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Zhao H, Dennery PA, Yao H. Metabolic reprogramming in the pathogenesis of
chronic lung diseases, including BPD, COPD, and pulmonary fibrosis. Am J
Physiol Lung Cell Mol Physiol 314: L544–L554, 2018. First published January 4,
2018; doi:10.1152/ajplung.00521.2017.—The metabolism of nutrient substrates,
including glucose, glutamine, and fatty acids, provides acetyl-CoA for the tricar-
boxylic acid cycle to generate energy, as well as metabolites for the biosynthesis of
biomolecules, including nucleotides, proteins, and lipids. It has been shown that
metabolism of glucose, fatty acid, and glutamine plays important roles in modu-
lating cellular proliferation, differentiation, apoptosis, autophagy, senescence, and
inflammatory responses. All of these cellular processes contribute to the pathogen-
esis of chronic lung diseases, including bronchopulmonary dysplasia, chronic
obstructive pulmonary disease, and pulmonary fibrosis. Recent studies demonstrate
that metabolic reprogramming occurs in patients with and animal models of chronic
lung diseases, suggesting that metabolic dysregulation may participate in the
pathogenesis and progression of these diseases. In this review, we briefly discuss
the catabolic pathways for glucose, glutamine, and fatty acids, and focus on how
metabolic reprogramming of these pathways impacts cellular functions and leads to
the development of these chronic lung diseases. We also highlight how targeting
metabolic pathways can be utilized in the prevention and treatment of these
diseases.
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INTRODUCTION

The catabolism of major nutrient substrates, including glu-
cose, glutamine, and fatty acids (FAs) provides acetyl-CoA for
the tricarboxylic acid (TCA) cycle to generate energy. It also
generates a variety of metabolites for the biosynthesis of
biomolecules, including nucleotides, proteins, and lipids (anab-
olism). In catabolism, these nutrient substrates are oxidized
into CO2 and H2O, which requires the mitochondrial electron
transport chain (ETC) using oxygen as a terminal electron
acceptor. This couples to ATP production and is termed oxi-
dative phosphorylation.

Cellular bioenergetics is very important for maintaining cell
function under physiological and pathological conditions. It
has been shown that metabolic homeostasis plays important
roles in regulating cell proliferation and differentiation (3).
Metabolic reprogramming or dysregulation also affects au-

tophagy, apoptosis, senescence, and inflammatory responses
(8, 31, 43, 95). All of these cellular processes have been shown
to participate in the pathogenesis of chronic lung diseases,
including bronchopulmonary dysplasia (BPD), chronic ob-
structive pulmonary disease (COPD) and lung fibrosis (9, 20,
23, 50, 99). Interestingly, metabolic reprogramming is ob-
served in the lungs or cells of patients with BPD, COPD, and
lung fibrosis (51–53, 105). However, the roles of this metabolic
reprograming and the molecular mechanisms underlying it in
these diseases are not fully understood.

In this review, we will briefly discuss glucose, fatty acid, and
glutamine catabolism, and focus on their metabolic reprogram-
ming in the pathogenesis of BPD, COPD and pulmonary
fibrosis.

OVERVIEW OF GLUCOSE, FATTY ACID, AND GLUTAMINE
CATABOLISM

Glucose Catabolism

Upon transport into the cytosol by glucose transporters,
glucose is converted into pyruvate through a sequence of 10
biochemical reactions termed glycolysis (25, 26, 28, 56, 94).
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There are three rate-limiting enzymatic reactions catalyzed by
hexokinase (HK), phosphofructokinase (PFK), and pyruvate
kinase, which control the glycolytic flux rate (25, 26, 28, 56,
94). In conditions of sufficient oxygen, pyruvate is com-
monly transported into mitochondria by the mitochondrial
pyruvate carrier (MPC), and then converted to acetyl-CoA.
This molecule, derived from glucose and FA �-oxidation,
enters the TCA cycle to produce NADH and FADH2, the
electron carriers, that donate electrons to the ETC, thereby
resulting in ATP generation via ATP synthase (25, 26, 56)
(Fig. 1). In the setting of oxygen deprivation, pyruvate is
metabolized to lactate in the cytosol (25, 26, 56). Neverthe-
less, under aerobic conditions, some cells, including cancer
cells and endothelial cells, rely on glycolysis for bioener-
getics. This is referred to as the “Warburg effect” (25, 26,
28, 56, 94). A recent study in the mouse demonstrated that
glucose can provide substrates for the TCA cycle via circu-
lating lactate, suggesting that glycolysis and the TCA cycle
are uncoupled at the level of lactate, and lactate is a primary
circulating TCA substrate (46).

Pentose Phosphate Pathway

Glucose can be shuttled to the pentose phosphate pathway
(PPP) rather than proceed to glycolysis under certain cir-
cumstances. The PPP is important for maintaining carbon
homeostasis by generating precursors for nucleotide and
amino acid biosynthesis and for protecting against oxidative
stress by generating NADPH (Fig. 1). The PPP utilizes
glucose-6-phosphate (G6P), which is oxidized by glucose-
6-phosphate dehydrogenase (G6PD) to form 6-phosphog-
luconolactone. This is the rate-limiting step of the PPP. The
6-phosphogluconate is then converted into ribulose 5-phos-
phate through oxidative decarboxylation. The above steps

are the oxidative reactions of the PPP. Together with other
NADPH-regenerating systems, such as NADP-dependent
isocitrate dehydrogenase (IDH) and malic enzyme, NADPH
is generated and used for anabolic pathways and for main-
taining reduced glutathione as antioxidant functions. The
second phase of the PPP is the nonoxidative pathway, which
produces five-carbon sugars [i.e., ribose 5-phosphate,
(R5P)], providing precursors for the synthesis of nucleic
acids and amino acids. The nonoxidative reactions of the
PPP can also provide metabolic intermediates for glycolysis
(i.e., glyceraldehyde 3-phosphate and fructose 6-phosphate),
depending on the biochemical demand. In general, the
oxidative function of the PPP is to produce NADPH to
prevent oxidative stress and for synthesizing biomass, while
the nonoxidative effect of the PPP is to produce R5P for
nucleotide synthesis. The glycolytic pathway and the PPP
cannot be distinguished when one just measures glucose
uptake and lactate production, unless a metabolic flux assay
is used to measure carbon incorporation from glucose into
five-carbon-atom sugars (17).

FA Catabolism

Long-chain FAs (LCFAs) are the most abundant FA species
in mammalian cells. LCFAs disassociated from albumin or
lipoproteins can enter cells via specific transport proteins (e.g.,
FATP and CD36/FABPpm). Once inside the cell, LCFAs are
catalyzed by fatty acyl-CoA synthetase to form fatty acyl-
CoA, which is then ready for storage in lipid droplets (LDs)
as neutral lipids (e.g., triglycerides). Under metabolic stress
or nutrient deprivation, FAs are released from LDs through
lipolysis or lipophagy for energy generation via �-oxidation
and the TCA cycle in the mitochondria. Unlike short- and
medium-chain FAs, LCFAs require the carnitine shuttle

Fig. 1. Glucose catabolism. Upon transport into the cell, glucose is subject to the following two major pathways for metabolism: glycolysis and the pentose phosphate
pathway (PPP), in which G6P appears at the crossroads of these pathways. There are three rate-limiting steps, catalyzed by hexokinase (HK), phosphofructokinase
(PFK), and pyruvate kinase (PK), which converts glucose into pyruvate. Glycolysis is a major pathway for glucose metabolism, in which pyruvate can be
converted into lactate by lactate dehydrogenase (LDH) or be transported into mitochondria by mitochondrial pyruvate carrier (MPC) to fuel ATP production by
oxidative phosphorylation through the electron transport chain (ETC). The PPP divides into the oxidative and nonoxidative branches, which the oxidative branch
generates reducing equivalents in the form of NAPDH, while the nonoxidative branch produces ribose-5-phosphate (R5P). The PPP can feed back glycolysis
at the levels of glyceraldehyde 3-phosphate (3PG) and fructose-6-phosphate (F6P) (solid arrows). The 3PG metabolite can be used for the de novo synthesis of
serine and glycine, which provides the essential precursors for the synthesis of proteins, nucleic acids, and lipids (dashed arrows). 6PG, 6-phosphogluconate;
3PHP, 3-phosphohydroxypyruvate; 3PS, 3-phosphoserine; F-1,6-BP, fructose-1,6-biphosphate; PEP, phosphoenolpyruvate; PHGDH, phosphoglycerate dehy-
drogenase; PSAT, phosphoserine aminotransferase; SHMT, serine hydroxymethyltransferase; TCA, tricarboxylic acid; G6PD, glucose-6-phosphate dehydroge-
nase; 6PGD, 6-phosphogluconate dehydrogenase.
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system to be transported into mitochondria for �-oxidation.
In every cycle, two carbons are cleaved from LCFAs to form
acetyl-CoA. Mitochondria are unable to handle very long-
chain FAs (�22 carbons) and branched FAs, which are usually
oxidized in peroxisomes to generate H2O2. The latter is further
converted into H2O and oxygen by catalase. Once the very
long-chain FAs are cleaved to LCFAs, these can be further
oxidized in the mitochondria. Carnitine palmitoyltransferase 1
(Cpt1, mainly Cpt1a) is the first and rate-limiting step of the
carnitine shuttle system in mitochondria, catalyzing the trans-
fer of the acyl group of LCFAs from CoA to carnitine so as to
form acylcarnitine (Fig. 2).

Glutamine Metabolism

Glutamine is the most abundant free amino acid in plasma.
Glutamine catabolism begins with its conversion to glutamate
by glutaminase, which is further catalyzed by glutamate dehy-
drogenase into �-ketoglutarate, a TCA cycle intermediate (42)
(Fig. 3). Glutamine/glutamate metabolism can interact with the
purine nucleotide cycle and the hepatic urea cycle through
aspartate. Glutamate is also a precursor of glutathione, a major
cellular antioxidant. In addition, it is also the source of amino
groups for nonessential amino acids, which are required for
macromolecular synthesis.

Fig. 2. Fatty acid uptake, activation, and oxidation. Long-chain fatty acids (FAs) disassociated from albumin (Alb) or lipoproteins can enter cells via specific
transport proteins (e.g., FATP and CD36/FABPpm). Once inside the cell, long-chain FAs are catalyzed and activated by fatty acyl-CoA synthetases (ACS) to
form fatty acyl-CoA, which is then ready for storage in lipid droplets (LDs) as neutral lipids (e.g., triglycerides). Under metabolic stress or nutrient deprivation,
FAs are released from LDs through lipolysis or lipophagy for energy generation by �-oxidation and tricarboxylic acid (TCA) cycle in the mitochondria. Unlike
short- and medium-chain FAs, long-chain FAs require the carnitine shuttle system to be transported into mitochondrion for �-oxidation. Cpt1 (mainly Cpt1a)
is the first component and rate-limiting step of the carnitine shuttle system, which catalyzes the transfer of the acyl group of LCFAs from coenzyme A (CoA)
to carnitine to form acylcarnitine.

Fig. 3. Simplified schematic of TCA cycle and its metabolites producing NADPH. TCA cycle is composed of a series of chemical reactions used to release stored
energy in the form of ATP from major nutrient substrates, including glucose, glutamine, and fatty acids. Acetyl-CoA is the starting point of TCA cycle, which
can be generated by pyruvate dehydrogenase from pyruvate or by fatty acid �-oxidation. Glutamate generated from glutaminolysis can be converted into
�-ketoglutarate (�-KG) and then participates in the TCA cycle. TCA-derived citrate can be transported into cytosol for producing pyruvate and glutamate with
the generation of NADPH. Cytosol citrate can be catalyzed by acetyl-CoA ligase (ACL) to generate acetyl CoA, which is utilized for the creation of fatty acids
along with NADPH. Solid arrows denote the steps of TCA cycle, whereas dashed arrows denote the generation of fatty acids and glutamine from glucose-derived
citrate. ME, malic enzyme; IDH, isocitrate dehydrogenase.
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TCA Cycle and Metabolite Transport into the Cytosol

The TCA cycle is an essential metabolic pathway for the
generation of chemical energy (i.e., ATP) by oxidation of
acetyl-CoA derived from nutrients. Once pyruvate is trans-
ported into mitochondria by MPC, it is decarboxylated by the
enzyme pyruvate dehydrogenase generating acetyl-CoA. The
TCA cycle contains eight chemical reactions, which produce
NADH and FADH2 as electron donors to feed the ETC,
leading to ATP production (Fig. 3).

The TCA cycle is largely modulated by product inhibition
and substrate availability. Intermediates can serve as substrates
for biosynthetic processes. Malate is one of the TCA cycle
intermediates exported from the mitochondria to the cytosol,
where malic enzyme can then regenerate NADPH and pyruvate
from malate for cycling back to the mitochondria (Fig. 3).
Citrate can cross from the mitochondrial membrane to the
cytosol, where it is cleaved by ATP citrate lyase (ACL) to
produce cytosolic acetyl-CoA. The latter is used for fatty acid
synthesis through acetyl-CoA carboxylase (ACC)-mediated
malonyl-CoA generation.

In humans, there are three isoforms of IDH, which cata-
lyze the conversion of isocitrate to �-ketoglutarate and CO2

in a two-step reaction. While IDH3 catalyzes the conversion
of NAD� to NADH in the mitochondria, the isoforms IDH1
and IDH2 catalyze the same reaction outside of the context
of the TCA cycle but utilize NADP� as a cofactor to produce
NADPH (Fig. 3).

Glucose-Fatty Acid (Randle) Cycle and Metabolic Flexibility

Cells have metabolic flexibility to use specific fuels depend-
ing on nutrient and oxygen availability. In general, increased
plasma FAs suppress glucose oxidation, while excess carbo-
hydrate inhibits FA �-oxidation via the glucose-FA cycle or
Randle cycle (45). An increase in FA or ketone body oxidation
augments the levels acetyl-CoA and NADH, which inhibit
glucose metabolism via pyruvate dehydrogenase. Increased
glucose oxidation results in increased mitochondrial and cyto-
solic concentrations of citrate, which reduces FA oxidation by
inhibiting Cpt1 via malonyl-CoA. Increased cytosolic citrate
also inhibits glycolysis at the level of PFK, but enhances
glucose incorporation into glycogen. Therefore, in response to
substrate availability, the cell can dynamically adapt its mito-
chondrial metabolic pathways.

METABOLIC REGULATION IN CELL PROCESSES

Metabolism of fuel substrates provides energy, reducing
equivalents, and metabolites, which play important roles in
modulating cell processes, including proliferation. Excessive
production of mitochondrial ROS (mtROS) due to dysfunc-
tional mitochondrial respiration also causes inflammatory re-
sponses and senescence. The roles of mitochondrial dysfunc-
tion per se in modulating these cell processes have been
discussed by us and others (24, 102). In this section, we focus
on metabolic reprogramming during proliferation, differentia-
tion, apoptosis, autophagy, senescence, and inflammation.

Impact of Metabolism on Cell Proliferation

Proliferative cells utilize and metabolize available nutrients
to produce ATP and generate all of the components required
for duplication of cell biomass and division. Aerobic glycolysis
is the main characteristic of normal proliferating cells (Table
1), because R5P and NADPH, which are available from the
PPP, are required for biomass synthesis. Compared with mi-
tochondrial oxidative phosphorylation, glycolysis is not effi-
cient in producing ATP, but it allows more rapid ATP produc-
tion in proliferating cells. Although the proliferating cells do
require more ATP than quiescent cells to maintain homeosta-
sis, ATP is not produced in excess of demand. This is due to
allosteric inhibition of PFK and other rate-limiting steps in
glycolysis by a high ATP/AMP ratio (88).

Glutamine/glutamate metabolism not only generates energy
but also provides intermediates for macromolecule biosynthe-
sis. Indeed, glutamine is indispensable for proliferation be-
cause it provides nitrogen for the biosynthesis of purines,
pyrimidines, and proteins (42). If mitochondrial respiration is
limited, glutamine can provide carbons for lipogenic acetyl-
CoA via reductive glutamine metabolism. This depends on the
cytosolic or mitochondrial IDH reactions (7).

A recent study has shown that FA carbon is essential for
dNTP synthesis in the endothelial cells (79). Isotope labeling
experiments in endothelial cells show that FA carbons substan-
tially replenish the TCA cycle and are incorporated into aspar-
tate (a nucleotide precursor), uridine monophosphate (a pre-
cursor of pyrimidine nucleoside triphosphates), and DNA (79).
Inhibition of FA oxidation by Cpt1 blockade reduces endothe-
lial cell proliferation and subsequent angiogenesis (79). In
addition to its direct role, �-oxidation-derived acetyl-CoA

Table 1. Metabolic reprogramming in cell processes

Cell Process Glycolysis PPP Oxidative Phosphorylation

Proliferation Increased glycolysis Increased PPP Glutamine and FA-derived carbons are able
to incorporate into DNA.

Differentiation Glycolysis inhibition causes differentiation. The PPP shunt is turned off during
differentiation

Mitochondrial respiration drives
differentiation.

Apoptosis Cancer cells are glycolytic, and glycolytic
inhibition results in apoptosis.

Reduced PPP-derived NADPH activates
cytochrome c and apoptosis.

Defective mitochondrial respiration triggers
apoptosis by mtROS, cytochrome c, and
ceramide.

Autophagy Hexokinase II positively modulates glucose
starvation-induced autophagy.

Ribose 5-phosphate isomerase inhibits
autophagy.

Deletion of acetyl-CoA stimulates
autophagy.

Senescence Increased glycolysis during senescence Reduced PPP causes susceptibility to develop
senescence

Reduced mitochondrial respiration during
senescence

Inflammation Glycolysis supports M1 polarization of
macrophage.

The PPP-derived NADPH reduces oxidative
stress-induced inflammation.

M2 macrophage exploits mitochondrial
oxidative phosphorylation.

PPP, pentose phosphate pathway; FA, fatty acid; mtROS, mitochondrial reactive oxygen species; CoA, coenzyme A.

L547METABOLISM DYSREGULATION IN CHRONIC LUNG DISEASES

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00521.2017 • www.ajplung.org
Downloaded from www.physiology.org/journal/ajplung by ${individualUser.givenNames} ${individualUser.surname} (158.093.006.018) on May 1, 2018.

Copyright © 2018 American Physiological Society. All rights reserved.

qiyang
Highlight

qiyang
Highlight



promotes endothelial cell proliferation through epigenetic
mechanisms (79, 96). Therefore, all nutrient substrates can
support the synthesis of biomass for proliferation. However,
some highly proliferating cells, such as cancer cells, rely on
substrate availability, but are independent of metabolic demand
per se for their proliferation (40).

How Metabolism Modulates Cell Differentiation

In general, inhibition of glycolysis with increased mitochon-
drial respiration favors cell differentiation (44) (Table 1).
Bracha et al. (18) reported that silencing phosphoglycerate
kinase and hexose-6-phosphate dehydrogenase induced differ-
entiation of mouse C2C12 myoblasts. Similarly, inhibition of
aerobic glycolysis is required for neuronal differentiation
(106). Mitochondrial oxidative phosphorylation drives intes-
tine epithelial cell differentiation and crypt formation (78).
Furthermore, Treg cells favor FA catabolism via �-oxidation
for their differentiation (63, 81). This is also corroborated by
the findings that genetic ablation of Cpt2 impairs osteoclast
differentiation (54). Synthesis of acetyl-CoA via ACL is re-
quired for nuclear histone acetylation and cytoplasmic choles-
terol biosynthesis. In addition to myoblasts, ACL inhibition
also causes cancer cell differentiation but prevents cancer cell
proliferation and tumor growth (18, 39). Overall, these findings
suggest that carbon metabolism, including glycolysis, the PPP,
and the cholesterol biosynthetic pathway, plays important roles
in regulating differentiation (62). A recent study has shown
that glutamine regulates the pluripotency transcription factor
OCT4, which orchestrates stem cell differentiation, through
glutathione (60). This provides a potential metabolic approach
to force cancer stem cells to differentiate and lose their self-
renewal property, thereby rendering them more vulnerable to
chemotherapy.

Role of Metabolism in Apoptosis

Mitochondria are the main organelles for apoptotic signal-
ing. A variety of death stimuli, including DNA damage and
death receptor ligands, can converge on the mitochondria to
trigger the release of cytochrome c from the mitochondrial
intermembrane space. The released cytochrome c could cause
the formation of the apoptosome via oligomerization of apaf-1
with the cysteine-aspartic protease (caspase)-9, thereby acti-
vating the executioner caspases, caspase-3, and caspase-7,
leading to apoptosis. Interestingly, cells including cancer cells,
which heavily rely on glucose as a mitochondrial fuel, are
refractory to cytochrome c-induced caspase activation. This is
due to inactivation of cytochrome c with reduced state by
enhanced levels of NADPH via the PPP (90) (Table 1). In
addition, acetyl-CoA-dependent protein N-�-acetylation (e.g.,
caspase 2 acetylation) promotes apoptosis resistance (101).
Identifying key apoptotic proteins that are susceptible to acet-
ylation could uncover mechanisms underlying apoptosis resis-
tance.

Inhibition of FA oxidation by a specific Cpt1 inhibitor,
etomoxir, enhanced apoptosis, which is associated with in-
creased de novo synthesis of ceramide, a known mediator of
apoptosis and autophagy (41, 72). Interestingly, inhibition of
FA oxidation by etomoxir attenuated cigarette smoke-induced
cell death in bronchial epithelial cells by reducing mtROS
production during oxidative phosphorylation (50). Therefore,

the balance among FA accumulation-derived synthesis, lipid
peroxidation, and mtROS production plays an important role in
modulating apoptosis and cell death by FA oxidation.

Metabolism and Autophagy

Autophagy is a process that engulfs cytoplasmic proteins
and organelles, including mitochondria, and degrades them in
lysosomes (37). In general, autophagy releases sugars, fatty
acids, amino acids, and nucleosides from the degradation of
carbohydrates, lipids, proteins, and nucleic acids, respectively.
These can be reutilized for metabolic processes and nucleic
acid synthesis. Once mitochondria are depolarized, they can be
targeted for autophagy (mitophagy) to limit mtROS production
and oxidative damage so as to maintain a functional mitochon-
drial pool.

Metabolic inputs, such as AMP/ATP levels, have been found
to regulate autophagy through AMPK (38). Other metabolic
processes such as glycolysis, acetyl-CoA synthesis, and FA
oxidation also play an important role in the regulation of
autophagy (29, 30, 74, 77) (Table 1). In general, it is thought
that catabolic processes increase autophagic flux, whereas
anabolic processes reduce autophagy. For instance, inhibition
of hexokinase II (HKII) reduced, whereas overexpression of
HKII augmented glucose deprivation-induced autophagy (77).
The modulation of autophagy by metabolic processes can be
achieved through specific metabolic intermediates as well as
indirect mechanisms, such as the oxidative status of the cell.
For example, �-ketoglutarate derived from glutamine by glu-
taminolysis inhibits autophagy by activating mTORC1 (84).
Ammonium, a product of glutaminolysis, activates autophagy
at low concentrations, but inhibits this process at high concen-
trations (32).

ROS and reducing equivalents are pivotal in the regulation
of autophagy because the proteins encoded by autophagy-
related genes are redox sensitive. This also contributes to
glutaminolysis-mediated inhibition of autophagy by increasing
the levels of GSH and NADPH, which counteract the effects of
ROS (92). Therefore, modulating autophagy by metabolic
regulators could provide potential therapeutic options for dis-
eases in which autophagy is impaired.

How Metabolism Regulates Senescence

Cellular senescence refers to the irreversible arrest of pro-
liferation, which is characterized by a senescence-associated
secretory phenotype and apoptosis resistance. A general met-
abolic feature of senescent cells is a significant shift to in-
creased glycolytic flux but reduced energetic status (47, 107)
(Table 1). This metabolic shift from mitochondrial oxidative
phosphorylation toward glycolysis results in an increase in the
ADP/ATP and AMP/ATP ratio. The molecular mechanisms
underlying metabolic shift-driven senescence are associated
with AMPK activation due to increased AMP/ATP ratio,
leading to activation of p53/p21 and pRB/p16 pathways. It is
interesting to note that certain types of senescence (e.g., senes-
cence during embryonic development) are independent of p53
activation (66), and p53 has been shown to inhibit glycolysis
(49, 55, 61, 80, 104). These findings suggest that p53 is a key
factor in fine-tuning glycolysis in senescent cells during tissue
remolding.
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GAPDH-depleted human lung carcinoma cells establish a
senescence phenotype, which cannot be rescued by pyruvate
supplementation, despite ATP levels returning to normal (73).
In contrast, GAPDH can interact and inhibit telomerase RNA
component, leading to telomere shortening and senescence in
breast cancer cells (67). These findings suggest that GAPDH
affects senescence in a cell-specific manner, independent of its
role in glycolysis. Glycolytic cancer cells lacking 6-phospho-
gluconate dehydrogenase (6PGD) metabolize glucose to in-
duce senescence without affecting the steady-state levels of
NADPH or the PPP (83). Indeed, the increased PPP in senes-
cent cells may contribute to their high-energy consuming
function, e.g., synthesizing and secreting larger amounts of
senescence-associated secretory phenotype mediators and fac-
tors.

It has been shown that key metabolites, including pyruvate
and malate, modulate the development of senescence through
the generation of mtROS and through the NAD�/NADH ratio.
For instance, supraphysiological levels of pyruvate cause se-
nescence likely due to increased mtROS production through
oxidative phosphorylation (100). Malate is another key metab-
olite that regulates senescence, and inhibition of malate en-
zymes 1 and 2 induces senescence due to increased NAD�/
NADH and NADP�/NADPH ratios (48).

Role of Metabolism in Inflammation

The monocyte-macrophage lineage has the diversity and
plasticity to acquire the distinct functional phenotypes M1 and
M2. The M1 phenotype generates proinflammatory cytokines,
reactive nitrogen and/or oxygen intermediates; promotes Th1
response; and exhibits strong microbicidal and tumoricidal
activity. In contrast, M2 macrophages are involved in tissue
repair and remodeling. In general, glycolysis supports M1
polarization, whereas M2 macrophage uses mitochondrial ox-
idative phosphorylation (59, 65, 85, 89) (Table 1). In fact,
monocytes and macrophages from patients with atherosclerotic
coronary disease showed increased glucose uptake and glyco-
lytic flux, leading to pyruvate kinase M2 (PKM2) nuclear
translocation. Nuclear PKM2 can phosphorylate the transcrip-
tion factor STAT3, resulting IL-6 and IL-1� production (82).
Thus, promotion of a metabolic shift from glycolysis toward
oxidative phosphorylation could render an inflammatory into a
proresolution phenotype. This suggests that there may be new

therapeutic approaches to reduce inflammation based on me-
tabolism.

METABOLIC REPROGRAMMING IN CHRONIC LUNG
DISEASES

Metabolic Dysregulation in BPD

BPD is characterized by alveolar dysplasia and impaired
vascularization along with inflammatory responses and fibro-
genesis. This disease is defined clinically by continued depen-
dency on supplemental oxygen beyond 36-wk corrected ges-
tation in premature infants. However, oxygen supplementation
can blunt normal lung development and the growth of the
pulmonary microvasculature. Although most BPD survivors
eventually can be weaned from supplemental oxygen, there can
be residual pulmonary dysfunction and cardiovascular sequelae
that persist into adolescence and adulthood (19, 36, 97).

It has been reported that the resting metabolic expenditure
was elevated in BPD patients with growth failure (58), sug-
gesting impaired substrate utilization. This is corroborated by
the findings that the sets of genes characteristic of oxidative
phosphorylation were reduced in BPD infants compared with
control infants (21). This is in agreement with the findings that
L-type amino acid transporter-1 was reduced in BPD patients
(12), suggesting abnormal metabolism of amino acids. Human
umbilical venous endothelial cells from patients with BPD had
lower mitochondrial respiration compared with cells from
infants who survived without BPD. This suggests that maximal
oxygen consumption is a significant predictor of BPD (51)
(Table 2). Indeed, hyperoxic exposure, a model of BPD in
rodents, causes reduction of mitochondrial respiration and
complex I activity in neonatal mice (75). Furthermore, admin-
istration of the complex I inhibitor, pyridaben, caused signifi-
cantly delayed alveolarization compared with control mice
(75), suggesting that dysfunction of mitochondrial respiration
contributes to hyperoxic lung injury.

The resident lipofibroblasts supply neutral lipids to type II
pneumocytes for surfactant phospholipid synthesis in the im-
mature fetal lungs. Exposure to hyperoxia causes the lipo-to-
myofibroblast transdifferentiation. This is accompanied by an
increase in the synthesis of nucleic acid ribose from glucose
through the PPP and a decrease in de novo lipid synthesis after
hyperoxic exposure. This may explain fibrogenesis and re-

Table 2. Metabolic reprogramming in chronic lung diseases

Cell process BPD COPD Lung Fibrosis

Glycolysis Hyperoxia increased glucose uptake but reduced
glycolytic capacity and reserve in MLE-12 (23).

Cigarette smoke reduced glycolysis in type
II cells (1).

Increased glycolysis during lung
fibrosis (20, 35, 99)

PPP Hyperoxia increased PPP in lipofibroblasts (15). Compensatory increase in PPP (2) Trend in increased PPP
Mitochondrial

respiration
Reduced mitochondrial respiration in BPD and

hyperoxia-exposed MLE-12 cells (23, 51)
Disrupted lipid metabolism (5, 57, 69, 86,

91)
Reduced mitochondrial respiration

during lung fibrosis (105)
FA oxidation FABP4 and FABP5 were increased (34). Cigarette smoke enhances FA uptake and

oxidation (1).
Reduced FA oxidation (105)

Amino acid
metabolism

L-type amino acid transporter-1 was reduced BPD
patients (12).

Increased glutamine, serine, histidine,
arginine, proline, asparagine, aspartic
acid, glycine-proline and lysine in
patients with emphysema (87)

Increased serine, glycine, and
proline synthesis (13)

Metabolite Urine lactate was increased in BPD patients (33). Acetyl CoA, succinate, NADH, and
FADH2 reduction in smokers (27)

Overall reduction of TCA cycle
metabolites and enzymes (105)

BPD, bronchopulmonary dysplasia; COPD, chronic obstructive pulmonary disease.
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duced surfactant protein synthesized by type II cells in BPD
patients (15).

The main function of fatty acid-binding protein (FABP)
family members is the regulation of FA binding, transport, and
activation. Ghelfi et al. (34) observed that FABP4 was signif-
icantly increased in a subset of macrophages in lungs and
endothelial cells of peribronchial blood vessels in BPD pa-
tients. The expression of lung FABP3 and FABP4 was also
increased in a rat model of BPD induced by intrauterine growth
restriction (103). This may cause expansion of the peribron-
chial vasculature, leading to vessel leakiness, mucosal edema,
and inflammatory responses. Nevertheless, the role of FA
oxidation in the simplified alveolarization and impaired vascu-
larization, as well as inflammatory responses observed in BPD,
is not clear.

Hyperoxic exposure has been shown to induce high glucose
uptake in A549 cells (6). Interestingly, no significant change in
glycolysis, reduced glycolytic capacity, and reserve were ob-
served in MLE-12 cells exposed to hyperoxia (23). This may
be due to the cell-specific characteristic. For example, A549 is
a cancer cell line, whereas MLE-12 is an immortalized cell
line. It remains elusive whether hyperoxia alters glycolysis and
mitochondrial fuel utilization in primary lung type II cells.

Endothelial cells rely on glycolysis, whereas epithelial cells
rely on mitochondrial glucose oxidation for bioenergetics.
Therefore, it would be important to determine cell-specific
changes and roles in metabolism during the development of
BPD. Lipid droplets have been considered as a cargo of
tunneling nanotubes (10). Therefore, the dysregulated FA me-
tabolism in lipofibroblasts or endothelial cells by hyperoxia or
ventilation would be unable to provide alveolar type II cells for
synthesis of surfactant phospholipids and surfactant proteins,
which may contribute to lung collapse in BPD (76).

Some BPD survivors show evidence of pulmonary and
cardiovascular sequelae (e.g., COPD and pulmonary hyperten-
sion) in adolescence and adulthood, which suggests the early-
life origins of chronic lung diseases (11, 16). Therefore, it is
intriguing to determine whether the metabolic reprogramming
during the lung development in neonates has long-term effects
on the susceptibility to develop other lung diseases in adults.

Dysregulated Metabolisms in COPD

COPD is a leading cause of chronic morbidity and mortality
worldwide. Smoking, biofuels, and air pollution are the main
risk factors for this disease. COPD is characterized by the
excess mucus production, chronic bronchitis, small airway
destruction, leading to the decline in lung function. These
pathological changes are associated with oxidative stress, in-
flammatory responses, accelerated senescence, and an apopto-
sis/proliferation imbalance.

Recent studies have shown that metabolic dysregulation
occurs in COPD patients (53, 71, 93) (Table 2). For example,
disrupted lipid metabolism was detected in human COPD
patients (5, 57, 69, 86), as well as in cigarette smoke-induced
emphysema in mice (91), suggesting dysregulation of lipid
metabolism during the onset of COPD (50). This is corrobo-
rated by the findings that L-carnitine, which serves to carry
activated LCFAs into mitochondria, was reduced in elastase-
induced emphysema in mice (22). In this study, enhancing FA
oxidation by L-carnitine protected against elastase-induced

lung function decline and apoptosis in mice. This suggests that
impaired FA oxidation is important in the development of
COPD/emphysema. In contrast, cigarette smoke exposure (for
8 wk) increased FA uptake and oxidation through upregulation
of CD36 and Cpt1 gene expression (1). Pharmacological inhi-
bition of FA oxidation by etomoxir blunted cigarette smoke-
induced cell death in bronchial epithelial cells in vitro by
reducing mtROS production (50). The discrepancies between
these findings may be interpreted as follows: short-term ciga-
rette smoke exposure increases Cpt1 so as to oxidize increased
FAs in cytosol, thereby protecting against lipotoxicity. In
COPD/emphysema, the carnitine shuttle system is impaired,
which leads to accumulation of FAs in the cytosol and subse-
quent lipotoxicity. The role of FA oxidation in cigarette
smoke-induced emphysema will be further elucidated via dy-
namic analysis of FA uptake, accumulation, and oxidation, as
well as genetic approaches using Cpt1a knockout mice.

Metabolomic analysis of primary basal stem/progenitor cells
in the airways of healthy long-term smokers revealed reduced
metabolites and cofactors compared with nonsmokers (13, 27).
For instance, acetyl-CoA levels were reduced in smokers,
which may explain the deficit in succinate NADH and FADH2,
compared with healthy nonsmokers (27). These deficiencies
are indicative of reduced TCA cycle activity, suggesting a
bioenergetic crisis. It has been shown that perturbations in
amino acid metabolism can subclassify patients with COPD
(87). Hence, measurement of metabolites may serve as poten-
tial biomarkers for COPD.

Cigarette smoke exposure has been shown to reduce glyco-
lysis in type II cells, which is associated with inhibition of
GAPDH via S-glutathionylation, a key enzyme for glycolysis
(1). However, COPD patients showed faster whole body glu-
cose metabolism with increased glycolysis (53). Further study
is required to investigate these differences.

Metabolic Reprogramming in Lung Fibrosis

Idiopathic pulmonary fibrosis is a progressive lung disease
characterized by alveolar epithelial cell injury, differentiation
of fibroblasts into myofibroblasts, and extracellular matrix
accumulation/remodeling, leading to irreversible distortion of
the lung parenchyma. Profiling analysis demonstrates abnor-
malities in metabolic pathways, including glycolysis, mito-
chondrial �-oxidation, glutamate/aspartate metabolism, and
TCA cycle, in patients with lung fibrosis (52, 105) (Table 2).
This is confirmed by increased glycolysis in alveolar macro-
phages isolated from mice with lung fibrosis, suggesting that
glycolysis contributes to the profibrotic phenotype (98). Inter-
estingly, FA oxidation and glutaminolysis are dispensable for
the profibrotic M2-like phenotype of macrophages (98). Nev-
ertheless, confirmation of the metabolic changes in a large
human cohort is required.

Glycolysis can enhance the differentiation of lung fibroblast
into myofibroblasts. Inhibition of glycolysis by targeting glut1,
PFKFB3, and pyruvate protects against the development of
lung fibrosis in rodents (20, 35, 99). De novo serine synthesis
is mediated by the phosphoglycerate dehydrogenase, phospho-
serine aminotransferase 1, and phosphoserine phosphatase,
which is then converted to glycine via serine hydroxymethyl-
transferase (Fig. 1). Furthermore, the de novo synthesis of
serine and glycine is required for collagen synthesis in lung
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fibroblasts treated with TGF-� (68). Therefore, one of the
mechanisms for lung fibrogenesis involves increased glycoly-
sis leading to the synthesis of glycine, which is then incorpo-
rated into collagen.

A recent study has shown that TGF-�1 augments the expres-
sion of glutaminase 1, resulting in enhanced glutaminolysis in
myofibroblasts (14). Furthermore, blockade of glutaminolysis
using glutamine-free culture media or silencing of glutaminase
1 reduces TGF�1-induced myofibroblast differentiation. This
study demonstrates that glutaminolysis plays an important role
in promoting myofibroblast differentiation. Nevertheless, it
remains elusive whether glutaminolysis contributes to TGF-
�1-induced lung fibrosis in vivo. Given TGF-�1 increases both
glycolysis and oxidative phosphorylation, it would be impor-
tant to trace and differentiate the glucose, glutamine, and fatty
acid oxidation during TGF-�1-mediated myofibroblast differ-
entiation and fibrosis.

CONCLUSIONS AND PERSPECTIVES

Metabolic homeostasis plays important roles in regulating
physiological and pathological processes, including prolifera-
tion, differentiation, autophagy, apoptosis, senescence, and
inflammatory responses. All of these cell processes contribute
to the development of chronic lung diseases, including BPD,
COPD, and lung fibrosis. Metabolic dysregulation could con-
tribute to the development of these diseases. Nevertheless, a
combination of integrative approaches, including metabolo-
mics, metabolic flux analysis, and positron emission tomogra-
phy, could reveal the panorama of metabolic alterations in
these chronic lung diseases.

Currently, it remains unclear how pharmacologically mod-
ulating metabolism of glucose, glutamine, and fatty acids will
be of clinical benefit for chronic lung diseases. The first-in-
human trial of a mitochondria-targeting drug shows that inhi-
bition of pyruvate dehydrogenase kinase by dichloroacetate
improves pulmonary arterial hypertension in genetically sus-
ceptible patients (64). Furthermore, enhancing FA oxidation by
L-carnitine through nutritional supplementation is beneficial for
patients with BPD and asthma (4, 70). Therefore, continued
granular dissection of the metabolic abnormalities in these
chronic lung diseases could result in the development of
targeted therapeutic strategies by targeting metabolic enzymes
and pathways.
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