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Abstract

The lung is often overlooked as a metabolically active organ, yet biochem-
ical studies have long demonstrated that glucose utilization surpasses that
of many other organs, including the heart, kidney, and brain. For most cells
in the lung, energy consumption is relegated to performing common cellu-
lar tasks, like mRNA transcription and protein translation.However, certain
lung cell populations engage in more specialized types of energy-consuming
behaviors, such as the beating of cilia or the production of surfactant.While
many extrapulmonary diseases are now linked to abnormalities in cellular
metabolism, the pulmonary community has only recently embraced the con-
cept of metabolic dysfunction as a driver of respiratory pathology. Herein,
we provide an overview of the major metabolic pathways in the lung and
discuss how cells sense and adapt to low-energy states. Moreover, we review
some of the emerging evidence that links alterations in cellular metabolism
to the pathobiology of several common respiratory diseases.
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Cellular metabolism:
the full set of chemical
reactions that occur in
living organisms that
regulate energy
homeostasis

Epithelium: a type of
tissue that forms the
outer layer of the
body’s surface and the
lining of organs that
communicates with
fibroblasts, immune
cells, and endothelium

COPD: chronic
obstructive pulmonary
disease is characterized
by fixed airflow
obstruction and often
associated with
cigarette smoking

IPF: idiopathic
pulmonary fibrosis is
chronic lung disorder
that typically develops
in older individuals
and causes progressive
scarring of the
pulmonary
parenchyma

PH: pulmonary
hypertension is a
group of diseases
defined by elevated
pulmonary artery
pressures and leads to
progressive
remodeling of blood
vessels

Glycolysis: a 10-step
reaction involving the
breakdown of glucose
by enzymes, leading to
the release of energy
and the generation of
pyruvate

INTRODUCTION

Though originally considered to be a passive conduit for gas exchange, it is now appreciated that
the lung consumes, on a per gram basis, as much as or even more energy than almost any other
organ in the body, including the brain, kidney, and liver. In general, energy consumption in the
lung is relegated to performing usual cellular tasks, like rearrangement of cytoskeletal elements,
gene transcription and protein translation, and replication and repair of DNA.However, the lung
also contains several populations of highly specialized cells that engage in more unique forms
of energy-consuming behaviors, such as airway clearance (phagocytosis and ciliary motility),
bronchial gland secretion, constriction of airways and blood vessels, and production of pulmonary
surfactant. As such, energy consumption in the lung is essential not just for regulating general
cellular functions but also for maintaining the unique activities of the organ.

Until recently, the study of pulmonary metabolism was largely dependent on the use of ex vivo,
whole-organ perfusion models or artificial in vitro model systems. However, recent technological
advances enabled researchers to askmore sophisticated questions about how individual cells within
the lung respond and adapt in health and disease. These include novel methods for separating
and isolating highly purified populations of cells from digested lung preparations (1–3) so that
qualitative and quantitative assessments of individual metabolites (nuclear magnetic resonance
and mass spectrometry) and real-time monitoring of cellular metabolism (Agilent Seahorse XF
Analyzers) are possible (4, 5). As a result, the last decade has seen an exponential rise in the number
of studies related to cellular metabolism in respiratory medicine, reminiscent of the early days in
our understanding of surfactant biology.What has emerged from these studies is not just a greater
appreciation for the complexity of the lung but also a greater understanding of how alterations in
cellular metabolism can contribute to complex pathological events, such as abnormal beating of
cilia, acquisition of antiapoptotic behaviors in endothelial cells, phenotypic polarization of alveolar
macrophages, and induction of cellular senescence in the alveolar epithelium.

Because the field of cellular metabolism is still emerging, and most lung biologists do not un-
dergo formal training in the field, this review provides an overview of the major metabolic path-
ways and discusses the mechanisms through which cells normally gauge and adapt to nutrient
stress. Moreover, we also review new evidence linking abnormalities in cellular metabolism to the
pathobiology of four respiratory diseases: (a) the airway diseases chronic obstructive pulmonary
disease (COPD) and asthma; (b) idiopathic pulmonary fibrosis (IPF); and (c) pulmonary hyperten-
sion (PH), while also proposing how targeting specific metabolic pathways could be a new avenue
in the treatment of these, and other, respiratory conditions.

CELLULAR METABOLISM AND ITS MAJOR PATHWAYS

Cellular metabolism refers to the complex set of chemical reactions that permit cells, organs, and
entire organisms to function and thrive. Although cellular metabolism is often discussed in the
context of individual pathways, survival of an organism is ultimately dependent on the integra-
tion of all metabolic pathways. In fact, other than glycolysis, no major metabolic pathway func-
tions entirely on its own; for example, the pentose phosphate pathway most commonly relies on
glucose-6-phosphate from glycolysis in order to proceed, and lipid synthesis cannot move forward
without input of both nicotinamide adenine dinucleotide phosphate (NADPH) and adenosine 5′-
triphosphate (ATP) from at least two other metabolic pathways.While numerous other examples
could be highlighted, the major point is that biochemical events in one metabolic pathway cannot
be easily understood if discussed only in isolation. With this in mind, this section reviews each
of the major metabolic pathways and also discusses how these pathways communicate with each
other to ensure proper growth and functioning of a cell.
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ATP: adenosine
5′-triphosphate is an
organic compound
that serves as a
primary source of
energy for cells

Mitochondria:
organelles found in
almost all cells in
which cellular
respiration and energy
production occur.
They serve as a
molecular sensor to
other parts of the cell

Glycolysis and the Warburg Effect

For most tissues, glucose serves as the primary source of energy, and this is also true for the lung
(6). In fact, glucose oxidation has been estimated to be 40–50 μmol/(h·g) of dry lung weight,which
is a value equal to or greater than most other metabolically active organs (7, 8). The metabolism
of glucose begins with a 10-step reaction in the cytoplasm known as glycolysis, or more formally
called the glycolytic pathway. In the end, this 10-step reaction converts one molecule of glucose
into two 3-carbon pyruvate molecules (Figure 1). Glycolysis also yields two molecules of ATP
and reduces two NAD+ molecules to nicotinamide adenine dinucleotide (NADH), which both
serve as metabolic fuel for driving other biological reactions.

Once pyruvate is generated, it usually has one of two fates: Either it is delivered to mitochon-
dria for breakdown via the tricarboxylic acid (TCA) cycle or it remains in the cytoplasm where it
undergoes fermentation to lactate by the enzyme lactate dehydrogenase (LDH). By classic teach-
ing, pyruvate is metabolized in mitochondria under aerobic conditions but is converted to lactate
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Figure 1

Major metabolic pathways. Glycolysis is a 10-step reaction that converts glucose into pyruvate; pyruvate is then converted into lactate
or enters the tricarboxylic acid (TCA) cycle as acetyl-CoA to yield NADH and FADH2. NADH and FADH2 are used by the electron
transport chain (ETC) to generate ATP. Metabolic intermediates derived from glycolysis can also be diverted to the pentose phosphate
pathway (PPP) to generate NADPH and ribose-5-phosphate. Fatty acid synthesis occurs in the endoplasmic reticulum and requires
both NADPH and ATP from other metabolic pathways. During periods of energy deprivation, fatty acids are metabolized in
mitochondria via β-oxidation, yielding large amounts of NADH and FADH2 for ATP synthesis in the ETC.
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TCA: tricarboxylic
acid is a cycle of
enzymatic reactions
that occur in the
mitochondrial matrix
which yield metabolic
intermediates, NADH
and FADH2

Warburg effect:
an eponym used to
describe the
conversion of pyruvate
to lactic acid under
aerobic conditions

in the cytoplasm when oxygen tension is low. However, it is now clear that there are many sce-
narios in which this rule does not apply. Perhaps the best example of this is in cancer cells, in
which the use of aerobic glycolysis is often dubbed the Warburg effect, after the German bio-
chemist who first described the phenomenon (9, 10). Although initially believed to be due to a
deficiency in mitochondrial respiration, it is now appreciated that mitochondrial function is often
normal or even enhanced in many cancer cells (9, 11–13). Thus, the switch to aerobic glycolysis
is now believed to be more of a survival mechanism than an adaptive response. For cancer cells,
aerobic glycolysis and the production of lactate provide several important advantages over mi-
tochondrial respiration. This includes the ability to replenish cellular NAD+ levels through the
actions of LDH, thereby permitting glycolysis to continue, and the ability to generate ATP at
a faster rate than oxidative phosphorylation (12, 14), providing cells with speed over quantity in
energy production. Most importantly, glycolysis serves as a rich source of biosynthetic interme-
diates for building other parts of a cell (9), including the lipids, proteins, and nucleotides needed
for growing and proliferating cancer cells.

For reasons that remain unclear, lactate production in the normal lung is elevated when com-
pared to many other tissues (15). In fact, carbon labeling studies have demonstrated that nearly
40% of all glucose consumed by the healthy rat lung is ultimately converted to lactate under
normal oxygen conditions (Figure 2) (7, 16). This is particularly surprising when one considers
that the lung’s need for biosynthetic materials is nowhere near that of most cancer cells, and cell
turnover in the lung is actually low when compared to most other tissues (17–19). Interestingly,
lactate production appears to be largely independent of oxygen concentration, as levels have been
shown to increase only marginally when alveolar PO2 levels are markedly reduced (20, 21). It has
been suggested that the lung might have evolved to utilize aerobic glycolysis as a means for min-
imizing local oxygen consumption, thereby enhancing overall oxygen delivery to other tissues.
Additionally, it has been proposed that lactate production might serve as a source of energy for
cells in the lung, in particular, for those lacking adequate access to nutrients in the pulmonary cir-
culation. If true, then the healthy lung would be utilizing a strategy often ascribed to cancer cells,
in which lactate secretion by the primary tumor cell is important for supporting the activities
of other cells (e.g., stromal cells) in the tumor microenvironment (11). In these cells, the uptake
of lactate through lactate transporters (also known as monocarboxylate transporters) drives the

Lactate, 40%
Pyruvate, 5%
Fatty acids, 5%
Other lipids, 5%
Protein and nucleic acids, 18%
CO2, 22%
Polysaccharide, 5%

Figure 2

End products of glucose metabolism based on carbon atoms recovered during perfusion of isolated whole
lung tissues. The data are represented as percent of total recovery. Data from Reference 10.
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PPP: pentose
phosphate pathway is a
metabolic pathway
parallel to glycolysis
that generates
NADPH and 5-carbon
sugar molecules which
serve as a precursor to
the synthesis of
nucleotides

ETC: electron
transport chain is a
series of protein
complexes that
transfer electrons
across the
mitochondrial inner
membrane to generate
ATP

Catabolic: a process
by which complex
molecules are broken
down into smaller
components

β-oxidation:
a catabolic process
through which fatty
acid molecules are
broken down in
mitochondria to
generate acetyl
coenzyme A yielding
NADH and FADH2

enzymatic activity of LDH in the opposite direction, yielding pyruvate in the process,which serves
to not only feed the TCA cycle but also reduce dependence of these cells on blood glucose for
pyruvate production.

The Pentose Phosphate Pathway

The pentose phosphate pathway (PPP) is unique from all other metabolic pathways in that it
neither consumes nor generates energy in the form of ATP. This pathway is also distinguished
by its dependence on glucose-6-phosphate, which means that it often runs in parallel with gly-
colysis (Figure 1). Although the PPP performs several functions, it is probably best known for
its role in reducing NADP to NADPH; notably, NADPH serves as a key biological reductant
for a wide range of cellular reactions, including the regeneration of glutathione and the produc-
tion of cholesterol and fatty acids. Reduction of NADP is mediated by the rate-limiting enzyme
glucose-6-phosphate dehydrogenase (G6PD), whose levels fluctuate in response to various cellu-
lar perturbations (e.g., hypoxia) (22). While other enzymatic reactions, such as the conversion of
malate to pyruvate by malic enzyme, and the conversion of isocitrate to α-ketoglutarate by isoci-
trate dehydrogenase, can also generate NADPH, the lung uses the PPP for the bulk of NADPH
production (23). In fact, it is estimated that more than 10% of all glucose metabolized in the rat
lung is ultimately delivered to the PPP for further breakdown (23–25).The PPP is also responsible
for isomeric conversion of ribulose-5-phosphate to ribose-5-phosphate, which is the component
sugar for the synthesis of all ribonucleotides. Thus, this makes the PPP an essential metabolic
pathway for all transcriptionally active and proliferating cells.

The Tricarboxylic Acid Cycle

The TCA cycle, also known as the citric acid or Krebs cycle, is a metabolic pathway that occurs
in the mitochondrial matrix and is best known for its ability to maximize ATP production.While
glycolysis nets only two ATPs, the two major by-products of the TCA cycle, NADH and flavin
adenine dinucleotide (FADH2), allow for the production of additional 34 ATPs through oxidative
phosphorylation in the electron transport chain (ETC). Most commonly, the entry point into the
TCA cycle is through glucose-derived pyruvate or fatty acids, after conversion to acetyl coen-
zyme A (acetyl-CoA). However, various other factors such as glutamine, following conversion to
α-ketoglutarate, and the deaminated amino acids such as alanine, cysteine, glycine, serine, and
threonine, following conversion to pyruvate, can serve as substrates for the TCA cycle. In ad-
dition, the TCA cycle, like glycolysis, can be used to export biosynthetic intermediates to other
parts of the cell through a process called cataplerosis. However, for cataplerosis to be sustained
over long periods, ongoing input of multiple nutrients into the TCA cycle (also called anaplerosis)
is often required.

Fatty Acid β-Oxidation

β-Oxidation is a catabolic process that predominantly occurs in the mitochondrial matrix and
yields acetyl-CoA for the TCA cycle and NADH and FADH2 for ATP production by the ETC
(26). Although some tissues preferentially utilize fatty acids for much of their energy production
(e.g., heart), the lung is believed to primarily utilize this pathway during times of nutrient depri-
vation (15, 21). In this context, Shaw & Rhoades showed that β-oxidation of fatty acids increases
by nearly 40% in the rat lung under starvation conditions (27). While β-oxidation is an excel-
lent source of ATP (100 plus ATP molecules are generated from one 16 carbon fatty acyl chain),
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Fatty acid synthesis:
a series of enzymatic
reactions that form
fatty acids from
acetyl-CoA and
reduced nicotinamide
adenine dinucleotide
phosphate (NADPH)

there are several notable disadvantages to relying on this pathway for the bulk of a cell’s energy
production. For one, β-oxidation is generally more complicated than glycolysis, in that fatty acid
molecules must first be conjugated to carnitine in the cytoplasm, and then delivered to mitochon-
dria via a rate-limiting enzyme called carnitine palmitoyl transferase I (CPTI) before breakdown
can even begin.Moreover,β-oxidation is also less efficient than glycolysis, at least in terms of oxy-
gen consumption. For example, 23 molecules of O2 are consumed in the process of breaking down
one palmitate molecule (yielding 129 ATP molecules), whereas only six O2 molecules are needed
in the complete breakdown of one molecule of glucose (yielding 38 ATP molecules). Finally, the
breakdown of fatty acids can cause significant oxidative stress to cells, in particular, for those not
adequately equipped to handle an acute rise in reactive oxygen species (ROS) production. This
is because fatty acid breakdown delivers a large bolus of electrons to the ETC from NADH and
FADH2, thereby yielding superoxide as a by-product (28). Notably, very long chain fatty acids
greater than 22 carbons and branched fatty acids are initially oxidized in peroxisomes rather than
mitochondria (29). This ends in the production of octanoyl-CoA, which is then delivered to mito-
chondria for further breakdown. A distinct difference between β-oxidation in mitochondria and
that in peroxisomes is that the latter does not involve ATP synthesis. Instead, NADH-carried
electrons are transferred to O2 to produce H2O2, ultimately yielding H2O and O2 by the en-
zyme catalase (29). To date, the role of this catabolic process in the lung has not been adequately
studied.

LIPID SYNTHESIS IN LUNG

Although most lung biologists consider lipid synthesis to be a process restricted to surfactant-
producing cells, it is actually the case that most cells can generate the lipids they need formaintain-
ing their own internal and external membranes. Because lipid production is an energy-consuming
process, the activities of fatty acid synthesis pathways are normally closely coupled to the energy
status of a cell. For example, when ATP levels are elevated, lipid synthesis is allowed to proceed,
leading to an upregulation in the machinery for de novo lipid synthesis; this includes the enzymes
fatty acid synthase and acetyl-CoA carboxylase (ACC) as well as the transcription factors sterol
regulatory element-binding protein and the liver X receptor (LXR). Because fatty acids are mostly
composed of long chains of carbon molecules, lipid synthesis also demands biosynthetic interme-
diates from other parts of the cell, such as pyruvate from glycolysis, or citrate from the TCA
cycle, which are then converted to acetyl-CoA via pyruvate dehydrogenase complex (PDC) and
ATP-citrate lyase, respectively (Figure 3). Once acetyl-CoA is made available, fatty acid synthe-
sis begins by carboxylation of acetyl-CoA to malonyl-CoA by ACC, an irreversible reaction that
consumes one molecule of ATP. The subsequent pathway of fatty acid synthesis from acetyl-ACP
and malonyl-ACP involves the repetition of a 4-step reaction known as the condensation, reduc-
tion, dehydration, and reduction steps. In the end, 7 cycles of this 4-step reaction are performed
in the synthesis of one 16-carbon fatty acid palmitate, requiring 14 molecules of NADPH and
7 molecules of ATP.Notably, fatty acyl chains longer than 16 carbons require the activity of elon-
gases, a reaction that also consumes NADPH, whereas the conversion of saturated fatty acids to
unsaturated fatty acids by desaturase enzymes involves just a hydrogenation reaction. Ultimately,
most fatty acyl chains are incorporated into more complex molecules such as triglycerides, phos-
pholipids, and cardiolipins that serve as building blocks for plasma membranes, lipid droplets, and
other membrane-containing organelles. Although the formation of thesemore complexmolecules
does not usually consume significant amounts of energy, some elements, such as the conversion
of choline to phosphocholine, do consume ATP, making even minor processes in the synthesis of
lipids a challenge for cells under low-energy states.
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Figure 3

Mechanisms for generating membrane and surfactant lipids in type II alveolar epithelial cells. These cells can engage in the de novo
synthesis of lipids by utilizing pyruvate from glucose, or citrate from the TCA cycle. Mitochondrial citrate is mobilized to the
cytoplasm and converted to acetyl-CoA by the enzyme ATP-citrate lyase. Acetyl-CoA undergoes carboxylation to malonyl-CoA by the
enzyme acetyl-CoA carboxylase and subsequent steps require repetition of a 4-step reaction known as condensation, reduction,
dehydration, and reduction. Fatty acyl chains can then undergo elongation and/or desaturation before being added to glycerol
molecules to synthesize membrane and surfactant phospholipids. Fatty acyl chains for phospholipids can also be acquired from dietary
sources or from the extracellular surfactant lipid pool. These diverse mechanisms are believed to explain how alveolar epithelial type II
cells can maintain precise control over their surfactant lipid pool under a wide range of stress conditions. Abbreviations: ACLY,
ATP-citrate lyase; FAS, fatty acid synthesis; TCA, tricarboxylic acid.

As type II alveolar epithelial cells are responsible for producing most pulmonary surfactant
(some is produced by Clara cells in the mouse lung), these cells must continue to produce lipids
even under metabolically unfavorable conditions (e.g., starvation). This is further compounded by
the fact that turnover of surfactant phospholipids in the lung is exceedingly high. For example,
Tierney and colleagues (8, 30) showed that the half-life of disaturated phosphatidylcholine is only
14 h in the healthy rat lung, and others have reported similar or even more rapid turnover rates
in the newborn human lung and in injured rodent lung tissues (31). Because fatty acid synthesis
is not feasible under a number of conditions (e.g., high intracellular AMP/ATP ratios), type II
cells have evolved to utilize other less energy-costly methods for replenishing their surfactant
lipid pool. This includes recycling old surfactant lipids back into the airway epithelium through a
novel intracellular remodeling and resecretion process and incorporation of fatty acids from the
circulation onto intracellular glycerol backbones (Figure 3) (32, 33). These alternative methods
likely explain how type II cells are able to maintain precise control over their surfactant lipid
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AMPK: 5′ adenosine
monophosphate–
activated protein
kinase is a
serine/threonine
protein kinase that acts
to regulate energy
homeostasis in cells

mTOR: mammalian
target of rapamycin
integrates both
intracellular and
extracellular signals
and serves as a central
regulator of cell
metabolism, growth,
proliferation and
survival

Anabolic: a process
by which complex
molecules are
generated from
simpler compounds

pool while still engaging in other energy costly behaviors, such as the production of surfactant
proteins, the detoxification of drugs and other chemicals, and the regeneration of epithelial cells
lost to normal turnover or injury.

ENERGY-SENSING MECHANISMS

Metabolic flexibility describes the ability of an organism to respond or adapt to changes in energy
demand. It was first used as a term to describe the capacity of worms to generate chemical en-
ergy under a variety of conditions but it is now appreciated that all organisms possess machinery
for switching fuel sources (34, 35). Although many factors contribute to a cell’s ability to rapidly
adjust to changes in nutrient availability, two of the major sensors that monitor energy status in
mammalian cells are the enzymes 5′ adenosine monophosphate–activated protein kinase (AMPK)
and mammalian target of rapamycin (mTOR).

5′ Adenosine Monophosphate–Activated Protein Kinase

AMPK is a serine-threonine kinase comprised of one catalytic α subunit and two regulatory sub-
units, β and γ (36). This enzyme is most commonly activated by cellular stressors that deplete
ATP stores, such as low glucose, hypoxia, ischemia, and inflammation. In these scenarios, utiliza-
tion of ATP leads to binding of AMP (and to a lesser extent ADP) to its γ subunit, resulting in
allosteric changes that activate the protein complex. These allosteric changes also make the cat-
alytic α subunit more amenable to phosphorylation by upstream kinases, such as liver kinase B1
and calcium/calmodulin-dependent protein kinase 2 (37, 38). Importantly, these and other kinases
are also capable of activating AMPK independently of changes in AMP to ATP ratios, thereby
providing cells with an added layer of protection for controlling energy homeostasis.

Although many functions have been ascribed to AMPK, its primary role in cellular metabolism
is to restore energy balance by inhibiting ATP consumption and stimulating the production of new
ATPmolecules (36).As such, amajor inhibitory target of AMPK is the fatty acid synthesis pathway.
This is achieved through several distinct mechanisms, but most directly through phosphorylating
ACC, effectively blocking the production of all new fatty acid molecules. In addition, AMPK also
targets other ATP-consuming processes, such as protein translation (through phosphorylation of
elongation factor 2), and inhibits most major anabolic pathways, including the mTOR pathway
discussed below. In conjunction with these inhibitory events, AMPK also stimulates activities that
result in ATP production; this includes breakdown of fatty acids, uptake of glucose from the en-
vironment, and the induction of macroautophagy (see below) (39).

In the lung, AMPK is expressed at high levels relative to many other tissues (40). It is tempting
to speculate that this is important for both the health and functioning of the lung. For instance,
one could envision a scenario in which high levels of AMPK enable type II cells to rapidly sense de-
creases in ATP levels and switch to more energy-efficient methods for producing surfactant lipids.
Moreover, one could also envision that elevated AMPK levels might be important for controlling
inflammatory responses in the lung. In other words, AMPK may serve as a “metabolic brake” on
the energy-consuming processes that drive pulmonary inflammation, such as diapedesis, chemo-
taxis, phagocytosis, and the production of inflammatory mediators. Consistent with this line of
reasoning, we and others have recently demonstrated that AMPK activators are extremely effec-
tive at attenuating inflammatory and injury responses to different types of pulmonary insults in
the mouse lung (41–43).
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Autophagy: a process
by which cells
consume their own
components to remove
damaged parts and
acquire additional
substrates for energy
production

Mammalian Target of Rapamycin

Whereas the activation of AMPK aims to conserve energy in cells, the mTOR pathway provides
cells with the go-ahead to engage in energy-consuming behaviors. At the center of the mTOR
pathway is the mTOR protein, a serine-threonine kinase whose expression, like that of AMPK, is
conserved throughout evolution (44–46). The mTOR protein nucleates two distinct multiprotein
complexes known as mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2); however,
much of what we know about this pathway involves mTORC1 (47).

A unique feature of mTORC1 is that it is able to integrate signals from different pathways
in order to make decisions on whether or not to engage in progrowth pathways. For example,
mTORC1 receives signals from both growth factors and amino acids (leucine, arginine, glutamine,
or serine) in its environment, thereby ensuring that anabolic pathways are constrained under less
than optimal growth conditions.Moreover, mTORC1 activity can also be regulated by the activa-
tion state of AMPK, which when phosphorylated serves as a potent inhibitor of mTOR signaling
(47).

Another important mechanism by which mTORC1 activity is regulated is through the tuber-
ous sclerosis complex (TSC), a heterodimer complex comprising TSC1 (also known as hamartin)
andTSC2 (also known as tuberin) proteins.Together,TSC1 andTSC2 function to negatively reg-
ulate mTORC1 signaling by converting a small Ras-related GTPase into its inactive GDP-bound
state. Relevant to the lung, excessive mTOR activity is a prominent feature of lymphangioleiomy-
omatosis, a rare lung disease associated with the presence of numerous benign tumors and cystic
air spaces and is closely linked to genetic inactivation of either the TSC1 or TSC2 gene. In fact, in-
hibition of mTORC1 activity with rapamycin is now considered a major treatment for this disease
(48). Furthermore, as discussed in later sections, uncontrolled activation of the mTOR pathway
is now linked to the development of various other pathological phenotypes in the lung, including
the induction of epithelial senescence in COPD and the acquisition of antiapoptotic phenotypes
in IPF fibroblasts (49–51).

MACROAUTOPHAGY AS A SOURCE OF ENERGY

Under most conditions, cells utilize nutrients obtained from the external environment; however,
during starvation conditions, cells can also cannibalize their own parts to generate energy. This
cannibalization process is called macroautophagy, or autophagy for short, and is a self-regulated
process by which cells envelop their own cytosolic structures (e.g., proteins, organelles, cilia) in
double-membrane vesicles, termed autophagosomes (52). These autophagosomes are then deliv-
ered to lysosomes for degradation, causing dissolution of cellular structures into reusable units
such as sugars, amino acids, and lipids. For more details, we refer readers to one of several recent
comprehensive reviews (52–54). Although autophagy is often driven by a need for energy, cells also
utilize this process for the removal of dysfunctional or damaged organelles. Autophagy is gener-
ally considered a protective mechanism to either overcome low nutritional states or clear cells of
damaged constituents, but it is now also appreciated that too much or too little autophagy can
contribute to the development of many different diseases, including Parkinson’s disease, cancer,
and Huntington’s disease as well as the respiratory diseases discussed below (54–57).

CELLULAR METABOLISM IN THE PATHOBIOLOGY
OF LUNG DISEASE

The “metabolic theory” of disease posits that changes in the bioenergetics of cells lead to down-
stream consequences that not only alter the behavior of individual cells but also contribute to
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whole-organ dysfunction and development of disease. This theory has been most extensively
tested in the cancer biology field but has more recently been applied to several nonmalignant
diseases, including those in the lung (9, 58, 59). In this section, we discuss the emerging evidence
that links abnormalities in cellular metabolism to four chronic lung diseases: (a) the airway dis-
eases COPD and asthma, (b) IPF, and (c) PH. Moreover, we discuss how alterations in cellular
metabolism can drive the development of complex pathological events and review emerging ev-
idence that suggests targeting specific metabolic pathways could be employed for treatment of
respiratory diseases.

Airway Diseases: Chronic Obstructive Pulmonary Disease and Asthma

COPD is a common respiratory condition that causes substantial morbidity andmortality by grad-
ually reducing the ability of individuals to expel air from their lungs (60). COPD is the third lead-
ing cause of death in the United States and is estimated to be the third leading cause of death
worldwide by the year 2030. By far, the biggest risk factor for developing COPD is cigarette
smoking, but advanced age, genetic factors, and environmental exposures are also believed to play
a significant role. Many theories have been proposed to explain the pathogenesis of COPD, in-
cluding protease/antiprotease imbalances, persistence of lung inflammation, and excessive oxida-
tive stress (60, 61). However, it has also long been observed that COPD-like phenotypes develop
in individuals in the setting of severe malnutrition, such as anorexia nervosa and incarceration in
concentration camps, suggesting that alterations in energy homeostasis can influence the onset
and progression of this disease (62–64).

A primary target of cigarette smoke (CS) is the epithelium. In mouse models, CS has profound
effects on both the structure and function of mitochondria in the lung epithelium. This includes a
reduction in the number of cristae per mitochondria, an increase in organelle size, and a decrease
in bothmitochondrial membrane potential (MMP) and oxygen consumption rate (5). Importantly,
similar structural changes in mitochondria have been observed in the lung epithelium of patients
with COPD (65), suggesting that mouse models may mimic, in part, the metabolic changes seen
in human disease. Consistent with the integrated nature of metabolic pathways, mitochondria
dysfunction in mouse lung epithelium is associated with an upregulation in the activity of other
energy-producing pathways, such as glycolysis, β-oxidation, and autophagy. The implications of
these observations are discussed below.

Ciliary dysfunction is one of the hallmark features of the COPD lung and is believed to con-
tribute significantly to the progression of disease by decreasing mucociliary clearance and increas-
ing susceptibility to pulmonary infections (66). Although cilia have long been known to depend
on ATP for proper functioning, it is only recently that decreased energy production has been di-
rectly linked to ciliary dysfunction in the COPD lung. Cloonan et al. (5) demonstrated that CS
exposure causes mitochondrial dysfunction by inducing the activity of iron-responsive element-
binding protein 2 (IRP2) in the lung epithelium, which in turn causes mitochondrial iron over-
load and impaired ETC function.Moreover,mice treated with a mitochondrial iron chelator were
found to be protected from the damaging effects of CS on mitochondrial function, as manifested
by improved ciliary function and enhanced mucociliary clearance. Importantly, this same group
previously identified IRP2 as a major susceptibility gene in genome-wide association studies and
demonstrated that IRP2 protein levels were increased in the lungs of COPD patients, suggesting
that mitochondrial iron chelation therapy may also be relevant for the treatment of human disease
(67).

As mentioned, lung epithelial cells undergo several metabolic adjustments in association with
CS exposure, including an upregulation in autophagy (55, 68). Lam et al. (69) recently showed

412 Liu • Summer



PH81CH18_Summer ARjats.cls December 24, 2018 12:45

that this upregulation contributes to ciliary dysfunction by nonselectively targeting cilia struc-
tures for destruction, through a process these investigators coined ciliophagy. However, increased
ciliophagy in this study was not necessarily driven by mitochondrial dysfunction or a decrease in
energy production, but rather by a need to remove toxic protein aggregates caused by CS from
the cytoplasm. Nevertheless, inhibiting autophagy through several unique approaches was found
to reverse the effects of CS exposure on ciliary function and mucociliary clearance in the lung
(60). This included deleting beclin 1, which is involved in the nucleation of autophagosomes, or
inhibiting hdac6, which facilitates retrograde transport of ubiquitinated proteins into aggresomes.

In addition to injuring the proximal lung epithelium, CS exposure also damages distal pul-
monary epithelial cells, contributing to loss of gas-exchange surface area and the development
of emphysema. In emphysema, apoptotic cell death is believed to play an important role in loss
of distal alveolar structures that defines the disease. Although various factors can trigger the in-
duction of apoptotic cell signaling pathways, mitochondrial ROS production induced by CS has
been shown to be an important contributory factor (70, 71). Moreover, Jiang et al. (72) recently
provided a direct link among alterations in cellular metabolism, ROS production, and apoptotic
cell death. In this study, CS exposure was shown to induce β-oxidation in both lung endothelial
and epithelial cell populations, in part, by upregulating the expression of Cpt1. Moreover, this
increase in β-oxidation was associated with elevated ROS production, perhaps by increasing mi-
tochondrial ETC activity (72). Likewise, pharmacological inhibition of Cpt1 was shown to reduce
ROS production and ameliorate CS-induced apoptosis of lung epithelial cells. Importantly, these
findings in mice may have clinical relevance, as FAM13A, which modulates the fatty acid oxidation
pathway,was recently identified as a susceptibility gene in genome-wide association studies.More-
over, these investigators showed that Fam13A-deficient mice were protected against CS-induced
cell death, suggesting that the link between FAM13A and COPD in humans is more than just an
association (72, 73).

Another factor contributing to loss of the lung epithelium in COPD is the induction of cel-
lular senescence, a physiologic state whereby cells lose their capacity to proliferate (74). Senes-
cent cells exhibit a complex phenotype characterized by permanent cell-cycle arrest mediated by
the p53 and p16/Rb pathways and also by the secretion of various inflammatory proteins (75).
Thus, senescent cells are believed to contribute to disease by both compromising epithelial re-
generation and driving chronic lung inflammation (76). Although various factors are thought to
contribute to the induction of cellular senescence in COPD, including CS-induced DNA dam-
age (77), emerging evidence suggests that chronic anabolic stimulation due to mTOR activation
may also be a pathogenic factor. In a recent study, Houssaini et al. (51) showed that mTOR ac-
tivity was increased in lung tissues of both COPD patients and mice after CS exposure. Further,
inhibiting mTOR activity with low-dose rapamycin prevented the induction of senescence and
reduced levels of proinflammatory senescence-associated proteins in the lung (51). Interestingly,
overexpression of mTOR by itself was shown to induce lung cellular senescence and cause an
emphysema-like phenotype in the mouse lung, suggesting that anabolic stimulation alone may be
a driver of COPD pathology.

Like COPD, asthma is a disease characterized by chronic airflow obstruction but differs in
the fact that airflow obstruction is usually reversible (78, 79). Although asthma is now considered
a heterogeneous disorder, a defining feature of disease is often the production of high levels of
TH2 inflammatory cytokines, such as IL-4, IL-5 and IL-13 (79). These cytokines act on mul-
tiple cell types in the lung and, collectively, serve to induce most, if not all, hallmark features
of disease, including eosinophilia, elevations in IgE levels, macrophage polarization, mast cell
degranulation, airway hyperreactivity, and mucus hypersecretion. Indeed, long-standing asthma
therapeutics work, in large part, by broadly inhibiting the synthesis of TH2 cytokines, and newer,
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more targeted asthma therapeutics act to specifically interfere with the activity of individual TH2
cytokines (80, 81).

A major factor driving the TH2 immune response is the CD4T-lymphocyte. Like other T-cell
effector subsets (TH1 and TH17 cells) TH2 cells are highly dependent on glucose for meeting
their metabolic needs. However, TH2 cells are unique in that they utilize glucose to fuel the
alternative TORC2 anabolic pathway, suggesting a unique molecular target in the treatment of
asthma. Consistent with this line of reasoning, rapamycin, a nonselective inhibitor of the mTOR
pathway, has recently been shown to markedly attenuate allergic airway responses in mice (82, 83).
This includes reducing mucus production, decreasing IgE levels, and dramatically suppressing
IL-5 and IL-13 levels.

Although asthma is best known as a disease of overactive effector T cells, it is also appreciated
that the activity of regulatory T cells (Tregs) is diminished in animal models of this disease (84).
Tregs are a subset of T-lymphocytes that play a very important role in mucosal immunity through
their ability to dampen inflammatory responses in many different cell types, including effector T
cells, macrophages, and other innate immune cells. Recently, several groups have demonstrated
a reduction in Treg cells in the lungs of asthmatics. Moreover, Ostroukhova and colleagues (85)
showed not only that Treg cells are reduced in the lungs of mice after low-dose allergen exposure
but also that adoptive transfer of these cells into naïve mice can dramatically attenuate allergen
sensitization in the lung. Although effector T cells depend on glucose to meet their metabolic
demands, Treg cells appear to rely more on fatty acid β-oxidation. Moreover, this is associated
with low levels of glucose receptors, a decrease in glycolytic flux (86), and high levels of activated
AMPK (86, 87). Interestingly, the dependence of Treg cells on activation of AMPK might explain
why mice deficient in the alpha subunit of this enzyme are more susceptible to developing asthma,
and AMPK activators appear to be highly effective in suppressing eosinophilic inflammation and
reducing airway remodeling in mice (88).

Along with the production of mucus, airway epithelial cells also synthesize high levels of TH2
cytokines and release high concentrations of nitric oxide (NO) into the airway during asthma. In-
deed, exhaledNO concentrations are often used as a marker of disease activity in humans (89).NO
is produced through the metabolism of arginine by the enzyme NO synthase. Because deficiency
of NO synthase in mice does not increase asthma susceptibility, it is generally believed that NO
production is just a by-product of disease rather than a causative agent. However, Xu et al. (90)
recently showed that arginine metabolism may have a direct role in asthma pathobiology. Along
with its conversion to NO, arginine is also catabolized to ornithine by the enzyme arginase.While
arginase 1 is present only in the liver, arginase 2 is expressed in virtually all tissues in the body,
including the lung. Xu et al. showed that arginase 2 levels are increased in the airway epithelium
of mice and humans with asthma. Moreover, they showed that increased ornithine production by
arginase 2 fed the TCA cycle, leading to an increase in α-ketoglutarate production. Increases in
α-ketoglutarate were found to drive a host of downstream events, including the catalytic hydrox-
ylation of hypoxia-induced factor (HIF) proteins, which reduced TH2 cytokine production by
suppressing the activity of signal transducer and activator of transcription 6. Conversely, down-
regulation of arginase 2 was found to enhance airway inflammation andmucus production inmice,
further bolstering the concept that arginine metabolism contributes directly to asthma pathogen-
esis. Interestingly, arginase 2 gene variants are one of the most well-recognized single nucleotide
polymorphisms in genome-wide association studies of asthma patients (91, 92), suggesting that
the findings in mice may be relevant to humans.

Another hallmark of asthma is that airway smooth muscle cells adopt a hyperproliferative and
hypercontractile phenotype. These pathological responses play an integral role in the disease by
decreasing the luminal diameter of airways and increasing airflow resistance. Similar to other
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contracting muscle populations, smooth muscle cells in asthma have increased metabolic demands
and elevated levels of mitochondrial oxygen consumption. Moreover, increased mitochondrial
mass has also been described in smooth muscle cells from asthmatics, which appears to be driven
by an upregulation in variousmitochondrial biogenesis factors, including peroxisome proliferator–
activated receptor γ coactivator, nuclear respiratory factor 1, and mitochondrial transcription fac-
tor A (93). Interestingly, increased mitochondrial biogenesis has been associated with downregu-
lation in the expression of CCAAT/enhancer binding proteins, which are known to regulate the
expression of glucocorticoid receptors in smooth muscle cells (94). Taken together, these findings
suggest that changes in mitochondrial dynamics may directly influence steroid responsiveness in
asthma.

Finally, airway smooth muscle cells also exhibit an increase in autophagy in asthma. It has been
suggested that autophagy may be needed so contracting smooth muscle cells can better meet their
increased metabolic demands. Consistent with this line of reasoning, Cheng and colleagues (95)
recently showed that reducing autophagy by delivering a beclin 1–targeted miRNA into the mouse
lung could effectively reduce asthma severity and attenuate airway hyperreactivity in response to
antigen challenge. Similarly, Pan and colleagues (96) demonstrated that blocking autophagic flux
through activation of bitter taste receptors potently inhibited mitogenic-induced airway smooth
muscle growth in vitro. Altogether, these findings suggest that targeting autophagy could be a
novel way to reduce airway pathology in humans.

Idiopathic Pulmonary Fibrosis

IPF is a highly aggressive lung disease characterized by progressive dyspnea, hypoxemia, and res-
piratory failure due to pathological scarring of the lung (97). IPF develops almost exclusively in
older individuals and has a prognosis worse thanmany cancers.According to the current paradigm,
IPF is caused by repetitive insults (e.g., cigarette smoke, environmental exposures) to an aged, dis-
tal pulmonary epithelium in genetically susceptible adults. In time, the cumulative effects of these
pulmonary insults are believed to reduce the regenerative capacity of the distal pulmonary epithe-
lium, most likely by inducing death or senescence of type II alveolar progenitor cells (98, 99). As a
result, a persistent wound healing response is triggered, manifesting as progressive organ fibrosis
with severe respiratory functional limitations.

Because IPF is now believed to be due to age-related decline in distal pulmonary epithelial pro-
genitor function, there has been a wealth of new investigations exploring how cellular metabolism
is altered in type II cells in this disease. What is emerging from these studies is a greater appreci-
ation for the wide range of metabolic changes that occur in the epithelium of IPF patients (100).
At the heart of these changes appears to be mitochondrial dysfunction, as evidenced by the fact
that large, dysmorphic and poorly functioning mitochondria have been found to accumulate in
type II cells in this disease (101). Moreover, Yu et al. (102) demonstrated that restoring mito-
chondrial function by administering thyroid hormone, a known inducer of organelle biogenesis,
effectively ameliorated pulmonary fibrosis in mice, suggesting that mitochondrial-targeted thera-
pies may have a future in the treatment of fibrotic lung disease. In addition to these findings, it has
also been demonstrated that mitochondrial dysfunction is associated with other metabolic per-
turbations in the alveolar epithelium, including an increase in both AMPK activation and lactate
production (103, 104). Perhaps these metabolic alterations may explain why other pathological
features develop in type II cells in IPF, such as the accumulation of misfolded or unfolded pro-
teins in the endoplasmic reticulum (ER) (105, 106). It is known that protein translation and the
unfolded protein response are both energy-consuming processes involving the activity of ATP-
dependent chaperone proteins and the induction of lipid synthesis, respectively. Consistent with
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Lung fibroblast:
a cell type found in the
mesenchyme of the
lung that produces
collagen and other
extracellular matrix
components

this, we recently showed that activation of AMPK is associated with a marked downregulation in
the machinery for synthesizing lipids in the alveolar epithelium of mice after silica or bleomycin
exposure. Similar directional changes in these proteins were also observed in whole lung tissues
and isolated type II cells from the lungs of patients with IPF (4, 103, 107). More importantly, we
found that augmenting lipid synthesis with an LXRα agonist not only reduced ER stress but also
ameliorated fibrotic remodeling to silica dust in mice, supporting the notion that strategies aimed
at restoring metabolic health to the lung epithelium might be effective in treating pulmonary
fibrosis.

Although IPF is believed to originate in the lung epithelium, fibroblast dysfunction also plays
an important role in the disease, as these cells are responsible for producing most, if not all, of the
extracellularmatrixmaterial thatmakes up pulmonary scar tissues.However, in contrast to the case
in the lung epithelium, fibroblasts display a decrease in AMPK activation in fibrotic lung tissues.
(108). Moreover, this decrease in AMPK activation has been shown to contribute to decreasing
mitochondrial function by reducing the production of critical mitochondrial complex proteins.
Because mitochondrial dysfunction is now recognized to play a critical role in the acquisition of
the profibrotic phenotype of myofibroblasts, it is not surprising that AMPK activators, such as
metformin, have been shown to reduce the severity of pulmonary fibrosis in mice (108).

Consistent with having diminished mitochondrial function, fibroblasts from the lungs of mice
with experimental pulmonary fibrosis and from patients with IPF aremetabolically reprogrammed
to maintain a high level of glycolytic activity. This metabolic reprogramming associates with el-
evated levels of key glycolytic enzymes, including hexokinase 2 (HK2), phosphofructokinase-1,
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) and LDH, and glucose trans-
porter 1 (104, 109, 110). Moreover, this increase in glycolytic activity has been mechanistically
linked to the transdifferentiation of lung fibroblasts into fibrogenic myofibroblasts through sev-
eral mechanisms (Figure 4). First, excess secretion of lactate due to enhanced glycolysis has been
shown to create an acidic extracellular environment that causes the activation of latent transform-
ing growth factor (TGF)-β1 (104). Second, increased delivery of pyruvate to the TCA cycle due
to excessive glycolysis has been shown to yield metabolic intermediates, such as succinate, that
contribute to promoting fibrotic responses. As an allosteric inhibitor of hypoxia-induced factor-1
alpha (HIF-1α) degradation, succinate not only aggravates glycolytic reprogramming by inducing
HIF-1α–mediated expression of glycolytic genes but also promotes myofibroblastic differentia-
tion by transcriptionally upregulating alpha-smooth muscle actin. The pivotal role of glycolysis
in the pathogenesis of pulmonary fibrosis is further reinforced by several genetic and pharma-
cological studies showing that targeting HIF-1α, PFKFB3, or pyruvate dehydrogenase kinase 1
can ameliorate pulmonary fibrosis in rodents (109, 111). These recent discoveries have firmly ad-
vanced glycolytic manipulation to the forefront of novel metabolism–based approaches to combat
pulmonary fibrosis, and optimism for this approach is only further bolstered by the safety of such
approaches in clinical trials of cancer (112).

Although increased glycolytic flux leads mostly to lactate or pyruvate production, upstream
metabolic intermediates can also be diverted for the de novo syntheses of serine and glycine
(Figure 4). The key enzymes that mediate this process include phosphoglycerate dehydrogenase
(PHGDH), phosphoserine aminotransferase 1, phosphoserine phosphatase, and serine hydrox-
ymethyltransferase 2 (SHMT2), which are now recognized to be transcriptional targets of TGF-
β1 in lung fibroblasts (113, 114).Mechanistically, it has been shown that carbonmolecules derived
from glucose are incorporated directly into newly synthesized collagen in response to TGF-β1
stimulation (114). As glycine is the most abundant amino acid residue in collagen (it accounts for
approximately 33% of the content), fibroblasts must rely on the de novo serine/glycine synthesis
pathways for collagen production. Relevant to humans, the expression of PHGDH and SHMT2
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Figure 4

Metabolic reprogramming of activated lung fibroblasts. Activated lung fibroblasts utilize aerobic glycolysis (Warburg effect) over
mitochondrial glucose oxidation. Although this metabolic reprogramming event generates less ATP than mitochondrial respiration, it
also supplies various biosynthetic intermediates for activated myofibroblasts. This includes the production of glucose-6-P, which is
diverted to the pentose phosphate pathway for the production of NADPH and ribose-5-P, and the production of glycerate-3-P, which is
diverted to the de novo serine and glycine synthesis pathway. Aerobic glycolysis also yields large amounts of lactate acid, which serves to
activate latent TGF-β1 by reducing extracellular pH. By-products of aerobic glycolysis can also feed the TCA cycle, leading to an
increase in succinate production. Succinate stabilizes HIF-1α, which then amplifies glycolysis by inducing the expression of various
glycolytic genes and promotes myofibroblast differentiation via the induction of α-SMA expression. Activated myofibroblasts also
exhibit enhanced glutaminase activity, leading to augmented glutaminolysis, which in turn promotes the conversion of glutamine to
glutamate. Glutamine metabolism via the TCA cycle can yield high levels of α-KG, which activates mTOR, leading to increased
transcription, translation, and hydroxylation of collagen. Abbreviations: α-KG, alpha-ketoglutarate; α-SMA, alpha-smooth muscle
actin; GLUT1, glucose transporter 1; HIF-1α, hypoxia-induced factor-1 alpha; LDH, lactate dehydrogenase; mTOR, mammalian
target of rapamycin; P, phosphate; PHGDH, phosphoglycerate dehydrogenase; PPP, pentose phosphate pathway; TCA, tricarboxylic
acid; TGF-β1, transforming growth factor-beta 1.

has also been shown to be upregulated in IPF lungs (114), indicative of the involvement of the
de novo serine/glycine synthesis in the pathogenesis of this disease. This body of evidence has
thus identified a number of potential therapeutic targets for treating pulmonary fibrosis. Indeed,
follow-up studies have demonstrated that inhibition of PHGDH (byNCT-503) was highly effica-
cious in attenuating bleomycin-induced lung fibrosis in mice (113). Although these data support
the notion of targeting PHGDH in pulmonary fibrosis, caution is still warranted given the unclear
impact of inhibiting this metabolic enzyme in other cell populations in the lung.

As already discussed, metabolic intermediates are often diverted from the TCA cycle to be
used for the biosynthesis of various compounds. However, for this process to continue, other
metabolic intermediates must also re-enter the TCA cycle to fuel anaplerosis. There are two ma-
jor anaplerotic reactions in cells; they include the formation of oxaloacetate from pyruvate and the
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formation of α-ketoglutarate from glutamate. One of the main sources of intracellular glutamate
is glutamine, which is synthesized by a process called glutaminolysis involving the enzyme gluta-
minase (Gls). In recent studies, Gls1 expression was found to be induced by the profibrotic me-
diator TGF-β1 in lung fibroblasts (49, 115). Moreover, this upregulation was accompanied by
an increase in glutaminolytic events, including augmented glutamine consumption and elevated
intracellular glutamate levels (49). It has also been shown that α-ketoglutarate derived from glu-
taminolysis promotes protein translation of collagen by activatingmTORand stabilizes newly syn-
thesized collagen molecules via increasing hydroxylation (49). Given additional findings showing
that Gls1 is upregulated in fibroblasts within dense fibrotic scar tissue of mice after bleomycin and
in fibroblastic foci of lung tissue from patients with IPF (49), it appears that glutamine metabolism
is a key player in the pathogenesis of fibrotic lung disease. Therefore, targeting glutaminolysis
may be an appealing strategy for attenuating pathological scar formation in IPF. Of note, similar
strategies are already being investigated in treatment of other types of diseases, including cancer.

Not only is glycolysis increased in activated lung fibroblasts, it is also upregulated in
macrophages from fibrotic lung tissues. Lung macrophages are now increasingly recognized to
play an important role in pathogenesis of pulmonary fibrosis, as they have been shown to produce
many of the profibrotic substances that drive fibroblast activation. In a recent study (116), we
found that alveolar macrophages from mice with experimental pulmonary fibrosis exhibited a
significant increase in glycolytic activity. Moreover, ex vivo experiments showed that inhibition of
glycolysis with either HK2 or PFKFB3 inhibitors was highly effective in reversing the profibrotic
M2-like phenotype of alveolar macrophages, whereas drugs inhibiting glutaminolysis or fatty acid
oxidation had a negligible effect on the behavior of these cells (116). Interestingly, these findings
appear to contradict observations in some other tissues in which M1 polarization is enhanced by
augmenting glycolytic activity, suggesting that metabolic pathways controlling the behavior of
macrophages may vary within different contexts or tissues (117).

Pulmonary Hypertension

PH is a heterogeneous group of disorders defined by a mean pulmonary artery pressure of greater
than 25mmHg at rest. Although patients with PH are often classified into various diagnostic
groups based on their clinical and hemodynamic findings, most patients with PHmanifest similar
pathological features, including the muscularization of pulmonary blood vessels and the presence
of perivascular immune cell infiltration (118). For decades, PH was considered to be a disease
caused by increased blood vessel tone due to abnormalities in endothelial and smooth muscle
signaling events, but now it is considered to be a hyperproliferative disorder, which induces con-
strictive events and remodeling of small-resistance blood vessels throughout the pulmonary cir-
culation. Consistent with this, characteristic features of pulmonary vascular cells in PH include
the adoption of a hyperproliferative and apoptosis-resistant phenotype. Indeed, several groups
have demonstrated that pulmonary microvascular cells from PH patients grow at a much greater
rate than control populations (119–123). Moreover, like fibroblasts in IPF, this hyperprolifera-
tive phenotype has been associated with metabolic reprogramming, which includes an increase in
glycolytic activity and a reduction in mitochondrial respiration (119–124).

Although the mechanisms contributing to metabolic reprogramming in PH remain poorly un-
derstood, several recent investigations have linked these changes to a disruption in various key pro-
teins, including the transcription factor STAT3 (signal transducer and activator of transcription 3).
While STAT3 is best known for its role in regulating the expression of proinflammatory genes, re-
cent work indicates that it also interferes with mitochondrial-dependent energy metabolism (125)
by interacting with the mitochondrial complex I protein GRIM-19 (gene associated with retinoid
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interferon–induced mortality) of the ETC. Because STAT3 inhibition has been shown to restore
mitochondrial function and reduce the hyperproliferative phenotype of pulmonary vascular cells
from pulmonary arterial hypertension (PAH) patients in culture and to also attenuate experimental
PH in monocrotaline-exposed rats, STAT3 inhibitors are now considered by some as a potential
therapy for treatment of PH (126, 127).

Metabolic reprogramming in lung microvascular cells has also been linked to a downregula-
tion in expression of several important genes, including bone morphogenetic protein receptor
2 (BMPR2) and the mitochondrial deacetylase sirtuin 3 (SIRT3). BMPR2 is a serine/threonine
receptor kinase that binds members of the TGF-β superfamily of ligand and is the gene most
closely linked to hereditary forms of PAH. Mice deficient in BMPR2 are more susceptible to de-
veloping hypoxia-induced PH,making this a relevant model for studying PH pathobiology (128).
Interestingly, loss of BMPR2 has been shown to cause mitochondrial dysfunction by inducing
p53-mediated upregulation of mitochondrial biogenesis genes (PGC-1α and TFAM), thereby pro-
moting the activation of proinflammatory pathways through mitochondrial DNA inflammasome
activation (128). In contrast to BMPR2 deficiency, loss of SIRT3 in pulmonary artery smooth
muscle cells has been shown to induce mitochondrial dysfunction through reducing mitochon-
drial gene expression. In rodents, selective SIRT3 deficiency in pulmonary vascular cells is linked
to the spontaneous development of PH, and restoring SIRT3 activity in either cultured human
PAH cells or in experimental rodent models of PAH both restores mitochondrial homeostasis and
attenuates the hyperproliferative behavior of pulmonary vascular cells (129).

Another important pathological feature of pulmonary vascular cells in PH is the development
of apoptotic resistance. Recently, this pathological feature has been linked to an increase in gly-
colytic activity in endothelial cells through reducingMMP and preventing the release of proapop-
totic factors (129–132). Michelakis and coworkers demonstrated that this increase glycolytic flux
in PH resulted from a decrease in PDC activity, which is the enzyme responsible for converting
pyruvate to acetyl-CoA before delivery to the TCA cycle (130, 132). Moreover, this group found
that treatment of lung endothelial cells from PH patients with a PDC activator called dichloroac-
etate effectively reduced dependence of lung endothelial cells on glycolysis while also increasing
their sensitivity to apoptosis. Consistent with this, dichloroacetate treatment has been shown to
ameliorate chronic hypoxia and monocrotaline-induced PH in rodents, suggesting that similar
approaches might be effective in the treatment of humans with pulmonary vascular disease. This
notion is reinforced by a recent clinical trial showing that dichloroacetate treatment reducedmean
pulmonary artery pressure and pulmonary vascular resistance and improved functional capacity
in a portion of PAH patients (131). However, despite these promising results, it is worth mention-
ing that a large number of PH patients in this trial did not respond to dichloroacetate treatment,
suggesting that this therapeutic approach might be effective for only a small fraction of patients
with the disease.

In addition to a downregulation in PDC activity, another important mechanism linked to
metabolic dysfunction in PH is upregulation ofHIF-1α. For reasons that remain unclear, endothe-
lial and smooth cells from patients with PAH exhibit a marked upregulation in the expression of
HIF-1α, whether placed in normoxia or hypoxia conditions.Like IPF fibroblasts, the upregulation
in HIF-1α is associated with increased dependence on glycolysis and the adoption of a hyperpro-
liferative phenotype (133). Interestingly, Chettimada et al. (22) found that the activity of G6PD is
important for regulating HIF-1α expression in pulmonary vascular cells and that inhibiting this
enzyme with dehydroepiandrosterone was highly effective at ameliorating the hyperproliferative
phenotype of hypoxic pulmonary vascular cells.

Preferential utilization of glycolysis in pulmonary vascular cells in PH has also been linked
to a downregulation in expression of mitochondrial uncoupling proteins (UCPs). UCPs have
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important effects on mitochondria function, including regulation of calcium handling as well as
the control ofMMP.As previouslymentioned, several groups have reported thatMMP is increased
in endothelial cells and smooth muscle cells from humans and rodents with PH. Similarly, MMP
is also increased in pulmonary vascular cells in the setting of UCP2 deficiency, and mice lacking
UCP2 expression manifest a more severe PH phenotype in response to intermittent hypoxia (134,
135). Taken together, these data suggest that targeting UCP could be effective in the treatment
of pulmonary vascular diseases.

There is also emerging evidence to suggest that modulating cross talk between glucose
metabolism and other metabolic events, such as fatty acid β-oxidation, can ameliorate patholog-
ical changes in pulmonary vascular cells in PH. This concept is based on the Randle cycle, also
known as the glucose fatty acid cycle, which refers to the inverse relationship between fatty acid
oxidation and glucose oxidation in most cells. Michelakis and coworkers (136) hypothesized that
inhibiting fatty acid oxidation by knocking down malonyl-CoA decarboxylase (MCD) would in-
crease glucose oxidation while simultaneously reducing dependence on glycolysis.Consistent with
this line of reasoning, mice deficient in MCD exhibited an increase in mitochondrial respiration
(rather than aerobic glycolysis) and were protected from developing hypoxia-induced PH. Simi-
larly, pharmacological inhibition of the last enzymatic step of β-oxidation reduced the severity of
PH in monocrotaline-treated rats, suggesting that pathological behaviors in pulmonary vascular
cells can be modulated by simply limiting access to specific energy substrates.

It has been shown that the balance between production and clearance ofmitochondria is altered
in PH due to a simultaneous decrease in biogenesis (reduced PGC-1α levels) and an increase
in organelle clearance through mitophagy. Notably, this increase in mitophagy has been linked
to an upregulation in PINK1, which differs from the downregulation in PINK1 described by
Bueno et al. in IPF lung tissues (101). Nevertheless, increased PINK1 expression is associated
with the accumulation of this protein along the outer membrane of mitochondria, thereby leading
to the recruitment of Parkin, an E3 ligase that targets mitochondria for destruction. Lee and
colleagues (137) recently reported that loss of endothelial UCP2 contributes to increased PINK1-
mediated mitophagy, suggesting an alternative mechanism by which UCP2 deficiency mediates
mitochondrial dysfunction in PH.

Finally, like the role of fibroblasts in IPF, emerging evidence suggests that abnormalities in
glutamine metabolism may play an important role in promoting vascular proliferation in PH.
For example, Chan and coworkers (138, 139) showed that the master mechanosensing transcrip-
tional coactivators YAP and TAZ that are often activated in pulmonary vascular cells in PH in-
duce the transcriptional upregulation of Gls1, thereby stimulating glutaminolysis. It is presumed
that this may be important for replenishing intracellular levels of aspartate, an amino acid critical
for sustaining anabolic activities in proliferating and migrating cells (139). Consistent with this
mechanism, pharmacologic inhibition of Gls1 has recently been shown to exhibit potent disease-
modifying effects in a rodent model of PH (139).

FUTURE CHALLENGES AND DIRECTIONS

Significant progress has been made over the last several decades in our understanding of energy
metabolism in the lung. Recent technological advances have enabled researchers to go beyond
studying just whole organ metabolism and begin dissecting the metabolic events driving common
and unique behaviors in individual cell populations in the lung. Though much has been learned,
our understanding of pulmonary metabolism still lags behind that of many other fields. As such,
even basic biological questions pertaining to pulmonary metabolism remain unanswered, such as:
Why does the lung produce so much lactate, and how are type II cells and other metabolically
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active cells (ciliated cells) able to acquire the energy needed to perform critical duties under stress
and disease conditions? To answer these and other critical questions, the pulmonary community
will need to invest more heavily in the field, including taking advantage of recent technologies
permitting quantitative assessment of lipids and other metabolites in individual cell populations.
This information will, most likely, yield new biological insights and also help to identify previ-
ously unrecognized biological markers that can aid in the diagnosis, screening, and/or monitoring
of respiratory diseases. Finally, from a treatment perspective, the pulmonary community needs to
soon move beyond testing metabolic drugs in preclinical models and begin assessing the efficacy
of these types of treatments in human lung diseases. Given recent work demonstrating the abil-
ity of such drugs to ameliorate conditions outside the lung, such as pancreatic cancer, diabetes
(140), obesity, and autoimmune diseases (141), we are optimistic that similar results will be seen
in the lung, not just for the four conditions discussed in this review, but also for a host of other
pulmonary disorders, including lung cancer, pneumonia, sarcoidosis, and the acute respiratory
distress syndrome.

SUMMARY POINTS

1. The lung is a metabolically active organ.

2. Under well-oxygenated conditions, the lung produces large amounts of lactate relative
to other organs.

3. Mitochondrial dysfunction is associated with the development of several common res-
piratory diseases.

4. Activated lung fibroblasts prefer aerobic glycolysis over mitochondria respiration but
maintain an active TCA cycle.

5. High levels of AMPK in the lung may be important for controlling pulmonary
inflammation.

6. Alterations in cellular metabolism drive complex pathological events in the lung, includ-
ing the shortening of cilia, the profibrotic activation of lung fibroblasts andmacrophages,
and the induction of both cell death and cellular senescence in the lung epithelium.

7. Drugs targeting specific metabolic pathways have demonstrated remarkable efficacy
while also exhibiting minimal toxicity in experimental models of lung disease.

FUTURE ISSUES

1. How do different cell populations in the lung communicate their metabolic needs, and
does breaking this communication impact organ function or contribute to the develop-
ment of disease?

2. Why does the lung produce so much lactate, and is this important for proper growth
and functioning of the lung?

3. Can targeting AMPK (or other key regulators of cellular metabolism) put a metabolic
break on inflammatory responses in the lung and can AMPK activators be used to treat
pulmonary fibrosis?
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4. How are type II cells and other metabolically active cells able to adjust to nutrient de-
privation while still being able to perform their other essential duties (e.g., production
of pulmonary surfactant)?

5. Does theWarburg effect impart a more aggressive phenotype in lungmesenchymal cells,
and can this be targeted for the treatment of disease?

6. What is the impact of aging, cigarette smoke, and other environmental insults on cel-
lular metabolism in different cell populations in the lung, and how does this ultimately
influence the onset or progression of disease?

7. Can glutaminolysis be targeted to reduce pathological scar tissue formation in the lung?

8. Will detailed profiling of pulmonary metabolites prove useful as either a diagnostic or
prognostic tool for patients with lung disease?
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