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Abstract

Significance: Idiopathic pulmonary fibrosis (IPF) is a progressive age-related lung disease with a median
survival of only 3 years after diagnosis. The pathogenic mechanisms behind IPF are not clearly understood, and
current therapeutic approaches have not been successful in improving disease outcomes.

Recent Advances: 1PF is characterized by increased production of reactive oxygen species (ROS), primarily by
NADPH oxidases (NOXes) and mitochondria, as well as altered antioxidant defenses. Recent studies have
identified the NOX isoform NOX4 as a key player in various important aspects of IPF pathology. In addition,
mitochondrial dysfunction is thought to enhance pathological features of IPF, in part by increasing mito-
chondrial ROS (mtROS) production and altering cellular metabolism. Recent findings indicate reciprocal
interactions between NOX enzymes and mitochondria, which affect regulation of NOX activity as well as
mitochondrial function and mtROS production, and collectively promote epithelial injury and profibrotic
signaling.

Critical Issues and Future Directions: The precise molecular mechanisms by which ROS from NOX or
mitochondria contribute to IPF pathology are not known. This review summarizes the current knowledge
with respect to the various aspects of ROS imbalance in the context of IPF and its proposed roles in disease
development, with specific emphasis on the importance of inappropriate NOX activation, mitochondrial
dysfunction, and the emerging evidence of NOX-mitochondria cross-talk as important drivers in IPF
pathobiology. Antioxid. Redox Signal. 31, 1092—-1115.
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Introduction

IDIOPATHIC PULMONARY FIBROSIS (IPF) is a progressive and
irreversible lung disease of unknown etiology, and repre-
sents a specific form of chronic fibrosing interstitial pneu-
monia that occurs primarily in the lungs. The pathogenic
mechanisms of IPF are still largely unclear, but over the last
decade the paradigm of IPF pathogenesis has shifted from
a generally inflammation-driven disease to an epithelial-
fibroblastic one, resulting from a disrupted homeostasis of
epithelial cells upon damage by various triggers (50, 75).
Continuous epithelial injury results in aberrant wound heal-

ing responses, and eventually causes excessive collagen
deposition in the alveolar epithelium and remodeling of the
lung structure (50). IPF is generally diagnosed in the sixth
decade of life, and aging is now recognized as one of the
strongest risk factors for IPF (169). As the average life
expectancy continues to increase worldwide, the incidence
of age-related lung diseases such as IPF will also increase at
a rapid pace. It is estimated that the number of people >60
years of age will increase by ~50% between 2015 and
2050, and account for 22% of the total world population
(240). As the elderly population is growing, there is a
growing need to understand the underlying mechanisms of
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aging and age-associated phenomena and their contribution
to disease pathogenesis.

Aging results in decreased resistance to multiple forms of
stress and progressive loss of regenerative capacity, and
thereby increases susceptibility to chronic lung diseases, in-
cluding IPF, chronic obstructive pulmonary disease, and lung
cancer (144). Indeed, common hallmarks of aging, including
genomic instability, telomere shortening, epigenetic alter-
ations, loss of proteostasis, dysregulated nutrient sensing,
mitochondrial dysfunction, cellular senescence/apoptosis,
stem cell exhaustion, and distorted intercellular communi-
cation (132), are also seen in IPF and frequently occur pre-
maturely (4, 5, 10, 144, 147, 150, 154, 249).

Both aging and fibrotic diseases are associated with an
increased oxidant burden (109, 117, 149), and lung tissues as
well as breath condensates from IPF patients show increased
levels of oxidative damage markers such as 8-isoprostane and
carbonylated proteins (13, 126, 178). Studies in mice indicate
that aging increases susceptibility to pulmonary fibrosis,
likely due to decreased resistance to oxidative stress (76). The
main cellular sources of reactive oxygen species (ROS) are
NADPH oxidases (NOXes) and mitochondria (35), and while
ROS production from both sources serves various biological
roles in, for example, host defense, cell differentiation, or
cellular responses to injury (207, 229), both have also been
implicated in IPF pathology. For example, various lines of
evidence indicate that mitochondria are dysfunctional in IPF
(27), resulting in increased production of mitochondrial ROS
(mtROS) (150), and that approaches to attenuate mtROS may
be beneficial (254). In addition, recent studies have impli-
cated NOX4 as an important player in the development of IPF
(77), based on its ability to induce alveolar epithelial cell
(AEC) death, (myo)fibroblast differentiation, and collagen
deposition (88). More recently, NOX4 has also been impli-
cated as a mediator of mitochondrial dysfunction (19), sug-
gesting cross-talk between these two ROS-generating systems.

This review summarizes our current knowledge with re-
spect to the presence of a redox imbalance in IPF, and the
importance of ROS in the development and progression of
IPF. Specifically, we highlight the importance of NOX4 and
the emerging cross-talk between NOX4 and mitochondria.
Finally, we discuss important gaps of knowledge and po-
tential future approaches for development of more effective
treatment strategies.

IPF—Pathology and Affected Cell Types
General pathology

IPF is the most common form of idiopathic interstitial
lung diseases and is characterized by scarring of the lung
tissue causing symptoms such as nonproductive cough and
breathlessness. As a chronic progressive lung disease, IPF
has a median survival of 2—4 years after diagnosis due to
respiratory failure and hypoxemia (1). Two-thirds of IPF
patients are >60 years at time of diagnosis (181), and aging is
the most well-known risk factor for developing this debili-
tating disease. Although it is a relatively rare disease that
currently affects ~35 million people worldwide, its overall
incidence increases every year probably due to the increasing
number of elderly individuals (156, 158). In the United
States, the incidence of IPF varies between 1.1 new cases per
100,000 person-years in 18-34 old individuals up to 19.3 in
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individuals >55 of age (179). Besides aging, IPF has several
other risk factors, including exposure to environmental fac-
tors, for example, cigarette smoke and asbestos (151). In
addition, the pathogenesis of the disease is associated with
genomic instability, mitochondrial dysfunction, and altered
intracellular signaling (132), all hallmarks of normal aging
but also all processes compromised by environmental factors
such as tobacco smoking.

Histologically, the most prominent morphological hall-
mark of IPF is usual interstitial pneumonia (UIP). One his-
tologic feature of UIP is honeycombing characterized by
clusters of cysts, often filled with mucus, in a subpleural
location (54). An additional feature of UIP is the presence of
fibroblastic foci. Fibroblastic foci contain granuloma of ac-
tivated myofibroblasts producing extracellular matrix (ECM)
proteins and are mainly found in dense fibrotic areas of the
lungs (43). UIP is further characterized by hyperplastic type
II AECs and reduced type I AECs. During IPF development,
a disturbed lung homeostasis results in a profibrotic milieu,
thereby affecting the survival and death of both fibroblasts
and AECs. AECs become more prone to undergo apoptosis
(212), while fibroblasts and myofibroblasts become more
resistant against this process (203). Also, distinct alterations
in immune cells are reported in IPF as the lungs of these
patients exhibit chronic inflammation associated with im-
munosenescence (206).

Cell-specific aspects of IPF

IPF is a complex disease that involves the contribution of
many different cell types. The following paragraphs sum-
marize the specific involvement of distinct lung cell types,
such as epithelial cells, fibroblasts, immune cells, and endo-
thelial cells.

Epithelial cells. The alveolar lining of the lungs is cov-
ered by 95% type I AECs, important in facilitating gas ex-
change, and 5% type II AECs that are involved in surfactant
production. In IPF pathogenesis, repetitive injury to the al-
veolar epithelium leads to abnormal re-epithelialization and
repair of AECs (205). Lung tissue from IPF patients typically
shows loss of integrity of the alveolar epithelium with dis-
ruption of basement membrane integrity and collapse of the
alveolar structure. While type II AECs normally proliferate
and differentiate into type I AECs in response to injury to
promote re-epithelialization, in the context of fibrosis, AECs
are more prone to undergo apoptosis, which is a prominent
feature during IPF manifestation. Indeed, AEC type II cells
stain positive for apoptotic markers in patients with IPF
compared with controls (175). Moreover, experimental in-
duction of epithelial cell apoptosis is sufficient to pro-
mote features of fibrosis (212), and inhibition of apoptosis
attenuates bleomycin-induced pulmonary fibrosis (118, 227).

In addition to evidence for AEC type II apoptosis in IPF,
numbers of type I AECs in the lung of IPF patients are
reduced causing AEC type II to undergo hyperplasia,
thereby replacing type I AECs and inducing ineffective re-
epithelialization (95). In addition, AECs secrete a variety of
profibrotic mediators, such as platelet-derived growth fac-
tor, endothelin-1, angiotensin II, connective tissue growth
factor, and transforming growth factor (TGF)-f,, which
can induce fibroblasts to differentiate into myofibroblasts
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(147). Furthermore, increased epithelial senescence results
in enhanced secretion of growth factors, cytokines, chemo-
kines, and matrix metalloproteins that stimulate continuous
fibroblast activity (2). In addition, these factors promote a
senescence-associated secretory phenotype (SASP), whichis a
key event in IPF possibly leading to diminished capacity of
AEC regeneration (147).

Finally, AECs have also suggested to contribute to fibro-
blast development in IPF due to epithelial-to-mesenchymal
transition (EMT), a process in which epithelial cells lose their
epithelial phenotype and acquire more mesenchymal/fibro-
blastic characteristics such as o-smooth muscle actin (o-
SMA) and fibronectin expression. Indeed, epithelial cells
isolated from IPF patients have been found to express not
only epithelial but also mesenchymal markers (91). However,
the overall significance of EMT to IPF development/mani-
festation is still not completely clear (89). Lineage tracing
strategies have suggested a contribution for EMT to increased
presence of fibroblasts in IPF lungs (91, 100, 238), but other
studies have also disputed that epithelial cells are indeed the
source of fibroblasts (192). In summary, repetitive epithelial
injury and dysregulated repair are critical features in IPF
development and progression as they lead to increased apo-
ptosis, abnormal regeneration, and EMT-like features.
Moreover, TGF-f, an important growth factor in IPF, can
promote epithelial apoptosis as well as EMT (28), further
indicating the important role of the lung epithelium in IPF.

Fibroblasts. Epithelial cells within the airways and al-
veoli are in proximity to and communication with mesen-
chymal cells such as pulmonary fibroblasts, referred to as the
epithelial mesenchymal trophic unit. Consequently, epithe-
lial damage impacts fibroblasts by promoting their differen-
tiation into myofibroblasts, which is mediated by TGF-f1
(225). Myofibroblasts actively participate in remodeling of
the lung by secreting ECM proteins into the lung alveolar
structure also upon induction by TGF-f1. Various sources of
myofibroblasts have been suggested to be recruited to the site
of injury, including proliferation and differentiation of resi-
dent lung fibroblasts, epithelial and endothelial cells that
transform into fibroblasts and transition of fibrocytes or other
circulating progenitor cells (79). During normal wound re-
pair, myofibroblasts undergo apoptosis, and clearance of the
ECM occurs upon closing the wound, thus avoiding the
formation of scar tissue. In IPF, however, overactivation of
myofibroblasts due to persistent epithelial injury leads to
aberrant wound repair (177) and increased scarring, which is
characterized by the formation of fibroblastic foci. This is a
major hallmark of IPF (168) and is responsible for decreased
pulmonary function (107, 159). In addition, fibroblasts and
myofibroblasts from IPF patients have an apoptosis-resistant
phenotype, which is also associated with higher levels of
senescence markers, such as p16, compared with fibroblasts
from age-matched controls (5, 248). In summary, these
studies suggest that fibroblasts from patients with IPF are
characterized by a senescent apoptosis-resistant phenotype
and are thereby actively involved in the progression of the
disease by remodeling of the lung structure.

Inflammatory cells. During the last few decades, a com-
mon view has been that chronic inflammation underlies the
pathogenic sequence in IPF as a main cause of lung injury and
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fibrogenesis. Although this “‘inflammatory fibrosis’’ hypothesis
has been somewhat invalidated (61, 205), chronic inflammation
is still considered a common feature of IPF, yet most likely as a
secondary event instead (205). Damaged epithelial cells release
a variety of chemokines and cytokines that recruit inflamma-
tory monocytes and neutrophils to the injured site. Recruitment
and activation of neutrophils to the bronchoalveolar space have
been shown to correlate with disease progression (90), and are
also a predictor of early mortality in IPF (106). Normally,
monocytes differentiate into phagocytic macrophages that
phagocytose dead cells and neutrophils. However, because of
the continuous injury in IPF, neutrophils and macrophages are
not eliminated quickly enough. Consequently, they can develop
resistance to apoptosis, which will further exacerbate the on-
going inflammation and fibrotic cycle (28).

Macrophages can mediate antifibrotic as well as profibrotic
effects depending on their phenotype. Classically activated
macrophages (M1) are activated by the T-helper (Ty) cell 1
cytokine interferon-y and mainly involved in the initial in-
flammatory response, whereas alternatively activated mac-
rophages (M2) are activated by Ty2 cytokines, including
interleukin (IL)-4 and IL-13, and involved in tissue re-
modeling and resolution of inflammation (243). Furthermore,
studies have demonstrated that the Ty1/Ty2 balance is dis-
turbed in favor of Ty2 cytokines (60, 245), further contrib-
uting to a M2 phenotype. M2 polarized macrophages
promote profibrotic effects through the section of profibrotic
mediators, including TGF-f (14). In addition, alveolar neu-
trophils and macrophages undergo a respiratory burst upon
phagocytosis, which in turn promotes AEC injury, thereby
inducing a vicious circle (13). Taken together, studies have
proven that inflammatory cells participate in the profibrotic
circle by secreting profibrotic and proinflammatory cyto-
kines, although they are not the prominent cell type involved
in the development and initial manifestation of IPF.

Endothelial cells. Endothelial cells are important in
maintaining the alveolar—capillary barrier for facilitating gas
exchange (196). Pulmonary endothelial cells are close to the
interstitium, the primary site of injury during IPF, and cover
the intravascular lumen, making them vulnerable to injuries.
Endothelial cells from IPF patients (134, 221), and pulmonary
endothelial cells from mice with bleomycin-induced pulmo-
nary fibrosis, display increased markers of endothelial cell
injury (96) and endothelial cell apoptosis (56), which result in
loss of integrity of the alveolar—capillary barrier. Moreover,
endothelial progenitor cells are reduced in IPF patients (136),
which impairs effective re-endothelialization and vascular
repair upon injury. In addition, the damaged endothelium se-
cretes a variety of factors that activate circulating platelets and
von Willebrand factor, which are involved in angiogenesis and
recruitment of inflammatory cells (122). Finally, endothelial
cells have also been implicated as a source of fibroblasts
through EMT during fibrogenesis (71, 174). Endothelial dys-
function in patients with IPF has also been correlated with
pulmonary hypertension, a common comorbidity in IPF (127).

Taken together, AEC apoptosis and (myo)fibroblast acti-
vation are now considered the primary responsible events
contributing to excessive lung remodeling in IPF, whereas
the specific role of endothelial cells and inflammation is less
well established and still needs to be further elucidated.
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Current treatment strategies for IPF

Currently, there are only two Food and Drug Administra-
tion (FDA)-approved drugs available for patients with IPF.
Both pirfenidone and nintedanib can slow down the pro-
gression of the disease (112), although they cannot reverse
the existing pulmonary fibrotic injury. Pirfenidone (Esbriet™;
Roche/Genentech) is thought to have antioxidative, anti-
inflammatory, and antifibrotic effects, although the exact
working mechanisms are not clear as confirmatory data from
IPF patients are lacking (112). In vitro studies and studies on
bleomycin-induced murine pulmonary fibrosis indicate that it
reduces markers of oxidative stress (65, 148), decreases the
secretion of proinflammatory cytokines (e.g., tumor necrosis
factor-a, IL-1p, IL-6) (163), and inhibits fibroblast proliferation,
myofibroblast differentiation, and TGF-f-induced collagen
production (42). Nintedanib (Ofev®; Boehringer Ingelheim) is
an intracellular tyrosine kinase inhibitor, which mainly inhibits
the platelet-derived growth factor receptor, the fibroblast growth
factor receptor, and vascular endothelial growth factor recep-
tor as well as nonreceptor tyrosine kinases of the SRC family
(112), which mediate its antifibrotic effects through its inhib-
itory action on fibroblasts (83).

The Disturbed Redox Balance in IPF
ROS in biology and disease

All cells in the body consume and metabolize oxygen and
as a result produce ROS, which include superoxide anion
(0,°7), hydrogen peroxide (H,0,), and hydroxyl radical
(OH®), as well as other secondary ROS. ROS are produced as
a result of aerobic metabolism within the mitochondrial
electron transport chain (ETC), but can also be generated by
various enzyme systems, including xanthine oxidase, lipid
peroxidases, uncoupled endothelial NO synthase, cytochrome
P450 enzymes, and NOXes (39). The latter group of enzymes
are the only enzymes that are considered to generate ROS as
their primary product, and serve essential functions as medi-
ators of host defense against diverse pathogens, and in various
other aspects of cell biology through redox-based cell signal-
ing (15, 229). Inappropriate or uncontrolled ROS production is
generally thought to contribute to disease pathology, due to
overproduction of ROS by, for example, increased NOX ac-
tivation or by mitochondrial dysfunction, or due to compro-
mised metabolism of ROS by antioxidant systems (41). Such
an increased oxidant burden can lead to extensive molecular
damage to macromolecules, including DNA, lipids, and pro-
teins (228), thereby causing protein dysfunction and altered
proteostasis, genomic instability, or production of secondary
reactive lipid-derived species (e.g., electrophiles such as
malondialdehyde or 4-hydroxynonenal).

Specific to IPF, several studies reported that IPF patients
have a higher oxidant burden compared with healthy controls.
Indeed, ROS production is dysregulated due to enhanced NOX
expression and activation, as well as mitochondrial dysfunc-
tion and increased mtROS generation (13, 67). Pulmonary
inflammatory cells obtained from epithelial lining fluid (ELF)
of IPF patients generate higher levels of ROS compared with
those of healthy controls (31), and IPF patients have increased
levels of H,O, within their exhaled breath condensates
(EBCs) (178). IPF patients also demonstrate increased cir-
culating markers of lipid peroxidation compared with healthy
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nonsmokers (182), and increased levels of the lipid oxidation
product 8-isoprostane within bronchoalveolar lavage fluid
(BALF) and EBC (149). BALF or lung tissue from IPF pa-
tients also contains higher amounts of irreversibly oxidized
proteins (e.g., carbonylation, nitration) (126, 195, 199), and
epithelial cells of patients with UIP show increased levels of
DNA oxidation, illustrated by 8-hydroxy-deoxyguanosine
(119). In summary, IPF patients show increased markers of
oxidative damage (59). However, evidence for their causal
contribution to the IPF disease is less prominent, and will be
discussed in the following sections.

Pulmonary antioxidant defense systems in IPF

All organs, including the lung, contain a variety of anti-
oxidant systems to prevent inappropriate ROS production or
unwanted actions of cellular ROS. These include enzymes
that metabolize ROS (superoxide dismutases [SODs], cat-
alase, peroxiredoxins [PRXs], and glutathione peroxidases),
thiol reductases that reverse oxidative cysteine modifications
(thioredoxin [TRX], glutaredoxin [GRX]), phase 2 detoxifying
enzymes (e.g., glutathione-S-transferases [GSTs]), metal-
binding proteins (transferrin, lactoferrin), and small mo-
lecular weight antioxidants (vitamins and glutathione) (41).
A number of studies have demonstrated that several of these
antioxidant systems are altered or impaired in IPF (Table 1).

Among the earliest lines of evidence of altered antioxidant
status in IPF are findings of reduced levels of the cellular
antioxidant thiol-containing tripeptide glutathione (GSH)
within the ELF of the lower respiratory tract (30, 146) as well
as in blood (152, 231) and sputum (16). In some cases, these
decreases were accompanied by increased levels of the oxi-
dized form of GSH, glutathione disulfide, thus illustrating an
altered redox balance in the alveolar lumen of IPF patients.
Of the three known isoforms of SOD, which catalyzes the
dismutation of O,*" into H,O, and O, (108), some studies
suggest that lung tissue expression of extracellular SOD
(SOD3) is reduced in IPF (Table 1) (110). The importance of
IPF pathology is supported by studies using SOD3 knockout
mice, which were found to have greater pulmonary fibrosis in
response to bleomycin compared with wild-type littermates
(57) and, conversely, overexpression of SOD3 protects mice
from developing pulmonary fibrosis (24). Most likely, SOD3
prevents ROS-induced ECM degradation (111). The role of
SOD1 and SOD?2 in the progression of IPF is less well un-
derstood. In fact, SOD1 has been reported to be increased in
IPF patients (22), and SOD1 knockout mice developed less
oxidative stress and were protected from asbestos-induced
pulmonary fibrosis compared with wild-type littermates (73).

The expression of catalase, an important scavenger of
H,0, that is widely expressed within the alveolar epithelium
as well as the inflammatory cells in the lung, was found to be
attenuated by TGF-f1 (78), and is also decreased in lungs of
IPF patients (161). Since catalase is capable of inhibiting
H,0,-mediated activation of fibroblasts (111), such a de-
crease in catalase may contribute to H,O,-mediated fibro-
blast activation in IPF. Additional studies also indicate
alterations in other redox proteins in IPF, such as TRXs,
PRXs, and GRX. For example, TRX is decreased in the al-
veolar epithelium of patients with UIP compared with con-
trols but is increased in the metaplastic alveolar epithelium
(226). Also, PRXII is increased in the hyperplastic epithelium
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TABLE 1. ALTERATIONS IN ANTIOXIDANT STATUS IN IDIOPATHIC PULMONARY FIBROSIS PATIENTS

Antioxidant Sample Groups (n) Change References
Nonenzymatic antioxidants
GSH ELF IPF (15) vs. Ctrl (19) Decreased 30)
BALF IPF (23) vs. Ctrl (17) (smokers excluded) Decreased (182)
Blood IPF (11) vs. Ctrl (9) Decreased (231)
Blood IPF (22) vs. Ctrl (29) Decreased (152)
Sputum/plasma IPF (16) vs. Ctrl (15) Decreased (16)
ELF IPF (17) vs. Ctrl (14) Decreased (146)
BALF IPF (17) vs. Ctrl (14) No change (146)
Plasma/BALF IPF (16) vs. Ctrl (20) No change (138)
GSSG BALF IPF (23) vs. Ctrl (17) (smokers excluded) No change (182)
Blood IPF (11) vs. Ctrl (9) No change (231)
Blood IPF (22) vs. Ctrl (29) Increased (152)
BALF IPF (16) vs. Ctrl (20) Increased (138)
Plasma IPF (16) vs. Ctrl (20) No change (138)
TEAC Plasma/BALF IPF (23) vs. Ctrl (17) (smokers excluded) Decreased (182)
Plasma IPF (11) vs. Ctrl (9) No change (231)
Uric acid Plasma IPF (11) vs. Ctrl (9) No change (231)
Plasma/BALF IPF (16) vs. Ctrl (20) Increased (138)
Vitamin A Plasma/BALF IPF (16) vs. Ctrl (20) Increased (138)
Vitamin C Blood IPF (11) vs. Ctrl (9) No change (231)
Plasma/BALF IPF (16) vs. Ctrl (20) Increased (138)
Vitamin E Plasma/BALF IPF (16) vs. Ctrl (20) Increased (138)
Enzymatic antioxidants
CAT Lung tissue IPF (12) vs. Ctrl (10) Decreased (161)
SODI1 Serum IPF (25) vs. Ctrl (40) Increased (22)
SOD3 Lung tissue IPF (10) (fibrotic vs. nonfibrotic tissue) Decreased (110)
GRX1 Lung tissue IPF (160) vs. Ctrl (132) Decreased (7)
Lung tissue IPF (5) vs. Ctrl (5) Decreased (172)
PRXII Lung tissue IPF (10) vs. Ctrl (10) Decreased (233)
TRX Lung biopsies UIP (15) vs. Ctrl (6) Decreased (226)
Redox-sensitive transcription factor
Nrf2 Lung tissue IPF (16) vs. Ctrl (20) Increased (138)
Lung tissue IPF (7) vs. Ctrl (7) Increased (143)
Lung tissue (epithelium) IPF (7) vs. Ctrl (7) Increased (143)

BALF, bronchoalveolar lavage fluid; CAT, catalase; ELF, epithelial lining fluid; IPF, idiopathic pulmonary fibrosis; GRX, glutaredoxins;
GSH, glutathione; GSSG, glutathione disulfide; Nrf2, nuclear factor erythroid 2-related factor 2; PRX, peroxiredoxin; SOD, superoxide
dismutase; TEAC, trolox equivalent antioxidant capacity; TRX, thioredoxin; UIP, usual interstitial pneumonia.

of IPF patients but is decreased in IPF lung tissue compared
with controls (233). Moreover, it has been shown that GRX/
mRNA expression as well as enzymatic activity is decreased
in patients with IPF compared with non-IPF individuals,
and recent studies indicate that GRX1 activity is lost in pa-
tients with IPF primarily by oxidative inactivation (7, 172).
Moreover, consistent with the role of GRX1 in reversing
protein S-glutathionylation, observed decreases in GRX are
accompanied with an increase in protein S-glutathionylation,
and were found to correlate significantly with reduced lung
function in IPF patients (7). Taken together, while several
studies highlighted reduced levels of activity of antioxidant
systems in IPF, such changes appear to be highly variable due
to the heterogeneous nature of IPF pathology. Hence, the
specific contributions of such alterations to IPF development
are not always clear.

Many antioxidant defense systems are under transcrip-
tional control by the redox-sensitive transcription factor
nuclear factor erythroid 2-related factor 2 (Nrf2) (35). This
factor binds to antioxidant response element in the nucleus
to induce expression of, for example, heme-oxygenase 1,
GST, NADP(H) quinone oxidoreductase 1, TRX, and y-

glutamylcysteine synthetase, indicating that these systems
are often induced in response to oxidative stress (37). Two
clinical studies have shown increased Nrf2 expression in
lungs of IPF patients (138, 143) with one of them displaying
increased levels in the hyperplastic alveolar epithelium,
yet not fibroblastic foci, of IPF patients compared with their
normal epithelium as well as that of healthy controls (143).
Animal studies support the importance of Nrf2 in IPF devel-
opment, since AECs isolated from Nrf2-deficient mice are
more prone to oxidant-induced cell death (187) and Nrf2-
deficient mice develop more fibrosis in response to bleomycin
(99). It is important to recognize, however, that Nrf2 upregu-
lation does not necessarily lead to Nrf2 activation and induction
of antioxidant gene expression. Indeed, activation of Nrf2-
induced antioxidant responses is declined with increasing age
(220, 256), which is associated with simultaneous upregulation
of negative Nrf2 regulators such as c-MYC and BACH-1 (258).
Hence, upregulation of Nrf2 in the context of IPF may not
necessarily lead to enhanced activation, and therefore enhance
susceptibility to oxidative stress.

Taken together, these results suggest that the activation of
Nrf2 is involved in fibrosis, but its upregulation alone is not
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enough to counteract the increased ROS associated with the
pathophysiology of this disease.

Contributions of disturbed redox
homeostasis to IPF pathology

The combination of increased ROS production and com-
promised antioxidant mechanisms in IPF would suggest that
dysregulated redox processes may contribute to the pathol-
ogy of IPF. However, the molecular mechanisms by which
such dysregulated redox processes contribute to IPF pathol-
ogy are not fully elucidated. Over the past decade, it has
become widely appreciated that biological ROS production
serves a broad range of physiological functions through redox-
dependent signaling processes that control proliferation, mi-
gration, differentiation, or survival, by inducing specific and
reversible redox-mediated post-translational modifications on
redox-sensitive proteins (49, 186). Consequently, IPF pathol-
ogy may be mediated by dysregulated redox processes rather
than “‘oxidative stress’ per se (230).

One commonly accepted mechanism by which increased
ROS production in IPF contributes to disease pathology is by
promoting AEC death (119) and the highly aberrant wound
healing response after chronic repetitive injury to the lung
epithelium (224). Extracellular generation of H,O, by lung
myofibroblasts may mediate additional fibrogenic effects by
inducing apoptosis of adjacent lung epithelial cells (234).
One mechanism of apoptotic cell death involves activation of
the death receptor Fas by Fas ligand (FasL), which contrib-
utes to cell death by caspase activation (236). Myofibroblasts
derived from IPF patients are capable of inducing apoptosis
of AECs through Fas-dependent mechanisms, which is en-
hanced by oxidative modification of the Fas receptor through
S-glutathionylation on cysteine residue 294 (8, 9). The in-
creased oxidant burden also results in myofibroblast accu-
mulation with an apoptosis-resistant phenotype (248), which
is linked with impaired induction of Nrf2 and increased H,O,
production (76).

FIG. 1. Altered lung redox ho-
meostasis in IPF. In a healthy lung,
there is a redox homeostasis, for ex-
ample, ROS produced by exogenous
or endogenous sources (mitochon-
dria, NOXes, inflammatory cells) are
appropriately countered by AOX. In
IPF, there is a redox imbalance as
ROS-generating processes are en-
hanced (increased NOX, mito-
chondrial dysfunction) and some
antioxidant systems are compro-
mised. This redox imbalance is
thought to contribute to epithelial
cell death, excessive collagen depo-
sition, and persistent inflammation,
resulting in pulmonary fibrosis and
tissue scarring. AEC, alveolar epi-
thelial cell; AOX, antioxidants; IPF,
idiopathic ~ pulmonary fibrosis;
NOXes, NADPH oxidases; ROS,
reactive oxygen species. Color ima-
ges are available online.

ROS

AEC injury

AEC homeostasis

Healthy lung:
Redox homeostasis

Fibroblast
recruitment  cell recruitment

Fibroblast
homeostasis

1097

ROS play a critical role in the activation of the profibrotic
cytokine TGF-f. TGF-f1 is involved in epithelial cell apo-
ptosis, EMT, epithelial cell migration, fibroblast prolifera-
tion, and differentiation as well as myofibroblast activation
(58). TGF-f is synthesized as an inactive precursor bound to
latency-binding peptide (LAP) and secreted as a latent form,
which can be activated by ROS through disruption of its
interaction with LAP (223). In vitro studies have shown that
ROS can increase the release of TGF-f from AECs (17). In
turn, TGF-f increases ROS production through mitochondria
and NOXes in addition to suppressing antioxidant systems
(130), introducing a vicious cycle between ROS and TGF-,
further contributing to a fibrotic milieu. ROS production also
contributes to chronic inflammation through the activation of
nuclear factor kappa B, which in turn induces expression of
various proinflammatory cytokines (111).

In summary, the dysregulated redox balance in IPF may
contribute to disease progression by diverse and inter-related
mechanisms, including apoptotic AECII cell death, myofi-
broblast activation, and inflammation (Fig. 1). To appreciate
the specific roles of ROS-based mechanisms in IPF, it is
important to consider the major sources of dysregulated ROS
production, which may include inappropriate activation of
NOX enzymes or mtROS production (39). The remainder of
this review will discuss current knowledge with respect to
their specific roles in IPF pathobiology.

NOX Enzymes in the Pathophysiology of IPF
The NOX family

The NOX family consists of seven NOX homologs, NOX1-
5 and the dual oxidases DUOX1 and 2 (Fig. 2). All NOX
isoforms have six transmembrane spanning alpha helices with
cytosolic N and C termini. The C-terminal flavoprotein do-
main contains an NADPH-binding region and a flavin ade-
nine dinucleotide-binding region, whereas the N-terminal
hydrophobic domain consists of six transmembrane alpha
helices that contain two heme-binding sites (120). Through
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FIG. 2. Structural overview of NOX family enzymes. NOX enzymes consist of six transmembrane domains with a
NADPH- bmdmg cytoplasmic C-terminal. NOX1, NOX2, NOX3, and NOX4 share the same structure and require association
with p22P"°* as well as other cytosolic factors. NOX5 has an N-terminal, which contains EF hand Ca’ -bmdmg sites. DUOX1
and DUOX2 share the same structure as NOXS5 but also contain an extracellular peroxidase domain and require the cofactor
DUOXA1/2. DUOX, dual oxidase. Color images are available online.

the membrane-associated flavocytochrome bssg (gp91P"°%)
and p22P"* as well as various cytosolic cofactors, active NOX
enzymes promote transmembrane electron transfer from
NADPH to O,, thereby reducing it to superoxide (0,*”) and
H,0, (15). Activation of NOX1-3 requires association with
p22°P"% a5 well as assembly with Rac-GTPase subunits and
cytosolic activation proteins, for instance p47°™* and p67°"*
or their homologs NOX organizer 1 and NOX activator 1 (15).
NOX4 also needs association with p22P"* but does not
require any other cofactors for its activation, and is thought to
be constitutively active (141). In contrast, NOXS5, DUOX1,
and DUOX2 are activated by calcium signaling and binding
to their calcium-binding EF-hand domains, and do not need
p22P°% or other cofactors for their activation (121). DUOX1
and DUOX2 also contain an extracellular peroxidase domain,
but its exact function in mammalian enzymes is still unclear
(145). The NOX homologs are differentially expressed and
regulated in various tissues, and have different subcellular
localizations and even produce distinct ROS. NOX1-3 and
NOXS3 primarily produce O,°~, whereas NOX4, DUOX1, and
DUOX2 mainly produce H,O, (98), and through their pro-
duction of ROS, the various NOX enzymes regulate not only
host defense but also cell proliferation, differentiation, and
migration by redox-dependent signaling pathways (18).

Specific roles of NOX enzymes in IPF

Recent studies indicate that expression or activation of
several NOX enzymes is altered in the lungs of IPF patients,

and may contribute to disease pathogenesis (75) (Fig. 3).
Current evidence indicating alterations in NOX expression/
activation in IPF and their functional contribution to pul-
monary fibrosis in animal models are summarized in Table 2,
and will be discussed in the following paragraphs.

NOX1. NOXI is expressed in epithelial and endothelial
cells and in smooth muscle cells (SMCs), with various de-
scribed functions, but the specific contribution of NOXI1 to
IPF pathology is still largely unclear. Human pulmonary ar-
tery endothelial cells transfected with NOXI-targeted
shRNA show decreased levels of intracellular ROS as well
as reduced fibrotic markers such as «-SMA, vimentin, and
CD31, and NOX inhibition using VAS2870 was found to
reduce collagen deposition in mouse lungs during radiation-
induced fibrosis (38), even though the latter does not neces-
sarily implicate NOX1 since VAS2870 is a nonselective
NOX inhibitor. NOX1-mediated ROS by endothelial and
epithelial cells have also been implicated in the induction of
cell death in response to acute lung injury (33).

NOX2. NOX2 has been studied primarily in the context
of phagocytic cells as a critical component of the innate
immune response (157). Although the exact role of inflam-
mation in the development in IPF is not completely clear,
studies on patients with IPF have shown that ROS production
from alveolar macrophages and neutrophils contributes to
AEC death (31, 216), which could be regulated through
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NOX2 activity. Neutrophils isolated from BALF of IPF pa-
tients have higher p47°"°* and p67°™°* expression compared
with healthy controls, suggesting a specific role for NOX2 in
alveolar neutrophils (235). Studies have shown that NOX2-
deficient mice are protected from bleomycin (137) or carbon
nanotube (210)-induced pulmonary fibrosis, but this may also
involve nonimmune cells that express NOX2. However,
translation to IPF patients is rather difficult since initiation of
fibrosis is driven through inflammation in these animal
models, which differs from the initiation process in patients
where inflammation is seen as a secondary event instead
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(205). Conversely, it has been shown that NOX2 is important
in the resolution of inflammation (211). NOX2 is also ex-
pressed in endothelial cells promoting endothelial proliferation
(173); however, the specific role of NOX2 in the development
of IPF still has to be elucidated.

NOX4. Among the seven members of the NOX family,
NOX4 has been most commonly implicated in a variety of
fibrotic diseases, including the liver, skin, kidney, heart, and
lung. NOX4 is the only isoform that is highly upregulated in
the lungs of IPF patients, mainly within epithelial cells (32)

TABLE 2. INVOLVEMENT OF NADPH OXIDASE ENZYMES IN PROFIBROTIC PROCESSES IN VITRO, IN VIVO,
AND IN IDIOPATHIC PULMONARY FIBROSIS PATIENTS

NADPH DUOX/NOX
oxidase Cell/tissue type Model activity Key finding Reference
NOX1 Human pulmonary  Radiation Increased NOXI1 inhibition by shRNA reduces intracellular (38)
artery endothelial ROS and reduced phenotypic changes
cells
CS57BL/6 mice Radiation Increased NOXI is associated with profibrotic gene expression  (38)
NOX2 BALF mice BLM Increased NOX2-deficient mice show a moderate protection (137)
from bleomycin-induced lung fibrosis
C57BL/6 gp91phox™~ Carbon Increased NOX2 deficiency is associated with the suppression  (210)
mice nanotubes of the profibrotic response, with decreased TGF-f3
and lower levels of collagen deposition
NOX4 Human lung TGF Increased NOX4 regulates myofibroblast differentiation ()
fibroblasts
Human alveolar BLM Increased NOX4 is a key player in epithelial cell death 32)
epithelial cells
Mouse fibroblasts BLM Increased NOX4 mediates senescence and apoptosis resistance  (76)
Human pulmonary  IPF patients Increased NOX4 is expressed in thickened pulmonary arteries  (165)
smooth muscle cells
Mouse fibroblasts and BLM Increased NOX4 is increased in senescent fibroblasts and (76)
human fibroblasts IPF patients contributes to apoptosis resistance
Human lung IPF patients Increased NOX4 mediates differentiation into myofibroblasts (6)

fibroblasts

BLM, bleomycin; DUOX, dual oxidase; NOX, NADPH oxidase; ROS, reactive oxygen species; TGF-f, transforming growth factor /5.
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and (myo)fibroblasts (6), and is involved in several profi-
brotic processes.

NOX4 has been shown to contribute to cell death in hy-
perplastic type II AECs (32), and NOX4-deficient mice
demonstrate significant less bleomycin-induced pulmonary
fibrosis and associated AEC death (32), indicating that NOX4
contributes at least partially by inducing epithelial cell death
(32, 77). As discussed above, EMT has been implicated as a
feature of IPF, and the process of EMT may involve ROS-
mediated mechanisms (29, 89, 92, 139). Studies on cancer
cells indicate that EMT is largely driven by NOX4 (23, 80).
NOX4 is highly expressed in pulmonary fibroblasts isolated
from patients with IPF, and mediates fibroblast differentia-
tion into myofibroblasts (6) and is also involved in the TGF-
f1-induced activation of myofibroblasts and collagen depo-
sition (77). IPF lung fibroblasts display a senescent pheno-
type, and recent studies indicate that bleomycin-induced
pulmonary fibrosis in aged mice (18 months) is characterized
by the accumulation of senescent myofibroblasts, which in-
volves a role for NOX4-induced ROS (76). Furthermore,
NOX4 expression can be regulated through histone modifi-
cations (200), which may be linked to the upregulation of
NOX4 in senescent fibroblasts.

Patients with IPF often acquire pulmonary hypertension,
which could also be mediated by increased activity of NOX4,
and NOX4 is expressed in thickened arteries of IPF patients
(165). Indeed, SMCs that are important in the regulation of
pulmonary perfusion are activated by TGF-f1 to induce
NOX4 via a SMAD2/3-dependent pathway, leading to in-
creased SMC proliferation (217). Endothelial cells lining
pulmonary vessels also express more NOX4 at sites of an-
giogenesis within fibrotic regions and adjacent to fibrotic foci
(87). TGF-pf has been implicated in endothelial cell death and
linked to generation of NOX4-dependent ROS, although
overexpression of NOX4 was protective against TGF-
induced endothelial cell apoptosis (247), indicating that the
precise role of NOX4 in endothelial cells still remains un-
clear. In spite of the widespread evidence for a role of NOX4
in IPF pathology, with specific actions in different cell types,
the precise downstream mechanisms by which NOX4-
derived H,O, mediates these responses are not known.

Other NOXes. Almost nothing is known with respect to
other NOX enzymes in IPF. Interestingly, the process of
EMT might also involve DUOX2, based on studies in human
colon cancer cells (93). Conversely, our group recently ob-
served that a loss of lung epithelial DUOX1, commonly ob-
served in various cancers, can promote EMT (129). However,
the relevance for DUOX in IPF or other fibrotic diseases has
to date not been addressed.

Mitochondrial Dysfunction as Driver in IPF

Mitochondrial dysfunction is a hallmark of age-related
lung diseases (132), and has been associated with chronic
lung diseases, including IPF (183). Mitochondrial dysfunc-
tion is characterized by a loss of efficiency in the ETC, re-
sulting in an increased ROS generation in addition to a reduced
membrane potential and altered mitochondrial function (160).
IPF is also associated with changes in mitochondrial homeo-
stasis, which is important for the maintenance of the redox
balance, mitochondrial DNA (mtDNA) protection as well as
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AEC apoptosis and senescence, making cells more vulnerable
to cellular stress (254).

Mitochondria in cell homeostasis

Mitochondria are double membrane-containing organelles
that are typically between 0.75 and 3 um in diameter, al-
though they are approximately three times larger in type II
AECs compared with other lung cells such as type I AECs
(40, 131). Their main function is to produce cellular energy in
the form of ATP through oxidative phosphorylation (OX-
PHOS), thereby generating >90% of the required metabolic
energy in most cells (194). In addition, mitochondria play
important roles in other cell signaling processes involved in,
for example, differentiation or apoptosis, and appropriate
mitochondrial function is tightly controlled by mitochondrial
biogenesis, fission/fusion dynamics, and mitophagy (254).
In response to cellular stress or injury, mitochondria can
rapidly adapt their behavior by changing mitochondrial fu-
sion (merging) and fission (division) dynamics, which will
alter the ATP production in line with cellular demand (254).

During differentiation from type II to type I AECs, type 11
AECs reduce the number and size of mitochondria to adapt to
cellular stress, which results in lower energy demanding type
I AECs (40). Increased fusion promotes the formation of
elongated mitochondria, and is a stress-resolving mechanism
in which the fused mitochondria are protected from degra-
dation to respond to the cells’ higher energy demand to repair
cellular damage (66). Conversely, increased fission or re-
duced fusion increases mitochondrial fragmentation, which
under severe stress promotes mitochondrial autophagy, also
called mitophagy, a process in which damaged mitochondria
are removed to maintain mitochondrial homeostasis (166).
Similarly, mitophagy also regulates mtROS production in-
directly by removing dysfunctional mitochondria with high
mtROS production (219). The intrinsic mitochondria-regulated
cell apoptosis pathway is activated by various fibrotic stimuli,
including hypoxia, oxidative stress, and DNA damage, which
in turn stimulate the proapoptotic Bcl-2 family members in
the mitochondria increasing mitochondrial membrane per-
meability, which causes the release of cytotoxic proteins into
the cytosol such as cytochrome C, thereby activating caspase
3 and 9 (53, 115). These regulatory mechanisms are impor-
tant for mitochondrial homeostasis, and if dysregulated mi-
tochondrial dysfunction can occur predisposing to disease.

Mitochondrial dysfunction in IPF

Mitochondrial dysregulation of mitochondrial dynamics
disrupts adaption to cellular stress, making lung cells more
vulnerable to (oxidative) injury, thereby promoting pulmo-
nary fibrosis. Recently, it has been identified that epithelial
cells as well as fibroblasts of IPF patients show signatures of
dysfunctional mitochondria and disturbed mitochondrial dy-
namics (150, 254).

Dysregulated fission and fusion dynamics. Mitochondrial
biogenesis is regulated by the peroxisome proliferator-activated
receptor y coactivator (PGC)-1o. and PGC-1f. PGC-1 is capable
of activating nuclear respiratory factors (NRF-1 and NRF-2),
which are essential for mitochondrial biogenesis (242). Of note,
these nuclear respiratory factors are distinct from nuclear factor
erythroid 2-related factors, which are commonly denoted as
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Nrfl and Nrf2, a confusion made even worse by observations
that PGC-1o can also upregulate Nrf2 (12). In addition, mito-
chondrial biogenesis requires the replication and synthesis of
mtDNA, which is regulated by the mitochondrial transcrip-
tion factor A (TFAM) (26). With aging, the capacity of mi-
tochondrial biogenesis declines through reduction in upstream
activators of PGC-1 (190), thereby slowing down mitochon-
drial turnover. In addition, expression of PGC-1« is reduced in
IPF patients and in murine models of IPF (251, 254). AEC type
II isolated from aged mice show an increase of mitochondrial
fusion markers but a decrease in mitochondrial fission (27),
resulting in an increased mitochondrial area. Increased fusion
can suggest a need for more energy under stress conditions,
thereby promoting cell survival (125).

Alterations in mitophagy. Mitophagy is essential to
maintain normal cellular function by regulating the number
of mitochondria and to prevent apoptosis through the removal
of dysfunctional mitochondria by autophagy (11). Deficiency
in mitophagy has been associated with the development of
pulmonary fibrosis in response to injury (214). Selective
mitophagy of damaged mitochondria occurs through the
PTEN-induced putative kinase 1 (PINK1) that accumulates
on defective mitochondria acting as a marker for mitochon-
drial damage (51). Subsequently, PINKI1 activates the E3-
ubiquitin ligase Parkin in the cytosol by phosphorylation,
which labels the outer membrane of dysfunctional mitochon-
dria for trafficking to the autophagosome (27). With aging and
also in lungs of IPF patients, a reduction in autophagic activity,
indicated by a reduced number of autophagosomes and ex-
pression of LC3 and p62, has been described (170). This
decrease in mitophagy has been associated with a decrease in
PINK1 expression in IPF lungs, thereby promoting the ac-
cumulation of damaged mitochondria in IPF (27). However,
short-term stimulation with TGF-f1 induces PINK1 expres-
sion in BEAS-2B cells, thereby protecting epithelial cells by
removal of damaged mitochondria and evading apoptosis,
whereas long-term TGF-f1 stimulation (24 h) reduces PINK1
in lung fibroblasts (214). Interestingly, type II AECs from
lungs of IPF patients express less PINKI, suggesting that
PINK1 deficiency impairs mitochondrial function of AECs
(27). Furthermore, PINK1 deficiency results in the accumula-
tion of dysfunctional mitochondria and exacerbates bleomycin-
induced pulmonary fibrosis, which is also associated with
increased apoptosis (171). In fibroblasts, TGF-f1 inhibits au-
tophagy leading to an increase in profibrotic gene expression
such as «-SMA and fibronectin contributing to myofibroblast
differentiation (170). Taken together, short-term exposure of
TGF-fi1 leads to the initial stabilization of PINKI1, thereby
inducing mitophagy, whereas long-term exposure results in
impaired mitophagy through downregulation of various pro-
teins involved in PINK1 activation promoting AEC apoptosis.

Mitochondria-mediated AEC death. Mitochondrial dys-
function is suggested to represent a key mechanism for epi-
thelial cell apoptosis in pulmonary fibrosis (167, 183) as type
IT AECs are more susceptible to apoptosis when mitochon-
drial function is impaired (27). In addition, mtDNA damage
is linked to oxidative injury and cellular stress driving apo-
ptotic and senescence pathways, thereby contributing to
pulmonary fibrosis (203). As mtDNA is more susceptible to
oxidative damage compared with nuclear DNA due to its lack
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of histones and its proximity to the ETC (131), mtDNA repair
is essential for mitochondrial dynamics. Experimental mod-
els of pulmonary fibrosis contain a higher amount of damaged
mtDNA (85, 101), which is linked to insufficient mtDNA
repair (254). Eight-oxoguanine DNA glycosylase 1 (OGG1)
is an important base excision repair enzyme in mtDNA repair
and deficiency promotes pulmonary fibrosis (102). Knockout
of OGGI has been shown to augment (36), whereas over-
expression of mitochondria-targeted OGG1 prevents oxidant-
induced AEC apoptosis (103) in asbestos-induced models of
pulmonary fibrosis.

Mitochondrial damage-associated molecular patterns
(mtDAMPs) have also been linked to mitochondria-mediated
apoptosis (52). mtDAMPs are mitochondria-derived mole-
cules that are important for proper cell signaling but can also
behave as damage signal in response to tissue injury, thereby
activating pathogen recognition receptors (40). One of the
most important mtDAMPs is the release of oxidized and/or
fragmented mtDNA from damaged mitochondria, which can
trigger apoptosis (40) and inflammation (257). Indeed, mtDNA
is increased in the lungs and blood of patients with IPF (197). In
addition, it has been shown that mtDNA release can trigger
TGF-f1 release from AECs in paraquat-induced pulmonary
fibrosis (128) and inflammasome activation in macrophages
(257). Excessive ATP release by damaged and apoptotic AECs
can also act as mtDAMP, activating the purinergic receptor
P2X7 (40), and is increased in bleomycin-induced pulmonary
fibrosis (191).

Dysregulated mtROS production. During OXPHOS, O,
is reduced to H,O, which leads to the formation of O,*~ and/
or H,0O, due to electron leakage in the mitochondrial ETC,
and these mtROS are thought to promote pulmonary fibrosis
(86). The mitochondrial ETC comprises five large protein
complexes: complex 1 (NADH-coenzyme Q oxidoreductase),
complex II (succinate/coenzyme Q oxidoreductase), complex
III (Q-cytochrome ¢ oxidoreductase), complex IV (cytochrome
¢ oxidase), and complex V (ATP synthase) (213). mtROS are
generated at 11 distinct mitochondrial sites within complexes I,
I, and III (239), and are the main sites of electron leakage to
oxygen to produce O,°” and H,O, (25). Complex III and mi-
tochondrial glycerol 3-phosphate dehydrogenase generate O,°~
on the cytosolic side of the mitochondrial inner membrane as
well as the matrix, whereas the other sites generate O, and/or
H,0, exclusively in the matrix (25). Effective regulation of
mtROS as well as the capacity to scavenge them by antioxi-
dants declines with age, making the lungs more susceptible
toward oxidative damage (123). Normally, mtROS production
is tightly regulated, however when dysregulated they promote
mitochondrial dysfunction, apoptosis, and cellular (mitochon-
drial) DNA damage (254).

TGEF-f stimulation of fibroblasts from IPF patients results
in increased mtROS compared with similar stimulation of
fibroblasts from control subjects (86). Similarly, mtROS
generation is also increased in bleomycin-induced pulmonary
fibrosis (101). The profibrotic cytokine TGF-f1 enhances
mtROS through the inhibition of mitochondrial complex IV
in lung epithelial cells (250). Genetic disruption of mito-
chondrial complex IIl-generated ROS attenuates TGF-f1-
induced profibrotic gene expression during myofibroblast
differentiation (86), further indicating the important role of
mtROS in the development of pulmonary fibrosis. Moreover,
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studies have suggested a key role for TGF-induced mtROS
production in the induction of senescence in epithelial cells
(250).

Dysregulated mtROS generation is not only a key player in
profibrotic signaling but also plays a role in mtDNA damage
leading to apoptosis. Persistent mtDNA damage can result in
the activation of apoptosis (201). Furthermore, oxidative
damage to mtDNA can lead to mutations resulting in the
synthesis of defective ETC components, thereby further en-
hancing the production of mtROS (102). In agreement with
these observations, mice that overexpress mitochondrial
catalase show lower level of mtROS-induced mtDNA dam-
age than their wild-type littermates and are protected from
bleomycin-induced pulmonary fibrosis (101). Interestingly, it
has been shown that mtROS can also damage nuclear DNA,
which in turn causes mitochondrial dysfunction by the acti-
vation of nucleus-to-mitochondria signaling pathways (55).
However, more in vivo studies are needed to elucidate the
exact role of mtROS in the development of IPF. In addition to
interference with normal cellular function, mitochondrial
dysfunction has been implicated as a driver for EMT in
cancer cells (69).

In summary, redox alterations induced by mitochondrial
dysfunction contribute to IPF pathophysiology, which may
also be associated with their interactions with NOX activa-
tion (86, 202), as will be discussed in the next section.

Cross-Talk Between NOX Enzymes and Mitochondria

Since most cell types express multiple NOX isoforms and
all mammalian cells contain various amounts of mitochon-
dria, it is often difficult to determine the precise cellular
source of ROS, and this may in fact involve combined input
from various sources. Indeed, over the past several years,
various lines of evidence support the existence of cross-talk
mechanisms between different NOX isoforms, and also be-
tween NOX enzymes and mitochondria, thereby potentially
altering mitochondrial function or NOX activity (253). Such
interactions between NOX and mitochondria are also re-
ciprocal; that is, activation of NOX can increase mtROS
production but mitochondria (via mtROS) can also contribute
to activation of NOX. The significance of such NOX—
mitochondria interactions and their potential relevance for
IPF will be discussed in the following sections.

Stimulation of mtROS production by NOX enzymes

The first studies indicating a role for NOXes in mito-
chondrial dysfunction have been in the context of angiotensin
I (Angll) signaling in vascular biology (241). Angll is an
important hormone in the renin—angiotensin system, and in-
duces vascular dysfunction in part by activation of vascular
NOXI1 and NOX2. Angll also leads to increased vascular
endothelial mtROS production, which was decreased by de-
letion of the NOX cofactor p22P"°* or by preincubation with
the NOX inhibitor apocynin (48, 105). In addition, AnglI-
induced NOX activation was associated with opening of
redox-sensitive mitoK o tp channels, leading to depolarization
of mitochondrial membrane potential and subsequent mtROS
generation (46, 48). More recent studies of vascular endo-
thelial growth factor (VEGF)-induced angiogenesis indicated
a sequential mechanism involving successive activation of
NOX2, NOX4, and mtROS production (105), and VEGF-

VEITH ET AL.

induced endothelial cell migration and proliferation could be
inhibited by silencing either NOX2 or NOX4 or by mito-
chondrial targeting of catalase (105). Cross-talk between
mitochondria and NOX has also been implicated in the de-
velopment of nitrate tolerance and associated endothelial
dysfunction (21, 237), which could be prevented by selective
inhibition of mtROS production using rotenone or the mito-
chondrial pore blocker cyclosporine A, or by inhibition of
NOX activity by chimeric peptide that interferes with as-
sembly of p47°™* and NOX2 (189). Taken together, these
studies indicate that NOX activity increases mtROS pro-
duction, although the exact mechanisms still remain to be
elucidated.

Activation of NOX enzymes by mtROS

ROS production by pulmonary artery smooth muscle
during acute hypoxia was found to originate from mitochon-
dria, and subsequent NOX activation, based on inhibition
of increase in NOX activity, measured by O,°” -dependent
cytochrome c reduction, by the complex I inhibitor rotenone
(185). A study using human leukocytes indicated that NOX2
activation depends on mtROS formation, as it was enhanced
by deletion of mitochondrial SOD2 (114). Similarly, AnglI-
induced endothelial dysfunction, which involves NOX2,
was more pronounced in SOD2 knockout mice (114). NOX
activation by Angll-induced mtROS production was also
demonstrated by inhibitory effects of mitochondrial-targeted
antioxidant mitoTEMPO (47). Studies with the human em-
bryonic kidney cell line 293T indicated that mtROS can also
activate NOX1, under conditions of serum starvation, by
promoting phosphoinositide 3-kinase and Racl activation,
events that were inhibited by rotenone (124). Separate studies
indicate that mitochondrial dysfunction (perhaps through
mtROS) can also regulate NOX1 expression (241). Hence,
emerging lines of evidence indicate a contribution of mtROS
in activation of various NOX enzymes, including NOX1 and
NOX2. More relevant to IPF, mitochondria also display cross-
talk with NOX4, as will be discussed in the next section.

Cross-talk between NOX4 and mitochondria—
potential role in IPF?

As mentioned earlier, NOX4 contributes to critical fea-
tures of pulmonary fibrosis. Various lines of evidence indi-
cate that NOX4 can be localized to mitochondria since NOX4
contains a 73-amino-acid long mitochondrial targeting signal
in its N-terminus, allowing it to localize to the inner mito-
chondrial membrane (18, 68). As such, NOX4 has been re-
ported to be expressed in the mitochondria of rat kidney
cortex (20), in cardiac myocytes (116), and in cancer cells
(68), and it has been suggested that mitochondrial NOX4-
produced ROS are implicated in several disease pathologies
through modulation of senescence, apoptosis, and carci-
nogenesis. Indeed, NOX4-induced mtROS production in
cardiac myocytes has been implicated in cell apoptosis and
cardiac hypertrophy (142). Furthermore, cardiac NOX4
contributes to cardiac failure through the generation of ROS
(116), and NOX4-deficient mice have attenuated mtROS
generation and mitochondrial dysfunction indicating in-
terplay between NOX4 and mtROS in the failing heart
(116). It is worth noting that inhibition of NOX4 may also
lead to a more basal reduced state [based on NAD(P)+/
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NAD(P)H ratio], and can paradoxically enhance mtROS
production under conditions of, for example, ischemia in
the heart (252).

Mitochondrial activity is regulated by various extracellular
and intracellular signaling pathways, including SRC kinases
(162), which can be subject to NOX-dependent redox mod-
ulation (255). Conversely, the SRC family kinase member
FYN was identified as a negative regulator of NOX4, by
promoting NOX4 phosphorylation on tyrosine 566 (142).
Studies on human endothelial cells indicate that NOX4 can
also directly interact with mtROS production through inhibition
of mitochondrial complex I, thereby reducing the mitochondrial
respiratory capacity and contributing to mitochondrial dys-
function (113), although the specific subcellular localization
of NOX4 was not determined in this study. In fact, NOX4-
depleted endothelial cells showed a reduction in H,O, pro-
duction in the mitochondria as well as in the cytosol. Another
study identified mitochondrial NOX4-dependent ROS pro-
duction as a key mediator in apoptosis of kidney tubular cells
in response to Angll (104). Most examples of connections
between NOX4 and mitochondria stem from cardiovascular
studies, but recent studies also highlight the presence of
NOX4-mitochondria cross-talk in IPF, and suggest a role for
NOX4 in mitochondrial dysfunction, associated with altered
biogenesis, increased glycolysis, and increased ATP degra-
dation (94, 254).

It was recently reported that NOX4 is able to repress mito-
chondrial biogenesis in lung fibroblasts through direct inhibi-
tion of Nrf2 and TFAM independent of PGC-1a (19). Indeed,
inhibition of NOX4 by genetic or pharmaceutical approaches
resulted in increased mitochondrial biogenesis, illustrated by
increased mitochondrial-to-nuclear DNA ratio (19). Un-
fortunately, these studies only evaluated effects of NOX4 de-
letion and not of NOX4 overexpression, as it would be
observed in IPF. NOX4 has been shown to influence mito-

FIG. 4. Interplay between mito-
chondria and NOX4. Release of
ROS by mitochondria can trigger
ROS production by NOX4 outside the
mitochondria and possibly also within
the mitochondria. mtROS leads to
mtDNA damage, which can con-
tribute to mitochondrial dysfunction
leading to AEC death. In addition,
mtDNA damage further increases
mtROS. Oxidized mtDNA can also
act as an mtDAMP outside the mito-
chondria and inducing inflammatory
processes. These signaling cascades
may further amplify NOX4-mediated
effects, including fibroblast differen-
tiation, myofibroblast activation, and
AEC death. mtDAMP, mitochondrial
damage-associated molecular pat-
tern; mtDNA, mitochondrial DNA;
mtROS, mitochondrial ROS. Color

images are available online.
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chondrial biogenesis through its interaction with PDIP38, also
known as DNA polymerase delta interacting protein 2, which is
involved in DNA replication but is also localized to mito-
chondria where it associates with mitochondrial nucleotides
(34, 133). This interaction could indicate that NOX4 is in-
volved in mtDNA replication and repair via its interaction with
PDIP38 or via the production of ROS, thereby modifying
proteins involved in mtDNA maintenance. NOX4 can con-
tribute to the increase of mtROS via redox signaling, thereby
modulating mitochondrial functions, including the activation
of PKC, mitoK otp, and TRX?2 (46). Intriguingly, recent studies
also implicated mitochondrial NOX4 as an energetic sensor in
cancer cells (209). During normal respiration, OXPHOS-
driven ATP binds NOX4 through an ATP-binding motif,
thereby minimizing constitutive NOX4 activity. During tran-
sition of OXPHOS to aerobic glycolysis, as it is observed in
cancer, mitochondrial ATP production is reduced and results in
increased NOX4 activity (209). Metabolic alterations in IPF
indicated increased ATP degradation (94), which would sim-
ilarly result in enhanced NOX4 activity. Interestingly, it has
been suggested that inhibition of aerobic glycolysis might be a
beneficial target in IPF as well (135, 244). Administration of
the mitochondria-targeted antioxidant mitoQ was found to at-
tenuate NOX4 expression in fibroblasts from IPF patients (86),
further highlighting the important role of mitochondria-
produced ROS in NOX4 activation.

In summary, the various forms of cross-talk between
NOX4 and mitochondria could have important consequences
for IPF manifestation/progression (Fig. 4). Increased NOX4
activity in IPF promotes AEC death as well as (myo)fi-
broblast activation causing excessive collagen deposition (6,
32), and could be mediated by NOX4-dependent mtROS
production. mtROS promotes mtDNA damage and could also
directly contribute to NOX4 activation, thereby promoting a
fibrotic vicious circle (86). Moreover, negative effects of

Damaged mtDNA
(DAMP)

Inflammation

AECII Apoptosis

(Myo-)fibroblast
activation
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NOX4 on mitochondrial biogenesis could further drive mi-
tochondrial dysfunction. While these NOX4-mitochondria
interactions may be related to localization of NOX4 in mi-
tochondria, evidence for such localization rest primarily on
detection with antibodies with unknown specificity, and it is
typically not associated with costainings of p22P"°*, which is
important for its activity. Hence, the exact role of NOX4 in
mitochondria still remains unclear, and further research is
needed to more firmly establish NOX4 as a mitochondrial
protein, and its reciprocal interactions with mitochondrial
processes.

Redox-Modulatory Therapeutic Strategies

Based on the various lines of evidence implicating a redox
imbalance in IPF, several redox-based therapeutic strategies
have been proposed focusing at quenching ROS or restoring
the disturbed redox balance. For example, several studies
have addressed the ability of N-acetyl-cysteine (NAC), a
precursor of GSH, to mitigate IPF. However, in spite of
demonstrated encouraging results in various in vitro studies
(218) as well as experimental fibrosis models (44, 70), NAC
supplementation has failed to be fully effective in the clinic
(140, 153, 193) because of variable effects in patients with
IPF. These variable effects may be due to differences in dose
of drug administration, delivery method as well as the patient
population.

Several studies have suggested that inhaled NAC
(352.4mg, two times daily) improves lung function in early
stage IPF (82, 152, 164), indicating that local antioxidant
therapy might be more beneficial in an early stage of IPF to
counteract ROS-induced damage and the underlying inflam-
mation. Oral administration of NAC (600 mg, three times
daily), on the contrary, had variable outcomes. In the PAN-
THER trial, no significant improvement of lung function could
be observed in mild-to-moderate IPF compared with the pla-
cebo (84), whereas it was reported before in the IFIGENIA
trial that the same dose of NAC in combination with predni-
sone and azathioprine reduced decline of lung function (45). In
advanced IPF, NAC monotherapy showed no beneficial effect;
however, combination therapy has been suggested to improve
lung function (198). Consequently, it is important to investi-
gate specific subgroups in IPF who could benefit from NAC as
monotherapy or in combination therapy that has been sug-
gested to be more beneficial in an advanced stage.

Other studies have explored the ability of antioxidant food
supplements, such as quercetin and resveratrol, to reduce
oxidative stress in profibrotic responses in vitro (62, 64, 155,
231) and in animal models of pulmonary fibrosis (3, 74, 208,
232). While these compounds have reported antioxidant
activity in vitro, they might act by alternative mechanisms
and are also capable of activating Nrf2 (204). Intriguingly,
a recent study described that quercetin reverses bleomycin-
induced pulmonary fibrosis in aged mice through the reduction
of various senescence markers and SASP (81). Furthermore,
transcriptome analysis of pathways involved in senescence
and drugs that interfere with these pathways yielded dasatinib
(a SRC/ABL protein kinase inhibitor) and quercetin (a putative
antioxidant but also an inhibitor of various kinases) as potent
senolytic drugs (259). Indeed, the combination of dasatinib
with quercetin (D + Q) was found to kill senescent fibroblasts
in a mouse model of bleomycin-induced pulmonary fibrosis,
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and thereby improve lung function (203). While these findings
do not directly indicate antioxidant-based mechanisms, such a
mechanism could contribute to the observed inhibitory effects,
especially in combination with other antifibrotic drugs. The
combination of D +Q is currently investigated in a clinical trial
(NCT02874989) to determine the effects on proinflammatory
cells in IPF.

In addition to approaches using general scavengers of
ROS, alternative strategies have focused on specifically
modulating the activity of redox systems. For example, based
on observed loss of GRX1 activity in IPF, and corresponding
increases in S-glutathionylation of Fas and caspase activation,
administration of recombinant GRX1 has been explored as a
therapeutic strategy, and preclinical studies on mice indicate
the ability of GRX1 to inhibit and even promote reversal of
pulmonary fibrosis in experimental models in mice (7).

Based on the diverse and specific actions of ROS produced
by specific NOX enzymes or by mitochondria, as discussed in
this review, it would seem more fruitful to specifically target
(enzymatic) sources of ROS that are dysregulated in IPF,
rather than more generic approaches to neutralize ROS or
affect redox systems, as these latter could also interfere with
normal physiological functions of ROS, and thus exert un-
wanted effects (63, 97). Indeed, recent approaches have fo-
cused primarily on the specific roles of NOX enzymes and
mitochondria in ROS production (39). Pharmacological ap-
proaches to inhibit NOX4 are being developed as potential
therapeutic strategies in IPF treatment. Indeed, a small mo-
lecular inhibitor that selectively targets NOX4 as well as
NOXI1 (GKT137831) was found to minimize bleomycin-
induced fibrosis in a mouse model, by reducing fibroblast
activation and collagen deposition as well as epithelial cell
death (75, 87). Moreover, GKT137831 treatment in IPF lung
fibroblasts results in reduced markers of senescence and in-
creased the susceptibility to apoptosis, suggesting that NOX4
contributes to senescence (76) but further studies with spe-
cific inhibitors are needed to establish this hypothesis.

Based on the accumulating evidence that associates mtROS
with IPF development, various mitochondria-targeted therapies
have been developed to improve mitochondrial biogenesis,
activate mitophagy, inhibit mtROS-regulated apoptosis, and
scavenge mtROS in general. The mitochondrial antioxidant
mitoQ, a ubiquinone conjugated to a lipophilic triphenyl-
phosphonium cation that accumulates within mitochondria
and is reduced to the antioxidant ubiquinol, has been shown
to attenuate liver fibrosis (188) and reduce TGF-induced
profibrotic gene expression in human fibroblasts (86). An-
other mitochondrial-targeted small molecule, XBJ-5-131,
was shown to improve the survival of neurons in a mouse
model of Huntington’s disease through inhibition of oxi-
dative (mitochondrial) DNA damage (176, 246). Another
example is the antidiabetic drug, metformin, which inhibits
the activity of complex I, thereby reducing mtROS. Metformin
has been suggested as antifibrotic drug as it interferes with
TGF-f1 signaling, inhibits myofibroblast differentiation (222),
and reduces collagen deposition in bleomycin-induced pul-
monary fibrosis (184). A recent review, however, indicated no
beneficial effect on lung function in patients with IPF (215).

Overall, these various findings suggest that selective tar-
geting of specific NOX isoforms or mtROS production may be
beneficial in management of IPF, especially in light of studies,
indicating that redox alterations induced by mitochondrial
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dysfunction may also be associated with their interactions with
NOX activation (86, 202).

Conclusion and Future Directions

Although IPF is well recognized for its devastating nature
and poor prognosis, only minimal advances have been made
in the last few years to effectively treat patients with IPF.
Recent FDA-approved drugs pirfenidone and nintedanib
have only elicited modest improvements in disease progres-
sion and cannot ameliorate the poor survival associated with
IPF (180). Moreover, they do not work for all IPF patients,
indicating the need to investigate more treatment strategies
(72). As discussed in this review, IPF is characterized by a
dysregulated redox homeostasis and mitochondrial dysfunc-
tion. Yet, attempts to reduce ROS with general antioxidants
such as N-acetyl cysteine have largely been unsuccessful in
the clinic, which is likely due to our incomplete under-
standing of specific redox-based mechanisms that contribute
to IPF development, and the fact that such general antioxidant
strategies would also interfere with beneficial homeostatic
functions of ROS. However, we would caution against neg-
ative conclusions based on unsuccessful studies and dismiss
the potential importance of ROS-based mechanisms in IPF
pathology, because of accumulating evidence implicating
specific redox-based mechanisms (increased NOX activa-
tion, mitochondrial dysfunction) that ought to be targeted
more directly. In this regard, it would be prudent to explore
the efficacy of selective targeting of NOX4, based on com-
pelling preclinical studies, or approaches to specifically inhibit
mtROS such as MitoQ and MitoTEMPO, which have shown
some success in experimental mouse models of pulmonary
fibrosis. Another common challenge with such pharma-
ceutical approaches is successful targeting of fibroblast foci,
which may be poorly accessible to systemically adminis-
tered drugs.

Another reason for our relatively limited understanding
of ROS in IPF is the fact that detection of specific ROS
pathways in clinical specimens is exceedingly difficult
(especially reversible modifications that may be more im-
portant in dysregulated cell signaling than stable protein
oxidation products). In this regard, recent studies of protein
S-glutathionylation in IPF in association with clinical out-
comes (7) are particularly enlightening. Moreover, addres-
sing the causality of specific ROS pathways would require
appropriate animal models, and currently used models of
pulmonary fibrosis do not adequately model the patho-
physiology of human IPF and its progression. Also, while
IPF is well known to be age associated, most animal studies
are still using young animals and thus do not recapitulate the
contribution of age-associated alterations on specific redox-
based pathways. Although costly, future studies should ad-
dress pharmacological strategies in age-appropriate models.
Another problem with studies of ROS in disease models such
as IPF is that they typically address the importance of a
specific NOX enzyme or antioxidant system throughout the
disease model, that is, during the initiation and development
of the disease, which may not necessarily translate into
clinical practice if pre-existing fibrosis is not reversed. In this
light, some recent studies suggesting that antioxidant-based
approaches can actually reverse fibrosis, at least in animal
models (7, 184), are particularly encouraging.
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Although evidence is growing for a role of specific ROS
pathways in IPF (e.g., NOX4, mtROS), we still know rela-
tively little with respect to the precise molecular mechanisms
involved (i.e., what are the critical cellular targets for e.g.,
NOX4-derived ROS that facilitate AEC apoptosis or fibro-
blast activation). In light of emerging evidence that NOX4
may be localized to mitochondria and that mitochondria and
NOX4 exert reciprocal interactions, future studies should aim
at unraveling the molecular redox mechanisms underlying
such interactions, for example by using approaches to in-
terfere with mitochondrial NOX4 signaling. Successful
identification of specific cellular targets for NOX4-derived
ROS or for mtROS in IPF may reveal alternative and po-
tentially more attractive therapeutic targets for treatment of
IPF. Given the rapid expansion of redox-based research in
recent years, and development of novel research tools to
assess site-specific redox events in subcellular compart-
ments or in specific proteins, it is anticipated that our un-
derstanding of such NOX4-mitochondria interactions will
soon increase and may indeed lead to novel redox-based
therapeutic strategies that may prove to be beneficial in
improving the survival and the quality of life in patients
suffering from IPF.
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Abbreviations Used

o-SMA = a-smooth muscle actin
AEC = alveolar epithelial cell
Angll = angiotensin II
BALF = bronchoalveolar lavage fluid
DUOX = dual oxidase
EBC =exhaled breath condensates
ECM = extracellular matrix
ELF = epithelial lining fluid
EMT = epithelial-to-mesenchymal transition
ETC =electron transport chain
FDA =Food and Drug Administration
GRX = glutaredoxin
GSH = glutathione
GST = glutathione-S-transferase
H,0;, =hydrogen peroxide
IL = interleukin
IPF =idiopathic pulmonary fibrosis
LAP = latency-binding peptide
M2 = alternatively activated macrophages
mtDAMP = mitochondrial damage-associated
molecular pattern
mtDNA = mitochondrial DNA

mtROS = mitochondrial ROS
NAC = N-acetyl cysteine
NOXes = NADPH oxidases
NRF = nuclear respiratory factor
Nrf2 = nuclear factor erythroid 2-related factor 2
0,°" = superoxide anion
OGG1 = oxoguanine DNA glycosylase 1
OXPHOS = oxidative phosphorylation
PGC-10 = peroxisome proliferator-activated
receptor y coactivator lo
PINK1 =PTEN-induced putative kinase 1
PRX = peroxiredoxin
ROS =reactive oxygen species
SASP = senescence-associated secretory
phenotype
SMC = smooth muscle cell
SOD = superoxide dismutase
TFAM = mitochondrial transcription factor A
TGF-f = transforming growth factor f§
Ty = T-helper
TRX = thioredoxin
UIP = usual interstitial pneumonia
VEGF = vascular endothelial growth factor




