Wang W, Chen X (2017) 
Identification of the lipid biomarkers from plasma in idiopathic 
pulmonary fibrosis by Lipidomics. BMC Pulm Med 17(1):174. 
https:// doi. org/ 10. 1186/ s12890- 017- 0513-4

 51. Harayama T, Eto M, Shindou H, Kita Y, Otsubo E, Hishikawa D, 
Ishii S, Sakimura K, Mishina M, Shimizu T (2014) Lysophos-
pholipid acyltransferases mediate phosphatidylcholine diversi-
fication to achieve the physical properties required in vivo. Cell 
Metab 20(2):295–305. https:// doi. org/ 10. 1016/j. cmet. 2014. 05. 
019

https://doi.org/10.1016/j.stem.2014.07.012
https://doi.org/10.1016/j.stem.2014.07.012
https://doi.org/10.1038/nature25786
https://doi.org/10.1038/nature25786
https://doi.org/10.1093/abbs/gmaa052
https://doi.org/10.1093/abbs/gmaa052
https://doi.org/10.1038/cr.2013.168
https://doi.org/10.1038/cr.2013.168
https://doi.org/10.1002/path.2697
https://doi.org/10.1002/path.2697
https://doi.org/10.1196/annals.1363.015
https://doi.org/10.1083/jcb.1972pi
https://doi.org/10.1177/1753466619890538
https://doi.org/10.1177/1753466619890538
https://doi.org/10.3390/cells8010077
https://doi.org/10.1146/annurev-pharmtox-010716-104936
https://doi.org/10.1146/annurev-pharmtox-010716-104936
https://doi.org/10.1080/15548627.2016.1185576
https://doi.org/10.1080/15548627.2016.1185576
https://doi.org/10.1007/s00018-015-2034-8
https://doi.org/10.1038/nrm3735
https://doi.org/10.1038/nrm3735
https://doi.org/10.1007/978-3-642-00302-8_1
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1038/cr.2013.166
https://doi.org/10.1038/cr.2013.166
https://doi.org/10.1016/j.cmet.2017.04.015
https://doi.org/10.1016/j.cmet.2017.04.015
https://doi.org/10.1242/dev.02595
https://doi.org/10.1242/dev.02595
https://doi.org/10.7554/eLife.53072
https://doi.org/10.1016/j.cellimm.2018.01.020
https://doi.org/10.1016/j.cellimm.2018.01.020
https://doi.org/10.1016/j.redox.2020.101443
https://doi.org/10.1016/j.cell.2017.09.019
https://doi.org/10.1016/j.critrevonc.2014.05.007
https://doi.org/10.1016/j.critrevonc.2014.05.007
https://doi.org/10.3892/br.2017.1022
https://doi.org/10.1111/brv.12140
https://doi.org/10.1016/0006-2952(81)90070-8
https://doi.org/10.1152/ajplegacy.1976.231.5.1527
https://doi.org/10.1038/s41598-017-04626-4
https://doi.org/10.1038/s41598-017-04626-4
https://doi.org/10.1007/s00210-018-01601-2
https://doi.org/10.1155/2018/5730395
https://doi.org/10.1155/2018/5730395
https://doi.org/10.1038/nrc3483
https://doi.org/10.1007/BF02533313
https://doi.org/10.1007/BF02533313
https://doi.org/10.1186/s12890-017-0513-4
https://doi.org/10.1016/j.cmet.2014.05.019
https://doi.org/10.1016/j.cmet.2014.05.019


5064 X. Li et al.

1 3

 52. Hawley SA, Pan DA, Mustard KJ, Ross L, Bain J, Edelman AM, 
Frenguelli BG, Hardie DG (2005) Calmodulin-dependent protein 
kinase kinase-beta is an alternative upstream kinase for AMP-
activated protein kinase. Cell Metab 2(1):9–19. https:// doi. org/ 
10. 1016/j. cmet. 2005. 05. 009

 53. Woods A, Johnstone SR, Dickerson K, Leiper FC, Fryer LG, 
Neumann D, Schlattner U, Wallimann T, Carlson M, Carling 
D (2003) LKB1 is the upstream kinase in the AMP-activated 
protein kinase cascade. Curr Biol 13(22):2004–2008. https:// doi. 
org/ 10. 1016/j. cub. 2003. 10. 031

 54. Garcia D, Shaw RJ (2017) AMPK: mechanisms of cellular 
energy sensing and restoration of metabolic balance. Mol Cell 
66(6):789–800. https:// doi. org/ 10. 1016/j. molcel. 2017. 05. 032

 55. Corhay JL, Henket M, Nguyen D, Duysinx B, Sele J, Louis R 
(2009) Leukotriene B4 contributes to exhaled breath condensate 
and sputum neutrophil chemotaxis in COPD. Chest 136(4):1047–
1054. https:// doi. org/ 10. 1378/ chest. 08- 2782

 56. Kostikas K, Gaga M, Papatheodorou G, Karamanis T, Orpha-
nidou D, Loukides S (2005) Leukotriene B4 in exhaled breath 
condensate and sputum supernatant in patients with COPD and 
asthma. Chest 127(5):1553–1559. https:// doi. org/ 10. 1378/ chest. 
127.5. 1553

 57. Yu Y, Newman H, Shen L, Sharma D, Hu G, Mirando AJ, Zhang 
H, Knudsen E, Zhang GF, Hilton MJ, Karner CM (2019) Glu-
tamine metabolism regulates proliferation and lineage allocation 
in skeletal stem cells. Cell Metab 29(4):966-978.e964. https:// 
doi. org/ 10. 1016/j. cmet. 2019. 01. 016

 58. Ge J, Cui H, Xie N, Banerjee S, Guo S, Dubey S, Barnes S, Liu G 
(2018) Glutaminolysis promotes collagen translation and stabil-
ity via alpha-ketoglutarate-mediated mTOR activation and pro-
line hydroxylation. Am J Respir Cell Mol Biol 58(3):378–390. 
https:// doi. org/ 10. 1165/ rcmb. 2017- 0238OC

 59. Bai L, Bernard K, Tang X, Hu M, Horowitz JC, Thannickal VJ, 
Sanders YY (2019) Glutaminolysis epigenetically regulates 
antiapoptotic gene expression in idiopathic pulmonary fibrosis 
fibroblasts. Am J Respir Cell Mol Biol 60(1):49–57. https:// doi. 
org/ 10. 1165/ rcmb. 2018- 0180OC

 60. Bernard K, Logsdon NJ, Benavides GA, Sanders Y, Zhang J, 
Darley-Usmar VM, Thannickal VJ (2018) Glutaminolysis is 
required for transforming growth factor-beta1-induced myofibro-
blast differentiation and activation. J Biol Chem 293(4):1218–
1228. https:// doi. org/ 10. 1074/ jbc. RA117. 000444

 61. Souba WW, Herskowitz K, Plumley DA (1990) Lung glutamine 
metabolism. JPEN J Parenter Enter Nutr 14(4 Suppl):68S-70S. 
https:// doi. org/ 10. 1177/ 01486 07190 01400 407

 62. Pan M, Wasa M, Ryan U, Souba W (1995) Inhibition of pulmo-
nary microvascular endothelial glutamine transport by glucocor-
ticoids and endotoxin. JPEN J Parenter Enter Nutr 19(6):477–
481. https:// doi. org/ 10. 1177/ 01486 07195 01900 6477

 63. Labow BI, Abcouwer SF, Lin CM, Souba WW (1998) Glutamine 
synthetase expression in rat lung is regulated by protein stability. 
Am J Physiol 275(5):L877-886. https:// doi. org/ 10. 1152/ ajplu ng. 
1998. 275.5. L877

 64. Oliveira GP, de Abreu MG, Pelosi P, Rocco PR (2016) Exoge-
nous glutamine in respiratory diseases: myth or reality? Nutrients 
8(2):76. https:// doi. org/ 10. 3390/ nu802 0076

 65. Mortimore GE, Schworer CM (1977) Induction of autophagy 
by amino-acid deprivation in perfused rat liver. Nature 
270(5633):174–176. https:// doi. org/ 10. 1038/ 27017 4a0

 66. Roberts DJ, Tan-Sah VP, Ding EY, Smith JM, Miyamoto S 
(2014) Hexokinase-II positively regulates glucose starvation-
induced autophagy through TORC1 inhibition. Mol Cell 
53(4):521–533. https:// doi. org/ 10. 1016/j. molcel. 2013. 12. 019

 67. Roy S, Leidal AM, Ye J, Ronen SM, Debnath J (2017) 
Autophagy-dependent shuttling of TBC1D5 controls plasma 

membrane translocation of GLUT1 and glucose uptake. Mol Cell 
67(1):84-95.e85. https:// doi. org/ 10. 1016/j. molcel. 2017. 05. 020

 68. Li K, Li M, Li W, Yu H, Sun X, Zhang Q, Li Y, Li X, Li Y, 
Abel ED, Wu Q, Chen H (2019) Airway epithelial regenera-
tion requires autophagy and glucose metabolism. Cell Death Dis 
10(12):875. https:// doi. org/ 10. 1038/ s41419- 019- 2111-2

 69. Li X, Wu J, Sun X, Wu Q, Li Y, Li K, Zhang Q, Li Y, Abel 
ED, Chen H (2020) Autophagy reprograms alveolar progeni-
tor cell metabolism in response to lung injury. Stem Cell Rep 
14(3):420–432. https:// doi. org/ 10. 1016/j. stemcr. 2020. 01. 008

 70. Bhatt V, Khayati K, Hu ZS, Lee A, Kamran W, Su X, Guo JY 
(2019) Autophagy modulates lipid metabolism to maintain meta-
bolic flexibility for Lkb1-deficient Kras-driven lung tumorigen-
esis. Genes Dev 33(3–4):150–165. https:// doi. org/ 10. 1101/ gad. 
320481. 118

 71. Saito T, Kuma A, Sugiura Y, Ichimura Y, Obata M, Kitamura 
H, Okuda S, Lee HC, Ikeda K, Kanegae Y, Saito I, Auwerx J, 
Motohashi H, Suematsu M, Soga T, Yokomizo T, Waguri S, 
Mizushima N, Komatsu M (2019) Autophagy regulates lipid 
metabolism through selective turnover of NCoR1. Nat Commun 
10(1):1567. https:// doi. org/ 10. 1038/ s41467- 019- 08829-3

 72. Velazquez AP, Tatsuta T, Ghillebert R, Drescher I, Graef 
M (2016) Lipid droplet-mediated ER homeostasis regulates 
autophagy and cell survival during starvation. J Cell Biol 
212(6):621–631. https:// doi. org/ 10. 1083/ jcb. 20150 8102

 73. Strohecker AM, White E (2014) Autophagy promotes 
BrafV600E-driven lung tumorigenesis by preserving mitochon-
drial metabolism. Autophagy 10(2):384–385. https:// doi. org/ 10. 
4161/ auto. 27320

 74. Tan HWS, Sim AYL, Long YC (2017) Glutamine metabolism 
regulates autophagy-dependent mTORC1 reactivation during 
amino acid starvation. Nat Commun 8(1):338. https:// doi. org/ 
10. 1038/ s41467- 017- 00369-y

 75. Boers JE, Ambergen AW, Thunnissen FB (1998) Number and 
proliferation of basal and parabasal cells in normal human airway 
epithelium. Am J Respir Crit Care Med 157(6 Pt 1):2000–2006. 
https:// doi. org/ 10. 1164/ ajrccm. 157.6. 97070 11

 76. Zuo W, Zhang T, Wu DZ, Guan SP, Liew AA, Yamamoto Y, 
Wang X, Lim SJ, Vincent M, Lessard M, Crum CP, Xian W, 
McKeon F (2015) p63(+)Krt5(+) distal airway stem cells are 
essential for lung regeneration. Nature 517(7536):616–620. 
https:// doi. org/ 10. 1038/ natur e13903

 77. Daniely Y, Liao G, Dixon D, Linnoila RI, Lori A, Randell SH, 
Oren M, Jetten AM (2004) Critical role of p63 in the develop-
ment of a normal esophageal and tracheobronchial epithelium. 
Am J Physiol Cell Physiol 287(1):C171-181. https:// doi. org/ 10. 
1152/ ajpce ll. 00226. 2003

 78. Tadokoro T, Wang Y, Barak LS, Bai Y, Randell SH, Hogan 
BL (2014) IL-6/STAT3 promotes regeneration of airway 
ciliated cells from basal stem cells. Proc Natl Acad Sci USA 
111(35):E3641-3649. https:// doi. org/ 10. 1073/ pnas. 14097 81111

 79. Kotton DN, Morrisey EE (2014) Lung regeneration: mecha-
nisms, applications and emerging stem cell populations. Nat Med 
20(8):822–832. https:// doi. org/ 10. 1038/ nm. 3642

 80. Song H, Yao E, Lin C, Gacayan R, Chen MH, Chuang PT (2012) 
Functional characterization of pulmonary neuroendocrine cells in 
lung development, injury, and tumorigenesis. Proc Natl Acad Sci 
USA 109(43):17531–17536. https:// doi. org/ 10. 1073/ pnas. 12072 
38109

 81. Snyder JC, Reynolds SD, Hollingsworth JW, Li Z, Kaminski 
N, Stripp BR (2010) Clara cells attenuate the inflammatory 
response through regulation of macrophage behavior. Am J 
Respir Cell Mol Biol 42(2):161–171. https:// doi. org/ 10. 1165/ 
rcmb. 2008- 0353OC

 82. Chen G, Korfhagen TR, Xu Y, Kitzmiller J, Wert SE, Maeda Y, 
Gregorieff A, Clevers H, Whitsett JA (2009) SPDEF is required 

https://doi.org/10.1016/j.cmet.2005.05.009
https://doi.org/10.1016/j.cmet.2005.05.009
https://doi.org/10.1016/j.cub.2003.10.031
https://doi.org/10.1016/j.cub.2003.10.031
https://doi.org/10.1016/j.molcel.2017.05.032
https://doi.org/10.1378/chest.08-2782
https://doi.org/10.1378/chest.127.5.1553
https://doi.org/10.1378/chest.127.5.1553
https://doi.org/10.1016/j.cmet.2019.01.016
https://doi.org/10.1016/j.cmet.2019.01.016
https://doi.org/10.1165/rcmb.2017-0238OC
https://doi.org/10.1165/rcmb.2018-0180OC
https://doi.org/10.1165/rcmb.2018-0180OC
https://doi.org/10.1074/jbc.RA117.000444
https://doi.org/10.1177/014860719001400407
https://doi.org/10.1177/0148607195019006477
https://doi.org/10.1152/ajplung.1998.275.5.L877
https://doi.org/10.1152/ajplung.1998.275.5.L877
https://doi.org/10.3390/nu8020076
https://doi.org/10.1038/270174a0
https://doi.org/10.1016/j.molcel.2013.12.019
https://doi.org/10.1016/j.molcel.2017.05.020
https://doi.org/10.1038/s41419-019-2111-2
https://doi.org/10.1016/j.stemcr.2020.01.008
https://doi.org/10.1101/gad.320481.118
https://doi.org/10.1101/gad.320481.118
https://doi.org/10.1038/s41467-019-08829-3
https://doi.org/10.1083/jcb.201508102
https://doi.org/10.4161/auto.27320
https://doi.org/10.4161/auto.27320
https://doi.org/10.1038/s41467-017-00369-y
https://doi.org/10.1038/s41467-017-00369-y
https://doi.org/10.1164/ajrccm.157.6.9707011
https://doi.org/10.1038/nature13903
https://doi.org/10.1152/ajpcell.00226.2003
https://doi.org/10.1152/ajpcell.00226.2003
https://doi.org/10.1073/pnas.1409781111
https://doi.org/10.1038/nm.3642
https://doi.org/10.1073/pnas.1207238109
https://doi.org/10.1073/pnas.1207238109
https://doi.org/10.1165/rcmb.2008-0353OC
https://doi.org/10.1165/rcmb.2008-0353OC


5065Role and mechanisms of autophagy in lung metabolism and repair  

1 3

for mouse pulmonary goblet cell differentiation and regulates a 
network of genes associated with mucus production. J Clin Invest 
119(10):2914–2924. https:// doi. org/ 10. 1172/ JCI39 731

 83. Lee JH, Tammela T, Hofree M, Choi J, Marjanovic ND, Han 
S, Canner D, Wu K, Paschini M, Bhang DH, Jacks T, Regev 
A, Kim CF (2017) Anatomically and functionally distinct lung 
mesenchymal populations marked by Lgr5 and Lgr6. Cell 
170(6):1149-1163.e1112. https:// doi. org/ 10. 1016/j. cell. 2017. 
07. 028

 84. Giangreco A, Reynolds SD, Stripp BR (2002) Terminal 
bronchioles harbor a unique airway stem cell population that 
localizes to the bronchoalveolar duct junction. Am J Pathol 
161(1):173–182. https:// doi. org/ 10. 1016/ S0002- 9440(10) 
64169-7

 85. Snyder JC, Teisanu RM, Stripp BR (2009) Endogenous lung 
stem cells and contribution to disease. J Pathol 217(2):254–264. 
https:// doi. org/ 10. 1002/ path. 2473

 86. Rock JR, Hogan BL (2011) Epithelial progenitor cells in lung 
development, maintenance, repair, and disease. Annu Rev Cell 
Dev Biol 27:493–512. https:// doi. org/ 10. 1146/ annur ev- cellb 
io- 100109- 104040

 87. Alder JK, Barkauskas CE, Limjunyawong N, Stanley SE, Kem-
bou F, Tuder RM, Hogan BL, Mitzner W, Armanios M (2015) 
Telomere dysfunction causes alveolar stem cell failure. Proc Natl 
Acad Sci USA 112(16):5099–5104. https:// doi. org/ 10. 1073/ pnas. 
15047 80112

 88. Goss V, Hunt AN, Postle AD (2013) Regulation of lung sur-
factant phospholipid synthesis and metabolism. Biochim Biophys 
Acta 1831(2):448–458. https:// doi. org/ 10. 1016/j. bbalip. 2012. 11. 
009

 89. Veith NT, Tschernig T, Gutbier B, Witzenrath M, Meier C, 
Menger M, Bischoff M (2014) Surfactant protein A mediates 
pulmonary clearance of Staphylococcusaureus. Respir Res 15:85. 
https:// doi. org/ 10. 1186/ s12931- 014- 0085-2

 90. Glasser SW, Maxfield MD, Ruetschilling TL, Akinbi HT, Baatz 
JE, Kitzmiller JA, Page K, Xu Y, Bao EL, Korfhagen TR (2013) 
Persistence of LPS-induced lung inflammation in surfactant pro-
tein-C-deficient mice. Am J Respir Cell Mol Biol 49(5):845–854. 
https:// doi. org/ 10. 1165/ rcmb. 2012- 0374OC

 91. Chen F, Krasnow MA (2014) Progenitor outgrowth from the 
niche in Drosophila trachea is guided by FGF from decaying 
branches. Science 343(6167):186–189. https:// doi. org/ 10. 1126/ 
scien ce. 12414 42

 92. Desai TJ, Brownfield DG, Krasnow MA (2014) Alveolar pro-
genitor and stem cells in lung development, renewal and cancer. 
Nature 507(7491):190–194. https:// doi. org/ 10. 1038/ natur e12930

 93. Peng T, Frank DB, Kadzik RS, Morley MP, Rathi KS, Wang 
T, Zhou S, Cheng L, Lu MM, Morrisey EE (2015) Hedgehog 
actively maintains adult lung quiescence and regulates repair 
and regeneration. Nature 526(7574):578–582. https:// doi. org/ 
10. 1038/ natur e14984

 94. Li F, He J, Wei J, Cho WC, Liu X (2015) Diversity of epithelial 
stem cell types in adult lung. Stem Cells Int 2015:728307. https:// 
doi. org/ 10. 1155/ 2015/ 728307

 95. Liu Q, Liu K, Cui G, Huang X, Yao S, Guo W, Qin Z, Li Y, Yang 
R, Pu W, Zhang L, He L, Zhao H, Yu W, Tang M, Tian X, Cai D, 
Nie Y, Hu S, Ren T, Qiao Z, Huang H, Zeng YA, Jing N, Peng 
G, Ji H, Zhou B (2019) Lung regeneration by multipotent stem 
cells residing at the bronchioalveolar-duct junction. Nat Genet 
51(4):728–738. https:// doi. org/ 10. 1038/ s41588- 019- 0346-6

 96. Londhe VA, Maisonet TM, Lopez B, Jeng JM, Li C, Minoo P 
(2011) A subset of epithelial cells with CCSP promoter activity 
participates in alveolar development. Am J Respir Cell Mol Biol 
44(6):804–812. https:// doi. org/ 10. 1165/ rcmb. 2009- 0429OC

 97. Gottschling S, Schnabel PA, Herth FJ, Herpel E (2012) Are we 
missing the target? Cancer stem cells and drug resistance in non-
small cell lung cancer. Cancer Genom Proteom 9(5):275–286

 98. Ferone G, Song JY, Sutherland KD, Bhaskaran R, Monkhorst 
K, Lambooij JP, Proost N, Gargiulo G, Berns A (2016) SOX2 
is the determining oncogenic switch in promoting lung squa-
mous cell carcinoma from different cells of origin. Cancer Cell 
30(4):519–532. https:// doi. org/ 10. 1016/j. ccell. 2016. 09. 001

 99. Liu G, Pei F, Yang F, Li L, Amin AD, Liu S, Buchan JR, Cho 
WC (2017) Role of autophagy and apoptosis in non-small-cell 
lung cancer. Int J Mol Sci 18(2):367. https:// doi. org/ 10. 3390/ 
ijms1 80203 67

 100. Pardal R, Clarke MF, Morrison SJ (2003) Applying the principles 
of stem-cell biology to cancer. Nat Rev Cancer 3(12):895–902. 
https:// doi. org/ 10. 1038/ nrc12 32

 101. Wang J, Li X, Chen H (2020) Organoid models in lung regen-
eration and cancer. Cancer Lett 475:129–135. https:// doi. org/ 10. 
1016/j. canlet. 2020. 01. 030

 102. Vanhove K, Derveaux E, Graulus GJ, Mesotten L, Thomeer M, 
Noben JP, Guedens W, Adriaensens P (2019) Glutamine addic-
tion and therapeutic strategies in lung cancer. Int J Mol Sci 
20(2):252. https:// doi. org/ 10. 3390/ ijms2 00202 52

 103. Kimmelman AC, White E (2017) Autophagy and tumor metab-
olism. Cell Metab 25(5):1037–1043. https:// doi. org/ 10. 1016/j. 
cmet. 2017. 04. 004

 104. Hirschhaeuser F, Sattler UG, Mueller-Klieser W (2011) Lactate: 
a metabolic key player in cancer. Cancer Res 71(22):6921–6925. 
https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 11- 1457

 105. Mohamed A, Deng X, Khuri FR, Owonikoko TK (2014) Altered 
glutamine metabolism and therapeutic opportunities for lung 
cancer. Clin Lung Cancer 15(1):7–15. https:// doi. org/ 10. 1016/j. 
cllc. 2013. 09. 001

 106. Patra KC, Hay N (2014) The pentose phosphate pathway and 
cancer. Trends Biochem Sci 39(8):347–354. https:// doi. org/ 10. 
1016/j. tibs. 2014. 06. 005

 107. Merino Salvador M, Gomez de Cedron M, Moreno Rubio J, 
Falagan Martinez S, Sanchez Martinez R, Casado E, Ramirez de 
Molina A, Sereno M (2017) Lipid metabolism and lung cancer. 
Crit Rev Oncol Hematol 112:31–40. https:// doi. org/ 10. 1016/j. 
critr evonc. 2017. 02. 001

 108. Gowdy KM, Fessler MB (2013) Emerging roles for choles-
terol and lipoproteins in lung disease. Pulm Pharmacol Ther 
26(4):430–437. https:// doi. org/ 10. 1016/j. pupt. 2012. 06. 002

 109. Kuzu OF, Noory MA, Robertson GP (2016) The role of choles-
terol in cancer. Cancer Res 76(8):2063–2070. https:// doi. org/ 10. 
1158/ 0008- 5472. CAN- 15- 2613

 110. Xue Y, Han H, Wu L, Pan B, Dong B, Yin CC, Tian Z, Liu X, 
Yang Y, Zhang H, Chen Y, Chen J (2017) iASPP facilitates tumor 
growth by promoting mTOR-dependent autophagy in human 
non-small-cell lung cancer. Cell Death Dis 8(10):e3150. https:// 
doi. org/ 10. 1038/ cddis. 2017. 515

 111. De Rose V, Molloy K, Gohy S, Pilette C, Greene CM (2018) Air-
way epithelium dysfunction in cystic fibrosis and COPD. Media-
tors Inflamm 2018:1309746. https:// doi. org/ 10. 1155/ 2018/ 13097 
46

 112. Serre J, Tanjeko AT, Mathyssen C, Vanherwegen AS, Heigl 
T, Janssen R, Verbeken E, Maes K, Vanaudenaerde B, Jans-
sens W, Gayan-Ramirez G (2021) Enhanced lung inflamma-
tory response in whole-body compared to nose-only cigarette 
smoke-exposed mice. Respir Res 22(1):86. https:// doi. org/ 10. 
1186/ s12931- 021- 01680-5

 113. Vij N, Chandramani-Shivalingappa P, Van Westphal C, Hole R, 
Bodas M (2018) Cigarette smoke-induced autophagy impair-
ment accelerates lung aging, COPD-emphysema exacerbations 
and pathogenesis. Am J Physiol Cell Physiol 314(1):C73–C87. 
https:// doi. org/ 10. 1152/ ajpce ll. 00110. 2016

https://doi.org/10.1172/JCI39731
https://doi.org/10.1016/j.cell.2017.07.028
https://doi.org/10.1016/j.cell.2017.07.028
https://doi.org/10.1016/S0002-9440(10)64169-7
https://doi.org/10.1016/S0002-9440(10)64169-7
https://doi.org/10.1002/path.2473
https://doi.org/10.1146/annurev-cellbio-100109-104040
https://doi.org/10.1146/annurev-cellbio-100109-104040
https://doi.org/10.1073/pnas.1504780112
https://doi.org/10.1073/pnas.1504780112
https://doi.org/10.1016/j.bbalip.2012.11.009
https://doi.org/10.1016/j.bbalip.2012.11.009
https://doi.org/10.1186/s12931-014-0085-2
https://doi.org/10.1165/rcmb.2012-0374OC
https://doi.org/10.1126/science.1241442
https://doi.org/10.1126/science.1241442
https://doi.org/10.1038/nature12930
https://doi.org/10.1038/nature14984
https://doi.org/10.1038/nature14984
https://doi.org/10.1155/2015/728307
https://doi.org/10.1155/2015/728307
https://doi.org/10.1038/s41588-019-0346-6
https://doi.org/10.1165/rcmb.2009-0429OC
https://doi.org/10.1016/j.ccell.2016.09.001
https://doi.org/10.3390/ijms18020367
https://doi.org/10.3390/ijms18020367
https://doi.org/10.1038/nrc1232
https://doi.org/10.1016/j.canlet.2020.01.030
https://doi.org/10.1016/j.canlet.2020.01.030
https://doi.org/10.3390/ijms20020252
https://doi.org/10.1016/j.cmet.2017.04.004
https://doi.org/10.1016/j.cmet.2017.04.004
https://doi.org/10.1158/0008-5472.CAN-11-1457
https://doi.org/10.1016/j.cllc.2013.09.001
https://doi.org/10.1016/j.cllc.2013.09.001
https://doi.org/10.1016/j.tibs.2014.06.005
https://doi.org/10.1016/j.tibs.2014.06.005
https://doi.org/10.1016/j.critrevonc.2017.02.001
https://doi.org/10.1016/j.critrevonc.2017.02.001
https://doi.org/10.1016/j.pupt.2012.06.002
https://doi.org/10.1158/0008-5472.CAN-15-2613
https://doi.org/10.1158/0008-5472.CAN-15-2613
https://doi.org/10.1038/cddis.2017.515
https://doi.org/10.1038/cddis.2017.515
https://doi.org/10.1155/2018/1309746
https://doi.org/10.1155/2018/1309746
https://doi.org/10.1186/s12931-021-01680-5
https://doi.org/10.1186/s12931-021-01680-5
https://doi.org/10.1152/ajpcell.00110.2016


5066 X. Li et al.

1 3

 114. Chen ZH, Lam HC, Jin Y, Kim HP, Cao J, Lee SJ, Ifedigbo E, 
Parameswaran H, Ryter SW, Choi AM (2010) Autophagy protein 
microtubule-associated protein 1 light chain-3B (LC3B) activates 
extrinsic apoptosis during cigarette smoke-induced emphysema. 
Proc Natl Acad Sci USA 107(44):18880–18885. https:// doi. org/ 
10. 1073/ pnas. 10055 74107

 115. Wang Y, Liu J, Zhou JS, Huang HQ, Li ZY, Xu XC, Lai TW, 
Hu Y, Zhou HB, Chen HP, Ying SM, Li W, Shen HH, Chen 
ZH (2018) MTOR suppresses cigarette smoke-induced epithe-
lial cell death and airway inflammation in chronic obstructive 
pulmonary disease. J Immunol 200(8):2571–2580. https:// doi. 
org/ 10. 4049/ jimmu nol. 17016 81

 116. Chen ZH, Kim HP, Sciurba FC, Lee SJ, Feghali-Bostwick C, 
Stolz DB, Dhir R, Landreneau RJ, Schuchert MJ, Yousem SA, 
Nakahira K, Pilewski JM, Lee JS, Zhang Y, Ryter SW, Choi 
AM (2008) Egr-1 regulates autophagy in cigarette smoke-
induced chronic obstructive pulmonary disease. PLoS ONE 
3(10):e3316. https:// doi. org/ 10. 1371/ journ al. pone. 00033 16

 117. Agarwal AR, Zhao L, Sancheti H, Sundar IK, Rahman I, Cade-
nas E (2012) Short-term cigarette smoke exposure induces 
reversible changes in energy metabolism and cellular redox 
status independent of inflammatory responses in mouse lungs. 
Am J Physiol Lung Cell Mol Physiol 303(10):L889-898. 
https:// doi. org/ 10. 1152/ ajplu ng. 00219. 2012

 118. Dickinson JD, Alevy Y, Malvin NP, Patel KK, Gunsten SP, 
Holtzman MJ, Stappenbeck TS, Brody SL (2016) IL13 acti-
vates autophagy to regulate secretion in airway epithelial cells. 
Autophagy 12(2):397–409. https:// doi. org/ 10. 1080/ 15548 627. 
2015. 10569 67

 119. Fujii S, Hara H, Araya J, Takasaka N, Kojima J, Ito S, Mina-
gawa S, Yumino Y, Ishikawa T, Numata T, Kawaishi M, Hirano 
J, Odaka M, Morikawa T, Nishimura S, Nakayama K, Kuwano 
K (2012) Insufficient autophagy promotes bronchial epithe-
lial cell senescence in chronic obstructive pulmonary disease. 
Oncoimmunology 1(5):630–641. https:// doi. org/ 10. 4161/ onci. 
20297

 120. Kikuchi T, Sugiura H, Koarai A, Ichikawa T, Minakata Y, Mat-
sunaga K, Nakanishi M, Hirano T, Akamatsu K, Yanagisawa 
S, Furukawa K, Kawabata H, Ichinose M (2012) Increase of 
27-hydroxycholesterol in the airways of patients with COPD: 
possible role of 27-hydroxycholesterol in tissue fibrosis. Chest 
142(2):329–337. https:// doi. org/ 10. 1378/ chest. 11- 2091

 121. Jia J, Conlon TM, Sarker RS, Tasdemir D, Smirnova NF, Sriv-
astava B, Verleden SE, Gunes G, Wu X, Prehn C, Gao J, Hein-
zelmann K, Lintelmann J, Irmler M, Pfeiffer S, Schloter M, Zim-
mermann R, Hrabe de Angelis M, Beckers J, Adamski J, Bayram 
H, Eickelberg O, Yildirim AO (2018) Cholesterol metabolism 
promotes B-cell positioning during immune pathogenesis of 
chronic obstructive pulmonary disease. EMBO Mol Med. https:// 
doi. org/ 10. 15252/ emmm. 20170 8349

 122. Beeh KM, Kornmann O, Buhl R, Culpitt SV, Giembycz MA, 
Barnes PJ (2003) Neutrophil chemotactic activity of sputum from 
patients with COPD: role of interleukin 8 and leukotriene B4. 
Chest 123(4):1240–1247. https:// doi. org/ 10. 1378/ chest. 123.4. 
1240

 123. Jiang Z, Knudsen NH, Wang G, Qiu W, Naing ZZC, Bai Y, Ai 
X, Lee CH, Zhou X (2017) Genetic control of fatty acid beta-
oxidation in chronic obstructive pulmonary disease. Am J Respir 
Cell Mol Biol 56(6):738–748. https:// doi. org/ 10. 1165/ rcmb. 
2016- 0282OC

 124. Maeyashiki C, Oshima S, Otsubo K, Kobayashi M, Nibe Y, 
Matsuzawa Y, Onizawa M, Nemoto Y, Nagaishi T, Okamoto 
R, Tsuchiya K, Nakamura T, Watanabe M (2017) HADHA, 
the alpha subunit of the mitochondrial trifunctional protein, is 
involved in long-chain fatty acid-induced autophagy in intestinal 

epithelial cells. Biochem Biophys Res Commun 484(3):636–641. 
https:// doi. org/ 10. 1016/j. bbrc. 2017. 01. 159

 125. An CH, Wang XM, Lam HC, Ifedigbo E, Washko GR, Ryter SW, 
Choi AM (2012) TLR4 deficiency promotes autophagy during 
cigarette smoke-induced pulmonary emphysema. Am J Physiol 
Lung Cell Mol Physiol 303(9):L748-757. https:// doi. org/ 10. 
1152/ ajplu ng. 00102. 2012

 126. Agarwal AR, Yin F, Cadenas E (2014) Short-term cigarette 
smoke exposure leads to metabolic alterations in lung alveolar 
cells. Am J Respir Cell Mol Biol 51(2):284–293. https:// doi. org/ 
10. 1165/ rcmb. 2013- 0523OC

 127. Zhang Y, Huang W, Zheng Z, Wang W, Yuan Y, Hong Q, Lin J, 
Li X, Meng Y (2021) Cigarette smoke-inactivated SIRT1 pro-
motes autophagy-dependent senescence of alveolar epithelial 
type 2 cells to induce pulmonary fibrosis. Free Radic Biol Med 
166:116–127. https:// doi. org/ 10. 1016/j. freer adbio med. 2021. 02. 
013

 128. Yu Y, Li W, Ren L, Yang C, Li D, Han X, Sun Y, Lv C, Han F 
(2018) Inhibition of autophagy enhanced cobalt chlorideinduced 
apoptosis in rat alveolar type II epithelial cells. Mol Med Rep 
18(2):2124–2132. https:// doi. org/ 10. 3892/ mmr. 2018. 9209

 129. Petrache I, Natarajan V, Zhen L, Medler TR, Richter AT, Cho 
C, Hubbard WC, Berdyshev EV, Tuder RM (2005) Ceramide 
upregulation causes pulmonary cell apoptosis and emphysema-
like disease in mice. Nat Med 11(5):491–498. https:// doi. org/ 10. 
1038/ nm1238

 130. Tsutsumi A, Ozaki M, Chubachi S, Irie H, Sato M, Kameyama N, 
Sasaki M, Ishii M, Hegab AE, Betsuyaku T, Fukunaga K (2020) 
Exposure to cigarette smoke enhances the stemness of alveolar 
type 2 cells. Am J Respir Cell Mol Biol 63(3):293–305. https:// 
doi. org/ 10. 1165/ rcmb. 2019- 0188OC

 131. Holgate ST (2008) The airway epithelium is central to the patho-
genesis of asthma. Allergol Int 57(1):1–10. https:// doi. org/ 10. 
2332/ aller golint. R- 07- 154

 132. Papi A, Brightling C, Pedersen SE, Reddel HK (2018) Asthma. 
Lancet 391(10122):783–800. https:// doi. org/ 10. 1016/ S0140- 
6736(17) 33311-1

 133. Farooq MB, Walsh GM (2016) Autophagy and asthma. Clin Exp 
Allergy 46(1):7–9. https:// doi. org/ 10. 1111/ cea. 12633

 134. Ban GY, Pham DL, Trinh TH, Lee SI, Suh DH, Yang EM, Ye 
YM, Shin YS, Chwae YJ, Park HS (2016) Autophagy mech-
anisms in sputum and peripheral blood cells of patients with 
severe asthma: a new therapeutic target. Clin Exp Allergy 
46(1):48–59. https:// doi. org/ 10. 1111/ cea. 12585

 135. Qian X, Aboushousha R, van de Wetering C, Chia SB, Amiel 
E, Schneider RW, van der Velden JLJ, Lahue KG, Hoagland 
DA, Casey DT, Daphtary N, Ather JL, Randall MJ, Aliyeva 
M, Black KE, Chapman DG, Lundblad LKA, McMillan DH, 
Dixon AE, Anathy V, Irvin CG, Poynter ME, Wouters EFM, 
Vacek PM, Henket M, Schleich F, Louis R, van der Vliet A, 
Janssen-Heininger YMW (2018) IL-1/inhibitory kappaB kinase 
epsilon-induced glycolysis augment epithelial effector function 
and promote allergic airways disease. J Allergy Clin Immunol 
142(2):435-450.e410. https:// doi. org/ 10. 1016/j. jaci. 2017. 08. 043

 136. Casalino-Matsuda SM, Monzon ME, Forteza RM (2006) Epider-
mal growth factor receptor activation by epidermal growth factor 
mediates oxidant-induced goblet cell metaplasia in human airway 
epithelium. Am J Respir Cell Mol Biol 34(5):581–591. https:// 
doi. org/ 10. 1165/ rcmb. 2005- 0386OC

 137. Ko HM, Kang NI, Kim YS, Lee YM, Jin ZW, Jung YJ, Im SY, 
Kim JH, Shin YH, Cho BH, Lee HK (2008) Glutamine preferen-
tially inhibits T-helper type 2 cell-mediated airway inflammation 
and late airway hyperresponsiveness through the inhibition of 
cytosolic phospholipase A(2) activity in a murine asthma model. 

https://doi.org/10.1073/pnas.1005574107
https://doi.org/10.1073/pnas.1005574107
https://doi.org/10.4049/jimmunol.1701681
https://doi.org/10.4049/jimmunol.1701681
https://doi.org/10.1371/journal.pone.0003316
https://doi.org/10.1152/ajplung.00219.2012
https://doi.org/10.1080/15548627.2015.1056967
https://doi.org/10.1080/15548627.2015.1056967
https://doi.org/10.4161/onci.20297
https://doi.org/10.4161/onci.20297
https://doi.org/10.1378/chest.11-2091
https://doi.org/10.15252/emmm.201708349
https://doi.org/10.15252/emmm.201708349
https://doi.org/10.1378/chest.123.4.1240
https://doi.org/10.1378/chest.123.4.1240
https://doi.org/10.1165/rcmb.2016-0282OC
https://doi.org/10.1165/rcmb.2016-0282OC
https://doi.org/10.1016/j.bbrc.2017.01.159
https://doi.org/10.1152/ajplung.00102.2012
https://doi.org/10.1152/ajplung.00102.2012
https://doi.org/10.1165/rcmb.2013-0523OC
https://doi.org/10.1165/rcmb.2013-0523OC
https://doi.org/10.1016/j.freeradbiomed.2021.02.013
https://doi.org/10.1016/j.freeradbiomed.2021.02.013
https://doi.org/10.3892/mmr.2018.9209
https://doi.org/10.1038/nm1238
https://doi.org/10.1038/nm1238
https://doi.org/10.1165/rcmb.2019-0188OC
https://doi.org/10.1165/rcmb.2019-0188OC
https://doi.org/10.2332/allergolint.R-07-154
https://doi.org/10.2332/allergolint.R-07-154
https://doi.org/10.1016/S0140-6736(17)33311-1
https://doi.org/10.1016/S0140-6736(17)33311-1
https://doi.org/10.1111/cea.12633
https://doi.org/10.1111/cea.12585
https://doi.org/10.1016/j.jaci.2017.08.043
https://doi.org/10.1165/rcmb.2005-0386OC
https://doi.org/10.1165/rcmb.2005-0386OC


5067Role and mechanisms of autophagy in lung metabolism and repair  

1 3

Clin Exp Allergy 38(2):357–364. https:// doi. org/ 10. 1111/j. 1365- 
2222. 2007. 02900.x

 138. Aguilera-Aguirre L, Bacsi A, Saavedra-Molina A, Kurosky A, 
Sur S, Boldogh I (2009) Mitochondrial dysfunction increases 
allergic airway inflammation. J Immunol 183(8):5379–5387. 
https:// doi. org/ 10. 4049/ jimmu nol. 09002 28

 139. Matsunaga K, Kuwahira I, Hanaoka M, Saito J, Tsuburai T, 
Fukunaga K, Matsumoto H, Sugiura H, Ichinose M, Japanese 
Respiratory Society Assembly on Pulmonary P (2021) An offi-
cial JRS statement: the principles of fractional exhaled nitric 
oxide (FeNO) measurement and interpretation of the results in 
clinical practice. Respir Investig 59(1):34–52. https:// doi. org/ 
10. 1016/j. resinv. 2020. 05. 006

 140. Yates DH (2001) Role of exhaled nitric oxide in asthma. Immu-
nol Cell Biol 79(2):178–190. https:// doi. org/ 10. 1046/j. 1440- 
1711. 2001. 00990.x

 141. Ghisalberti CA, Borzi RM, Cetrullo S, Flamigni F, Cairo G 
(2016) Soft TCPTP agonism-novel target to rescue airway epi-
thelial integrity by exogenous spermidine. Front Pharmacol 
7:147. https:// doi. org/ 10. 3389/ fphar. 2016. 00147

 142. Barrios J, Kho AT, Aven L, Mitchel JA, Park JA, Randell SH, 
Miller LA, Tantisira KG, Ai X (2019) Pulmonary neuroendo-
crine cells secrete gamma-aminobutyric acid to induce goblet 
cell hyperplasia in primate models. Am J Respir Cell Mol Biol 
60(6):687–694. https:// doi. org/ 10. 1165/ rcmb. 2018- 0179OC

 143. Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G 
(2013) The hallmarks of aging. Cell 153(6):1194–1217. https:// 
doi. org/ 10. 1016/j. cell. 2013. 05. 039

 144. Patel AS, Lin L, Geyer A, Haspel JA, An CH, Cao J, Rosas IO, 
Morse D (2012) Autophagy in idiopathic pulmonary fibrosis. 
PLoS ONE 7(7):e41394. https:// doi. org/ 10. 1371/ journ al. pone. 
00413 94

 145. Lv X, Li K, Hu Z (2020) Autophagy and pulmonary fibrosis. 
Adv Exp Med Biol 1207:569–579. https:// doi. org/ 10. 1007/ 
978- 981- 15- 4272-5_ 40

 146. Richeldi L, Collard HR, Jones MG (2017) Idiopathic pulmo-
nary fibrosis. Lancet 389(10082):1941–1952. https:// doi. org/ 
10. 1016/ S0140- 6736(17) 30866-8

 147. Araya J, Kojima J, Takasaka N, Ito S, Fujii S, Hara H, Yanagi-
sawa H, Kobayashi K, Tsurushige C, Kawaishi M, Kamiya 
N, Hirano J, Odaka M, Morikawa T, Nishimura SL, Kawa-
bata Y, Hano H, Nakayama K, Kuwano K (2013) Insufficient 
autophagy in idiopathic pulmonary fibrosis. Am J Physiol Lung 
Cell Mol Physiol 304(1):L56-69. https:// doi. org/ 10. 1152/ ajplu 
ng. 00213. 2012

 148. Cabrera S, Maciel M, Herrera I, Nava T, Vergara F, Gaxiola 
M, Lopez-Otin C, Selman M, Pardo A (2015) Essential role 
for the ATG4B protease and autophagy in bleomycin-induced 
pulmonary fibrosis. Autophagy 11(4):670–684. https:// doi. org/ 
10. 1080/ 15548 627. 2015. 10344 09

 149. Mi S, Li Z, Yang HZ, Liu H, Wang JP, Ma YG, Wang XX, 
Liu HZ, Sun W, Hu ZW (2011) Blocking IL-17A promotes 
the resolution of pulmonary inflammation and fibrosis via 
TGF-beta1-dependent and -independent mechanisms. J Immu-
nol 187(6):3003–3014. https:// doi. org/ 10. 4049/ jimmu nol. 
10040 81

 150. Yang HZ, Wang JP, Mi S, Liu HZ, Cui B, Yan HM, Yan J, Li Z, 
Liu H, Hua F, Lu W, Hu ZW (2012) TLR4 activity is required 
in the resolution of pulmonary inflammation and fibrosis after 
acute and chronic lung injury. Am J Pathol 180(1):275–292. 
https:// doi. org/ 10. 1016/j. ajpath. 2011. 09. 019

 151. Tanjore H, Cheng DS, Degryse AL, Zoz DF, Abdolrasulnia 
R, Lawson WE, Blackwell TS (2011) Alveolar epithelial cells 
undergo epithelial-to-mesenchymal transition in response to 
endoplasmic reticulum stress. J Biol Chem 286(35):30972–
30980. https:// doi. org/ 10. 1074/ jbc. M110. 181164

 152. Kliment CR, Oury TD (2010) Oxidative stress, extracellular 
matrix targets, and idiopathic pulmonary fibrosis. Free Radic 
Biol Med 49(5):707–717. https:// doi. org/ 10. 1016/j. freer adbio 
med. 2010. 04. 036

 153. Tzouvelekis A, Harokopos V, Paparountas T, Oikonomou 
N, Chatziioannou A, Vilaras G, Tsiambas E, Karameris A, 
Bouros D, Aidinis V (2007) Comparative expression profil-
ing in pulmonary fibrosis suggests a role of hypoxia-induc-
ible factor-1alpha in disease pathogenesis. Am J Respir Crit 
Care Med 176(11):1108–1119. https:// doi. org/ 10. 1164/ rccm. 
200705- 683OC

 154. Yorimitsu T, Nair U, Yang Z, Klionsky DJ (2006) Endo-
plasmic reticulum stress triggers autophagy. J Biol Chem 
281(40):30299–30304. https:// doi. org/ 10. 1074/ jbc. M6070 
07200

 155. Gao Q (2019) Oxidative stress and autophagy. Adv Exp Med Biol 
1206:179–198. https:// doi. org/ 10. 1007/ 978- 981- 15- 0602-4_9

 156. Zhang H, Bosch-Marce M, Shimoda LA, Tan YS, Baek JH, 
Wesley JB, Gonzalez FJ, Semenza GL (2008) Mitochondrial 
autophagy is an HIF-1-dependent adaptive metabolic response 
to hypoxia. J Biol Chem 283(16):10892–10903. https:// doi. org/ 
10. 1074/ jbc. M8001 02200

 157. Kang YP, Lee SB, Lee JM, Kim HM, Hong JY, Lee WJ, Choi 
CW, Shin HK, Kim DJ, Koh ES, Park CS, Kwon SW, Park SW 
(2016) Metabolic profiling regarding pathogenesis of idiopathic 
pulmonary fibrosis. J Proteome Res 15(5):1717–1724. https:// 
doi. org/ 10. 1021/ acs. jprot eome. 6b001 56

 158. Zhao YD, Yin L, Archer S, Lu C, Zhao G, Yao Y, Wu L, Hsin M, 
Waddell TK, Keshavjee S, Granton J, de Perrot M (2017) Meta-
bolic heterogeneity of idiopathic pulmonary fibrosis: a metabo-
lomic study. BMJ Open Respir Res 4(1):e000183. https:// doi. org/ 
10. 1136/ bmjre sp- 2017- 000183

 159. Somborac-Bacura A, Rumora L, Novak R, Rasic D, Dumic J, 
Cepelak I, Zanic-Grubisic T (2018) Differential expression of 
heat shock proteins and activation of mitogen-activated protein 
kinases in A549 alveolar epithelial cells exposed to cigarette 
smoke extract. Exp Physiol 103(12):1666–1678. https:// doi. org/ 
10. 1113/ EP087 038

 160. Yao M, Wang X, Tang Y, Zhang W, Cui B, Liu Q, Xing L (2014) 
Dicer mediating the expression of miR-143 and miR-155 regu-
lates hexokinase II associated cellular response to hypoxia. Am 
J Physiol Lung Cell Mol Physiol 307(11):L829-837. https:// doi. 
org/ 10. 1152/ ajplu ng. 00081. 2014

 161. Zhao H, Dennery PA, Yao H (2018) Metabolic reprogramming 
in the pathogenesis of chronic lung diseases, including BPD, 
COPD, and pulmonary fibrosis. Am J Physiol Lung Cell Mol 
Physiol 314(4):L544–L554. https:// doi. org/ 10. 1152/ ajplu ng. 
00521. 2017

 162. Shyh-Chang N, Ng HH (2017) The metabolic programming of 
stem cells. Genes Dev 31(4):336–346. https:// doi. org/ 10. 1101/ 
gad. 293167. 116

 163. Lunt SY, Vander Heiden MG (2011) Aerobic glycolysis: meet-
ing the metabolic requirements of cell proliferation. Annu Rev 
Cell Dev Biol 27:441–464. https:// doi. org/ 10. 1146/ annur ev- cellb 
io- 092910- 154237

 164. Hu C, Fan L, Cen P, Chen E, Jiang Z, Li L (2016) Energy metab-
olism plays a critical role in stem cell maintenance and differ-
entiation. Int J Mol Sci 17(2):253. https:// doi. org/ 10. 3390/ ijms1 
70202 53

 165. Cantin AM, Hubbard RC, Crystal RG (1989) Glutathione 
deficiency in the epithelial lining fluid of the lower respira-
tory tract in idiopathic pulmonary fibrosis. Am Rev Respir Dis 
139(2):370–372. https:// doi. org/ 10. 1164/ ajrccm/ 139.2. 370

 166. Galluzzi L, Pietrocola F, Levine B, Kroemer G (2014) Metabolic 
control of autophagy. Cell 159(6):1263–1276. https:// doi. org/ 10. 
1016/j. cell. 2014. 11. 006

https://doi.org/10.1111/j.1365-2222.2007.02900.x
https://doi.org/10.1111/j.1365-2222.2007.02900.x
https://doi.org/10.4049/jimmunol.0900228
https://doi.org/10.1016/j.resinv.2020.05.006
https://doi.org/10.1016/j.resinv.2020.05.006
https://doi.org/10.1046/j.1440-1711.2001.00990.x
https://doi.org/10.1046/j.1440-1711.2001.00990.x
https://doi.org/10.3389/fphar.2016.00147
https://doi.org/10.1165/rcmb.2018-0179OC
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1371/journal.pone.0041394
https://doi.org/10.1371/journal.pone.0041394
https://doi.org/10.1007/978-981-15-4272-5_40
https://doi.org/10.1007/978-981-15-4272-5_40
https://doi.org/10.1016/S0140-6736(17)30866-8
https://doi.org/10.1016/S0140-6736(17)30866-8
https://doi.org/10.1152/ajplung.00213.2012
https://doi.org/10.1152/ajplung.00213.2012
https://doi.org/10.1080/15548627.2015.1034409
https://doi.org/10.1080/15548627.2015.1034409
https://doi.org/10.4049/jimmunol.1004081
https://doi.org/10.4049/jimmunol.1004081
https://doi.org/10.1016/j.ajpath.2011.09.019
https://doi.org/10.1074/jbc.M110.181164
https://doi.org/10.1016/j.freeradbiomed.2010.04.036
https://doi.org/10.1016/j.freeradbiomed.2010.04.036
https://doi.org/10.1164/rccm.200705-683OC
https://doi.org/10.1164/rccm.200705-683OC
https://doi.org/10.1074/jbc.M607007200
https://doi.org/10.1074/jbc.M607007200
https://doi.org/10.1007/978-981-15-0602-4_9
https://doi.org/10.1074/jbc.M800102200
https://doi.org/10.1074/jbc.M800102200
https://doi.org/10.1021/acs.jproteome.6b00156
https://doi.org/10.1021/acs.jproteome.6b00156
https://doi.org/10.1136/bmjresp-2017-000183
https://doi.org/10.1136/bmjresp-2017-000183
https://doi.org/10.1113/EP087038
https://doi.org/10.1113/EP087038
https://doi.org/10.1152/ajplung.00081.2014
https://doi.org/10.1152/ajplung.00081.2014
https://doi.org/10.1152/ajplung.00521.2017
https://doi.org/10.1152/ajplung.00521.2017
https://doi.org/10.1101/gad.293167.116
https://doi.org/10.1101/gad.293167.116
https://doi.org/10.1146/annurev-cellbio-092910-154237
https://doi.org/10.1146/annurev-cellbio-092910-154237
https://doi.org/10.3390/ijms17020253
https://doi.org/10.3390/ijms17020253
https://doi.org/10.1164/ajrccm/139.2.370
https://doi.org/10.1016/j.cell.2014.11.006
https://doi.org/10.1016/j.cell.2014.11.006


5068 X. Li et al.

1 3

 167. Dupont N, Chauhan S, Arko-Mensah J, Castillo EF, Masedunskas 
A, Weigert R, Robenek H, Proikas-Cezanne T, Deretic V (2014) 
Neutral lipid stores and lipase PNPLA5 contribute to autophago-
some biogenesis. Curr Biol 24(6):609–620. https:// doi. org/ 10. 
1016/j. cub. 2014. 02. 008

 168. Chu SG, Villalba JA, Liang X, Xiong K, Tsoyi K, Ith B, Ayaub 
EA, Tatituri RV, Byers DE, Hsu FF, El-Chemaly S, Kim EY, Shi 
Y, Rosas IO (2019) Palmitic acid-rich high-fat diet exacerbates 
experimental pulmonary fibrosis by modulating endoplasmic 
reticulum stress. Am J Respir Cell Mol Biol 61(6):737–746. 
https:// doi. org/ 10. 1165/ rcmb. 2018- 0324OC

 169. Suryadevara V, Ramchandran R, Kamp DW, Natarajan V (2020) 
Lipid mediators regulate pulmonary fibrosis: potential mecha-
nisms and signaling pathways. Int J Mol Sci 21(12):4257. https:// 
doi. org/ 10. 3390/ ijms2 11242 57

 170. Bueno M, Lai YC, Romero Y, Brands J, St Croix CM, Kamga 
C, Corey C, Herazo-Maya JD, Sembrat J, Lee JS, Duncan SR, 

Rojas M, Shiva S, Chu CT, Mora AL (2015) PINK1 deficiency 
impairs mitochondrial homeostasis and promotes lung fibrosis. 
J Clin Invest 125(2):521–538. https:// doi. org/ 10. 1172/ JCI74 942

 171. Galluzzi L, Kepp O, Kroemer G (2012) Mitochondria: mas-
ter regulators of danger signalling. Nat Rev Mol Cell Biol 
13(12):780–788. https:// doi. org/ 10. 1038/ nrm34 79

 172. Chung KP, Hsu CL, Fan LC, Huang Z, Bhatia D, Chen YJ, Hisata 
S, Cho SJ, Nakahira K, Imamura M, Choi ME, Yu CJ, Cloo-
nan SM, Choi AMK (2019) Mitofusins regulate lipid metabo-
lism to mediate the development of lung fibrosis. Nat Commun 
10(1):3390. https:// doi. org/ 10. 1038/ s41467- 019- 11327-1

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.cub.2014.02.008
https://doi.org/10.1016/j.cub.2014.02.008
https://doi.org/10.1165/rcmb.2018-0324OC
https://doi.org/10.3390/ijms21124257
https://doi.org/10.3390/ijms21124257
https://doi.org/10.1172/JCI74942
https://doi.org/10.1038/nrm3479
https://doi.org/10.1038/s41467-019-11327-1

	Role and mechanisms of autophagy in lung metabolism and repair
	Abstract
	Introduction
	Autophagy
	Cellular metabolism in the lung
	Glucose catabolism, pentose-phosphate pathway, and the TCA cycle
	Lipid metabolism
	Glutamine metabolism
	Regulation of lung metabolism by autophagy
	Lung epithelial stemprogenitor cells and tissue regeneration
	Autophagy in stem cell metabolism and regeneration in lung diseases
	Lung cancer
	Chronic obstructive pulmonary disease
	Asthma
	Idiopathic pulmonary fibrosis

	Conclusions and perspectives
	Acknowledgements 
	References




