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Summary 

The lungs are continuously exposed to high concentrations of oxygen, which makes them 

especially vulnerable to oxidative damage. In addition to exogenous sources of oxidants, 

various lung cell types can also generate reactive oxygen species (ROS) themselves, either 

as byproducts of cellular metabolism or by enzyme systems such as the NADPH oxidases 

(NOX). ROS have various physiological functions in host defense, immune regulation, cell 

proliferation and differentiation but can also be harmful when produced in excessive 

amounts. To effectively regulate the biological actions of exogenous and endogenous ROS, 

various non-enzymatic and enzymatic antioxidants defense systems are present in lung 

cells to provide protection and to regulate redox-sensitive cell signaling. Chronic lung 

diseases such as idiopathic pulmonary fibrosis (IPF) are associated with an increased 

oxidant burden and IPF patients display various markers of oxidative stress such as 

oxidation of DNA and proteins. At the same time, IPF is also characterized by an increased 

expression of NOX4 and mitochondrial dysfunction as well as decreased antioxidant 

systems, which all further contribute to a disturbed antioxidant balance. Intriguingly, 

antioxidant treatment strategies have not been fully effective in the clinic so far. Recent 

studies have identified that SRC family kinases (SFK) contribute to the development of IPF 

and their activity can be regulated through redox-signaling. Consequently, inhibition of 

SFK has been suggested as treatment strategy in IPF.  
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The lungs 

The lungs represent the human body’s largest interface with the external environment 

and are responsible for breathing. The lungs facilitate gas exchange by taking up oxygen 

from the atmosphere and transporting it into the bloodstream. Additionally, the lungs 

release carbon dioxide, a waste product from metabolism, from the bloodstream back 

into the atmosphere. The lungs are on either side of the chest and are part of the lower 

respiratory system that begins at the trachea and branches into the primary bronchi 

(Figure 1.1). The bronchi then divide into smaller branches, called bronchioles that 

eventually terminate in clusters of microscopic small air sacs called alveoli where the 

actual gas exchange takes place (1). The lungs contain approximately 2.400 kilometer of 

airways and 300-500 million alveoli providing an extremely large surface area of 

approximately 150 m2.  

Figure 1.1: The anatomy of the lung. The trachea carries the air into the lungs and divides into airways, called 

bronchi. The bronchiolar epithelium consists of ciliated epithelial, club, goblet and basal cells. The bronchi divide 

into smaller airways that terminate in alveoli which is lined with the alveolar epithelium consisting of alveolar 

epithelial type I and II cells (AEC I and AEC II).  

Because of their direct contact with the outside work, the lungs are vulnerable to airborne 

pathogens and pollutants. Many commonly encountered environmental pollutants such 

as tobacco smoke, particulate matter and smog are thought to cause injury to the lungs 

via toxic chemicals and oxidant production. The respiratory tract is therefore equipped 

with detoxifying antimicrobial and antioxidant defense systems to minimize the risk of 
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infection and injury while maintaining proper lung functions. The lower respiratory tract 

including the trachea, bronchi and bronchioles, is lined with the respiratory epithelium 

that forms the first line of defense preventing the entry of inhaled chemicals and 

pathogens. It provides a physical and mechanical barrier to impede the entry of airborne 

invaders, including bacteria and particles, and is also capable of initiating an immune 

response (2).  

The cellular composition of the pulmonary epithelium changes along the proximal-to-

distal axis to fulfill different regional functions. The epithelium lining the bronchi and 

bronchioles consists of ciliated epithelial cells next to goblet cells, club cells and basal 

cells. In a healthy lung, ciliated epithelial cells have hair-like projections that coordinate 

the removal of pathogens to clear inhaled particles and pathogens from the 

tracheobronchial epithelium. These inhaled particles and pathogens are absorbed by 

mucus which is secreted by goblet cells and afterwards swept away by ciliated epithelial 

cells to be removed from the airways (3). Club cells protect the bronchiolar epithelium 

through the secretion of various proteins, glycoproteins and lipids which provide chemical 

and physical protection against inhaled compounds (4). Basal cells are located beneath the 

surface epithelium and maintain pulmonary integrity by differentiating into other cell 

types in response to damage. In response to injury, basal progenitor cells get activated 

and subsequently differentiate into secretory (e.g. goblet and club cells) and ciliated 

epithelial cells (5). 

The alveolar epithelium, where the gas exchange takes place, is mainly composed of 

alveolar epithelial type I (AECI) and type II (AECII) cells (6). AECI cells are squamous 

epithelial cells responsible for gas exchange and occupy about 95 % of the alveolar surface 

area (7). The cuboidal secretory AECII cells are mainly responsible for surfactant secretion 

which enables the gas exchange by lowering the surface tension within the alveoli (1). In 

addition, AECII cells have important functions in lung defense mechanisms by releasing 

cytokines and producing oxidants to respectively induce an inflammatory response and kill 

pathogens (8). AECII cells also initiate the restoration of the alveolar epithelium after 

injury by either promoting the proliferation of new AECII cells or by differentiating into 

AECI cells, thereby maintaining the integrity of the epithelium (9). Type I cells are not able 

to differentiate and thus rely on differentiation from type II cells. 

The lung epithelium in chronic lung diseases, such as pulmonary fibrosis, shows signatures 

of chronic injury, which results in an aberrant wound healing responses and remodeling of 

the lung tissue.  

Idiopathic pulmonary fibrosis – an overview 

Pulmonary fibrosis is a progressive interstitial lung disease in which the interstitium (walls 

between alveoli) becomes scarred, resulting in the destruction of the lung architecture. 

The lungs become stiffer and lose their elasticity causing symptoms such as non-
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productive dry cough and breathlessness, ultimately leading to death from respiratory 

failure. In many cases, the cause of the disease is not clear, leading to the diagnosis 

idiopathic pulmonary fibrosis (IPF). IPF is the most common form of idiopathic interstitial 

lung diseases, affecting approximately 5 million people worldwide with a median survival 

of only 2-4 years after diagnosis (10). The clinical course of IPF is very heterogeneous; 

some patients have a slower progression while the remainder have a faster progression 

with a rapid loss in lung function associated with shorter survival (Figure 1.2).  

 
Figure 1.2: Clinical course of patients with IPF. The disease develops asymptomatically for months to years. Most 

patients have a slow progressive course of the disease, whereas other patients have acute exacerbations of the 

disease. A few patients have a rapid progressive course resulting in decreased survival. Figure adapted from (11). 

Two thirds of IPF patients are older than 60 years at time of diagnosis (12). The prevalence 

of IPF is rising with increased age and estimated to be 227 per 100.000 in people older 

than 75 years, whereas only 4 per 100.000 people under 35 are affected (12). As the 

average life expectancy continues to increase worldwide, the incidence of age-related 

lung diseases such as IPF is also expected to increase at a rapid pace. Indeed, the overall 

incidence rate is already increasing every year (13, 14). The scarring of the lungs in IPF 

cannot be reversed indicating that there is no cure yet for IPF. Current treatments can 

slow down the progression but they cannot stop the disease.  

IPF has several risk factors including aging (15) but other intrinsic/endogenous factors 

such as genomic instability, mitochondria dysfunction and altered intracellular signaling 

are also associated with IPF (16). Some people are also genetically predisposed to develop 

IPF due to genetic abnormalities in surfactant protein C and A2, genes involved in 

maintaining telomere length (TERT, TERC) as well as Mucin (Muc) 5B (17). An alteration in 

the Muc5B promoter sequence (rs35705950) has been identified as the strongest genetic 

risk factor for IPF and accounts for 30-35% of individuals developing IPF (18). Additionally, 
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exposure to environmental compounds, e.g. cigarette smoke and asbestos, is another 

trigger for the development of IPF (19). Intriguingly, most of these compounds including 

cigarette smoke and asbestos also cause AEC apoptosis (20, 21) and promote 

mitochondrial dysfunction (22) as well as genomic instability (23). 

Disease mechanism  

During IPF manifestation, the lung homeostasis is disturbed resulting in a profibrotic 

milieu that affects both the survival and death of lung cells. IPS is characterized by 

impaired epithelial regeneration, accumulation of myofibroblasts producing collagen and 

chronic low-grade inflammation (Figure 1.3).  

Disease initiation: a key role for the lung epithelium  

It is generally accepted that the lung epithelium plays a crucial role in the initiation of the 

disease. Type II AECs proliferate and differentiate into type I AECs in response to injury 

and re-epithelialize the site where the barrier was broken. However, AECs in fibrotic repair 

are more prone to undergo apoptosis which is a prominent feature during IPF initiation 

(24). The lung epithelium of IPF patients shows a loss of cell integrity of the alveolar 

epithelium, illustrated by disruption of the basement membrane and collapse of the 

alveolar structure. Furhtermore, the number of AECI cells is reduced whereas hyperplasia 

of AECII cells develops, thus replacing type I AEC and causing ineffective re-

epithelialization. Additionally, senescence of epithelial cells occurs which results in a 

diminished regenerative capacity of AECs (25). Interestingly, epithelial cells can also 

undergo so-called epithelial-to-mesenchymal transition (EMT) which makes them lose 

their epithelial phenotype and acquire more mesenchymal/fibroblastic characteristics 

such as expression of α-smooth muscle actin and fibronectin. EMT is considered to 

contribute to pulmonary fibrosis pathology by restructuring the lung due to the 

accumulation of fibroblasts which then differentiate into myofibroblasts, but its exact 

significance in IPF development is under debate (26).  

Disease progression: fibroblasts - the effector cells in IPF  

AECs secrete a variety of fibrotic mediators in response to injury, including platelet-

derived growth factor (PDGF), endothelin-1, angiotensin II, connective tissue growth 

factor (CTGF), and transforming-growth factor (TGF) β which can induce differentiation of 

fibroblasts into myofibroblasts in vitro (27). Myofibroblasts are considered key effector 

cells in IPF as they actively participate in pulmonary remodeling by secreting extracellular 

matrix (ECM) proteins into the lung alveolar structure. During normal wound repair, 

myofibroblasts undergo apoptosis and clearance of the ECM occurs, whereas in IPF 

myofibroblasts are overactivated causing aberrant wound repair and excessive collagen 

deposition. Fibroblastic foci, an aggregation of myofibroblasts, are a hallmark of IPF (28) 

that correlates with decreased pulmonary function (29). Extracellular generation of H2O2 
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by lung myofibroblasts may mediate additional fibrogenic effects by inducing apoptosis of 

adjacent lung epithelial cells (30). Interestingly, fibroblasts from IPF patients have an 

apoptosis resistant phenotype and are associated with higher levels of senescence 

markers compared to fibroblasts from age-matched controls (31).  

The role of inflammation in IPF progression 

Although lungs from IPF patients display mild chronic inflammation (32), the precise role 

of inflammation in IPF is not clear yet. However, since immunosuppressants are not 

effective in treating the disease, inflammation has been suggested to play a secondary 

role in IPF progression (33), with a more specific role in rapid progressive IPF as well as in 

its exacerbations. Damaged epithelial cells release a variety of chemokines and cytokines 

including interleukin(IL)-8, tumor-necrosis factor (TNF)-α and interferon (IFN)-γ that 

recruit inflammatory monocytes and neutrophils to the injured site. Neutrophils are part 

of the innate immune system and their recruitment and activation to the bronchoalveolar 

space have been shown to correlate with disease progression (34). Neutrophil recruitment 

is also suggested as a predictor of early mortality in IPF (35). Patients with rapid 

progressive IPF display an increased number of neutrophils and macrophages in their 

lungs (36) and the levels of the neutrophil chemoattractant, IL-8 is increased in IPF 

patients suffering from exacerbations compared to stable IPF patients (37). Macrophages 

are not only important in apoptotic cell clearance but they also participate in ECM 

remodeling through the secretion of matrix metalloproteinases (MMP) (38) as well as 

through ingestion of collagen (39).  

Normally, monocytes differentiate into phagocytic macrophages that phagocytose dead 

cells and neutrophils. However, because of the continuous injury to the lung epithelium in 

IPF, neutrophils and macrophages are not eliminated quickly enough, thereby 

exacerbating the ongoing inflammation and fibrotic cycle (7). Additionally, alveolar 

neutrophils and macrophages undergo a respiratory burst upon phagocytosis leading to 

ROS production that also injures alveolar epithelial cells thereby promoting fibrosis (40).  
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Figure 1.3: Summary of the pathologic features in IPF disease initiation and manifestation. A variety of genetic 

and environmental factors have been implicated as sources of injury to the lung and/or alveolar epithelium. 

Following epithelial injury, over-activation of repair pathways leads to AECII death, fibroblast recruitment and 

myofibroblast activation which causes excessive production of collagen and ECM deposition, and inflammatory 

cell recruitment.  

The role of TGF-β1 in the pathogenesis of IPF 

The profibrotic cytokine transforming growth factors (TGF)-β is involved in various fibrotic 

processes and IPF patients have increased levels of TGF-β in their lungs (41) that is mainly 

produced by alveolar macrophages, neutrophils, AEC as well as (myo)fibroblasts (42). TGF-

β1 is secreted as inactive precursor protein bound to a latency-associated protein (43) 

that can be released upon oxidation (44) or cleavage by metallo-proteinases (45) resulting 

in a biologically active form of TGF-β1. Active TGF-β binds to type II receptor (TGFβR-II) on 

the cell membrane, which activates type I receptor (TGFβR-I), leading to phosphorylation 

of Smad2 and Smad3. Phosphorylated Smad2 and Smad3 form a complex with Smad4, 

which then translocates to the nucleus to regulate gene transcription through binding to 

the promoter region of several target genes such as collagen and fibronectin (46). This 

eventually initiates several pro-fibrotic mediated pathways including fibroblast activation, 

proliferation and differentiation into myofibroblasts as well as AEC death (7). TGF-β is also 

an inducer of EMT (47) and initiates the recruitment of circulating fibrocytes and 

progenitor cells to the lung as well as the activation of resident fibroblasts (48) thereby 

promoting excessive collagen deposition in the lungs of IPF patients.  
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TGF-β also initiates oxidant production from mitochondria (49) as well as NADPH oxidases 

(50), and contributes to a disturbed redox homeostasis in IPF.  

The disturbed redox-balance in IPF 

Reactive oxygen species and antioxidants – the balance is important 

Reactive oxygen species (ROS), including hydrogen peroxide (H2O2), superoxide anion (O2
•) 

and hydroxyl radical (OH•), are derived from oxygen (O2) and formed during the partial 

reduction of O2. O2
•- is generated by one-electron reduction of O2, which can be converted 

into H2O2 by superoxide dismutase (SOD) 1 in the cytosol and SOD3 extracellularly. O2
•- 

generated in the mitochondria can be converted by SOD2. OH• is produced when H2O2 

reacts with metal cations (Fe2+ or Cu2+) via the Fenton reaction or is spontaneously formed 

and can cause irreversible damage to DNA and lipids. To prevent the formation of OH•, 

H2O2 is converted to H2O by various enzymatic systems, including glutathione peroxidase 

(GPX), peroxiredoxin (PRX) and catalase (CAT) (Figure 1.4). 

 
Figure 1.4: Involvement of ROS in lipid peroxidation, DNA oxidation and protein modification. Exogenous and 

Endogenous sources of ROS can generate superoxide (O2
•-) which can be converted into hydrogen peroxide 

(H2O2) by superoxide dismutase (SOD). H2O2 can detoxified to water (H2O) by peroxiredoxins (PRX), glutathione 

peroxidases (GPX) and catalase (CAT). In addition, H2O2 can react with metal ions to generate a hydroxyl radical. 

The produced ROS can cause (ir)reversible damage to lipids, proteins and DNA thereby affecting cell survival and 

cell signaling.  

Since the lungs are continuously exposed to high concentrations of O2, they are especially 

vulnerable to ROS-induced damage. ROS can be formed by several exogenous sources 

such as environmental pollutants, including tobacco smoke, asbestos fibers, drugs and 

radiation and are also associated with the development of interstitial lung diseases. 
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Additionally, several reactive oxygen species (ROS) can be generated endogenously by 

various lung cell types themselves either as byproducts of cellular metabolism or by 

several enzyme systems such as the NADPH oxidases (NOXes). 

Endogenous ROS are important in normal physiological cellular signaling and function, 

whereas high ROS accumulation can have deleterious biological consequences (51). 

Consequently, if ROS are not scavenged and neutralized, they can cause damage to 

biomolecules and alter protein function (Figure 1.4). For instance, ROS can contribute to 

genomic instability by inducing direct oxidative damage to DNA thereby potentially 

introducing mutations. ROS can also promote lipid peroxidation to generate mutagenic 

byproducts such as malondialdehyde or 4-hydroxynonenal which can adduct DNA (40). 

Increased ROS production can not only cause damage to macromolecules but can also 

lead to a redox imbalance, also called oxidative stress which is defined as an imbalance 

between the generation of ROS and the capacity of the cells to remove or neutralize them 

in favor of the first (52).  

Several studies have reported that IPF patients display a higher oxidant burden compared 

to healthy controls. Indeed, it has been shown that pulmonary inflammatory cells in 

epithelial lining fluid of IPF patients generate higher levels of oxidants compared to those 

of healthy controls (53). Additionally, IPF patients have increased levels of H2O2 in exhaled 

breath condensate (54) as well as increased markers of lipid peroxidation such as MDA in 

plasma and 8-isoprostane in bronchoalveolar lavage fluid (BALF) compared to healthy 

non-smokers (55, 56). BALF from IPF patients also contains a higher amount of oxidized 

proteins, e.g. carbonylated proteins (57, 58), and epithelial cells show increased levels of 

DNA oxidation, illustrated by 8-hydroxy-deoxyguanosine (8-OHdG) (59).  

Since ROS regulate a wide variety of physiological cell signaling, it is important they are 

tightly regulated by antioxidant systems to prevent oxidative stress. To combat the 

deleterious effects of high ROS levels, the lung has specialized antioxidant systems to 

protect against ROS-induced cellular damage (60). Such antioxidant defense systems 

include high-molecular weight antioxidants (mucins), small molecular weight antioxidants 

(vitamins and glutathione (GSH)), metal binding proteins (transferring, lactoferrin), thiol-

containing proteins (thioredoxin (TRX), glutaredoxin (GRX)), enzymes that degrade ROS 

(CAT, SOD) and phase 2 detoxifying enzymes are secreted into the airways (60). Impaired 

induction of these antioxidant systems can result in an overload of ROS. In IPF, there is 

emerging evidence that alterations in the antioxidant defense system contribute to the 

increased oxidant burden. Patients with IPF have a decreased level of GSH in the epithelial 

lining fluid (ELF) (61, 62) as well as in blood (63, 64) and BALF (55). It has also been shown 

that IPF patients have a decreased expression of SOD3 (65) and that TRX and PRXII are 

decreased in the lungs of patients with fibrosis compared to controls (66, 67). Recently, it 

has been shown that GRX1 mRNA expression as well as enzymatic activity are decreased 

in patients with IPF compared to non-IPF individuals (68). 
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Many of these antioxidative enzymes are regulated through redox-sensitive transcription 

factors such as nuclear factor eryhroid 2 releated factor 2 (Nrf2) (69). Under normal 

conditions, Nrf2 is bound to its inhibitory part Kelch-like ECH-associated protein (Keap) 1 

in the cytoplasm. However, in the presence of oxidative stress, the redox state of Keap1 is 

changed which induces the phosphorylation and subsequent dissociation of Nrf2 (70). 

Next, Nrf2 translocates into the nucleus where it will bind to the antioxidant response 

elements (ARE) that will mediate the transcription of antioxidant genes such as heme-

oxygenase 1 (HO-1), glutathione-S-transferase (GST), NADP(H) quinone oxidoreductase 1 

(NQO1), thioredoxin and γ- glutamylcysteine synthetase (GCS) as compensatory 

mechanism for the altered redox balance (60). Animal studies support the importance of 

Nrf2 in IPF development, since Nrf2-deficient mice develop more fibrosis in response to 

bleomycin (71) and AECs isolated from Nrf2-deficient mice are more prone to oxidant-

induced cell death (72).  

Taken together, it can be concluded that IPF patients have decreased antioxidant levels 

and diminished expression of various antioxidant enzymes. These lowered antioxidative 

defense levels indicate that the compensation mechanisms effective are not enough to 

compensate for the already higher oxidative burden, making the lungs susceptible 

towards more ROS damage. 

Intracellular ROS sources  

It has been indicated that the increased oxidative stress in IPF is due to two critical players 

within the pathology of the disease, namely mitochondrial dysfunction, accompanied by 

increased mitochondrial ROS (mtROS) generation and the enhanced expression or 

activation of NOXes (40, 73).  

Mitochondria and mitochondrial dysfunction in IPF 

Mitochondria, the powerhouses of cells, generate ROS as byproduct in the electron 

transport chain (ETC), during which O2 is reduced to H2O to produce ATP, also called 

oxidative phosphorylation. Electrons can leak at 11 sites in the ETC mainly in complex I,II 

or III (74). Lung cells contain varying mitochondrial densities according to their energy 

needs. Mitochondria are between 0.75 and 3 µM in diameter, however, cells that are 

metabolically more active such as ciliated epithelial cells, club cells and AECII involved in 

surfactant production have bigger and more mitochondria. More specifically, 

mitochondria are approximately three times greater in AECII compared to AECI (75, 76). In 

response to cellular stress or injury, mitochondria can rapidly adapt their behavior by 

changing mitochondrial fusion (merging) and fission (division) dynamics which will alter 

the ATP production demand of the cell (77). Increased fusion promotes the formation of 

elongated mitochondria and is a stress-resolving mechanism, occurring in response to cell 

injury, in which the fused mitochondria are protected from degradation to respond to the 

cells higher energy demand to repair the damage (78). Increased fission or reduced fusion 
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on the other hand increases mitochondrial fragmentation. During differentiation from 

type II to type I AECs, as it occurs during wound repair, type II AECs reduce the number 

and size of mitochondria to adapt to cellular stress, which results in lower energy 

demanding type I AECs (75). If this adaption fails to be effective, lung cells become more 

vulnerable to injury and oxidative stress thereby promoting pulmonary fibrosis. 

Intriguingly, various lines of evidence have suggested that IPF patients have an increased 

number of dysfunctional mitochondria characterized by a decreased efficiency of the ETC, 

increased mtROS production, decreased mitochondrial biogenesis and impaired 

breakdown of dysfunctional mitochondria (mitophagy) (79).  

Although enhanced generation of mtROS is considered a feature of mitochondrial 

dysfunction, there is growing evidence supporting a role for mtROS as signaling molecules. 

Recent studies indicate oxidant cross-talk between mitochondria and NOX4, possibly 

leading to altered activity of both players through ROS-induced ROS release (80). Such 

interactions between NOX and mitochondria are reciprocal, i.e. activation of NOX can 

increase mtROS production but mitochondria (perhaps via mtROS) can also contribute to 

activation of NOX, indicating a complex feedback mechanism. 

The NOX family and their involvement in IPF 

Recent evidence suggests a role for ROS-producing NOX enzymes in the oxidative stress 

observed in IPF pathogenesis (81). The NOX family consists of seven NOX homologs, 

NOX1-5 and Dual Oxidase (DUOX) 1 and DUOX2. NOX proteins differ from each other 

regarding their activation and subcellular localization, but they also produce distinct ROS 

and regulate different processes (82, 83). Activation of NOX enzymes generates O2
•- or 

H2O2 as primary products that can react with redox-sensitive proteins, thereby regulating 

various cellular processes including cell proliferation, differentiation, inflammatory 

signaling and host defense.  

NOX enzymes that have been reported to contribute to pulmonary fibrosis are NOX1 (84, 

85), NOX2 (86, 87) and NOX4 (50, 88-90). NOX4 is the only isoform that is highly 

upregulated in IPF lungs, mainly in fibroblasts and epithelial cells, but also in endothelial 

and smooth muscle cells, NOX4-derived ROS, mainly H2O2 (69), are required to induce AEC 

death, differentiation of fibroblasts into myofibroblasts and activation of myofibroblasts, 

ultimately leading to collagen deposition in the lungs. NOX4 needs association with p22phox 

but does not require any other cofactors for its activation and is thought to be 

constitutively active (91) (Figure 1.5).  
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Figure 1.5: Structural overview of NOX4. NOX4 has six trans-membrane spanning alpha helices with cytosolic N 

and C-termini. The C-terminal flavoprotein domain contains an NADPH-binding region and a flavin adenine 

dinucleotide binding region whereas the N-terminal hydrophobic domain contains two heme-binding sites (92). 

Through the membrane-associated flavocytochrome p22phox, transmembrane electron transfer takes place from 

NADPH to reduce O2 to superoxide (O2•-) and hydrogen peroxide (H2O2). 

Induction of NOX4 is primarily mediated by the profibrotic cytokine TGF-β1 which is also 

upregulated in IPF. Interestingly, NOX4-generated ROS promote AEC death on the one 

hand but induce senescence of myofibroblasts on the other hand leading to an apoptosis 

resistant myofibroblast phenotype. The molecular mechanisms by which NOX4 promotes 

these pro-fibrotic outcomes are not clear yet, but various studies indicate that NOX4-

dependent production of H2O2 can regulate cell signaling pathways that control 

proliferation, migration, differentiation, and or survival, by inducing specific redox-

mediated post-translational modifications to redox-sensitive proteins such as protein 

kinases (93). 

Redox regulation in IPF 

Redox signaling – an overview 

During the past two decades, it has become clear that ROS, when present in nM range, 

also act as messenger in cell signaling. The reversible oxidation of protein cysteine 

residues, also called redox switches, is widely recognized as an important mechanism in 

redox signaling (94). Both superoxide and hydrogen peroxide have been implicated as 

potential messengers, however, H2O2 it is more likely involved because of its stability 

(95, 96). 

Cysteine residues exist as thiolate anions (Cys-S-) at physiological pH and are more 

susceptible to oxidation than the protonated cysteine thiols (Cys-SH). During redox 
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signaling, H2O2 can oxidize thiol groups in cysteine residues within redox-sensitive 

proteins, thereby affecting protein function and cellular signaling (95). H2O2 oxidation at 

the thiolate anion to form sulfenic acid (-SOH) affects cellular signaling by altering protein 

confirmation as well as protein activity if the oxidized cysteine is located in its catalytic 

domain. When two or more cysteine residues within the same protein are oxidized, they 

may form an intramolecular disulfide bridge, thereby altering the confirmation and thus 

activity of the protein. Sulfenic acid can also react with GSH, forming a gluthathione 

protein disulfide, which is called glutathionylation (97). The sulfenic form can be reduced 

to thiolate anions by thioredoxin (Trx) and glutaredoxin (Grx), thereby changing the 

confirmation of the protein back to its original state (98). Sulfenic acid can further be 

oxidized, in the presence of high H2O2 concentration, to form sulfinic (-SO2H) and sulfonic 

acid (-SO3H) in an irreversible reaction. Hence, first-degree oxidation of cysteine residues 

within proteins serves as a reversible signal transduction mechanism whereas the 

formation of sulfinic and sulfonic acid is irreversible and results in permanent protein 

damage (Figure 1.6). 

Figure 1.6: Oxidative modification of thiol groups within cysteine residues. ROS can oxidize cysteine thiols (-SH) 

to sulfenic acid (-SOH) which can react with reduced thiols (Pr-SH) or GSH to form protein disulfides. This process 

is reversible, and the protein can be reduced back by thioredoxin (TRX) or glutaredoxin (GRX) respectively. 

Moreover, in the presence of excess ROS, sulfenic acid can be further oxidized into sulfinic (-SO2H) or sulfonic 

acid (-SO3H).  

Taken together, oxidant signaling is important for protein activity and increasing evidence 

suggests that IPF is associated with dysregulated redox signaling rather than solely 

oxidative stress. One example of proteins regulated by redox signaling is the family of SRC 

kinases that have recently also been implicated in the development of pulmonary fibrosis.  
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Redox sensitive proteins: SRC family kinase  

SRC family kinases (SFK) are a family of non-receptor tyrosine kinases with nine members, 

namely: SRC, YES, FYN, FGR, LCK, HCK, BLK, FRK and LYN, of which SRC, FYN and Yes are 

ubiquitously expressed (99, 100). They are involved in various signaling pathways 

important for cellular homeostasis, including cell differentiation and proliferation (101, 

102) and are dysregulated in the pathogenesis of IPF (103). It has been shown that SFKs 

are activated in response to TGF-β and recent studies have indicated, that SFKs are 

important players in the development of lung fibrosis (104). It has also been reported that 

SFKs regulate EMT, which is important for wound healing, a process that is often disturbed 

in IPF (105, 106). Intriguingly, inhibition of SRC kinases by AZD0530 in an experimental 

model of pulmonary fibrosis reduced the fibrotic lesions as well as collagen deposition, 

two pathological hallmarks of IPF, in the lungs of mice after bleomycin instillation (104, 

107). 

All members of the SFK share a similar domain structure consisting of a SH3, SH2 and 

kinase domain that harbors the activation loop and is important for the full activity of the 

kinase (108). The activity of SFKs is regulated through its phosphorylation status. In an 

inactive state, SFKs are phosphorylated at Tyr527 (in SRC) in the C-terminal region and 

dephosphorylated at Tyr416 (in SRC) in the kinase domain, resulting in a close interaction 

between the SH2 domain and tail region. Upon stimulation, Tyr527 becomes 

dephosphorylated causing a conformational change and autophosphorylation of Tyr416, a 

combination that ultimately leads to full activity of the kinase (109) (Figure 1.7).  

 
Figure 1.7: Canonical activation mechanism of SRC kinases. The activity of SRC kinases is regulated through 

control of the phosphorylation state. In an active state tyrosine 527 is dephosphorylated leading to “unclamping” 

of the protein and autophosphorylation of tyrosine 416 in the activation loop. Amino acid numbering of SRC is 

based on the avian SRC sequence. 



Chapter 1 

24 

Additionally, studies have shown that SFKs can also be activated through a redox-

dependent, non-canonical pathway that is not dependent on the dephosphorylation of 

Tyr530 (100, 110). Here, it is speculated that one or more conserved cysteine residues 

within the SH2 or kinase domain become oxidized by O2
•-or H2O2, which are also produced 

in response to TGF-β1. Oxidation of these cysteine residues forms reactive sulfenic acid 

(−SOH) that can form disulfide bonds with nearby cysteines (−S–S−). These oxidative 

modifications can facilitate autophosphorylation of Tyr416, leading to full activation of 

SFKs thereby affecting the function of the protein (109) (Figure 1.8). As stated earlier, 

intracellular ROS sources include NOX enzymes as well as the mitochondria.  

Figure 1.8: Non-canonical activation mechanism of SRC kinases. SRC kinases can also get activated independent 

of Y527 phosphorylation through oxidation of cysteine residues. TGF-β1 induces ROS production by activation of 

NOX enzymes as well as upregulation of mitochondrial ROS leading to the oxidation of thiol groups on cysteine 

residues forming sulfenic acid thereby affecting the activity of the protein.  

Interestingly, the SFK members SRC and FYN have been shown to translocate to 

mitochondria where they can regulate their metabolism through phosphorylation of the 

mitochondrial subunits I,II and IV and pyruvate dehydrogenase (111-113). Recent 

evidence also indicates that FYN-dependent phosphorylation is involved in mitochondrial 

protein synthesis and regulation of oxidative phosphorylation (114). Moreover, FYN is also 

known to interact with NOX4 in the mitochondria of cardiomyocytes where it acts as a 

ROS sensor and regulates cell death (115). However, the specific role of members of the 

SFK in the development of IPF is still not clear.  
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Treatment strategies in IPF 

Anti-fibrotic therapies 

Until now, there are only two U.S. Food and Drug Administration (FDA)-approved drugs 

available for IPF treatment, pirfenidone (Esbriet®; Roche/Genentech USA) and nintedanib 

(Ofev®; Boehringer Ingelheim). Next to pirfenidone and nintedanib to slow down disease 

progression, several symptomatic therapies are also implemented in IPF treatment such 

as oxygen therapy (to maintain oxygen saturation above 90%), anti-reflux therapy and 

treating obstructive sleep apnea as this is a risk factor for IPF. Despite all these additional 

options, there are no therapies that can currently prolong life other than lung 

transplantation (116).  

Pirfenidone (Esbriet®; Roche/Genentech USA) has anti-oxidative, anti-inflammatory and 

anti-fibrotic effects although the exact working mechanisms underlying these effects are 

not clear yet. Nintedanib (Ofev®; Boehringer Ingelheim) is an intracellular tyrosine kinase 

inhibitor, which mainly inhibits the platelet-derived growth factor receptor (PDGFR), the 

fibroblast growth factor receptor (FGFR) and vascular endothelial growth factor receptor 

(VEGFR) as well as non-receptor tyrosine kinases of the SRC family (117). Both of them 

mainly target the activation of fibroblasts to reduce collagen deposition in the lungs. 

Although both drugs can slow down the progression of IPF to some extent, they cannot 

reverse the scarring of the lungs or stop the disease deterioration, implying that there is 

no effective cure until now. Moreover, it is still not understood why these drugs do not 

work in all patients and which drug could exert the most health beneficial effects in which 

patients. Since the effects markedly differ between patients, treatment strategies should 

focus on personalized treatment (118). 

Proposed redox-modulatory therapies 

N-acetyl cysteine 

Following the important role of oxidant regulation in IPF, several therapeutic strategies 

focused at directly inhibiting oxidant generation as well as stimulating antioxidant 

production to regulate the disturbed redox-balance. Various treatments such as the GSH 

precursor N-acetyl-cysteine (NAC) have demonstrated promising results in various in vitro 

studies (119) as well as in experimental models of pulmonary fibrosis (120, 121). However 

it failed to be fully effective in the clinic (122-124) because of variable effects in patients 

with IPF. Interestingly, NAC has also been shown to inhibit SFK activity (125).  

Dietary antioxidant supplements 

Antioxidant food supplements including quercetin and resveratrol, which are also Nrf2 

activators, reduce oxidative stress in profibrotic responses in vitro (63, 126-128) as well as 

in animal models (129-132) of pulmonary fibrosis highlighting the important role of a the 

dysregulated redox homeostasis in the development of IPF.  
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Quercetin is one of the most abundant flavonoids in nature, mainly present in onions and 

apples. The average intake of quercetin is approximately 16 mg/day in the Netherlands 

(133). Flavonoids are polyphenolic compounds and known because of their antioxidant 

properties indicated by a trolox equivalent antioxidant capacity of 4.7 nM (134). This 

antioxidant capacity is mainly due to the presence of hydroxyl groups at 3’ and 4’ position 

of the B ring as well as hydroxyl groups in the 3’ position in the C ring and 5’ and 7’ 

position of the A ring. Quercetin is a potent scavenger of especially superoxide (135) due 

to the presence of these hydroxyl groups. Upon the oxidation of one or more of the 

hydroxyl groups, quercetin quinones are formed. Quercetin has four tautomeric forms of 

its oxidation product; an ortho-quinone and three different quinone-methides (Figure 

1.9).  

Figure 1.9: Chemical structure of quercetin and tautomeric forms of the quinone structure of quercetin.  

Quercetin quinones can have toxic effects due to their reactivity towards thiol groups. 

Indeed, quercetin can react with GSH and protein thiols which may lead to changes in 

protein confirmation and thus have consequences for their activity (136).  

Next to its antioxidant capacities, quercetin has also been shown to possess anti-

inflammatory (137), anti-proliferative (138), immune-suppressive (139), anti-fibrotic (140) 

as well as Nrf2-inducing properties (141). Very recently, it has also been shown that 

quercetin can increase apoptosis in senescent fibroblasts from IPF patients (142). 

However, several studies have speculated that quercetin is not only exerting its effects 

because of its antioxidant capacity, but also as the flavonoid interferes with cell signaling 

cascades that may be of even more importance (143). More specifically, it has been 

shown that quercetin can inhibit PI3K as well as SRC kinase (144) through binding to their 

ATP binding sites. However, their precise mechanism of action is still unclear.  

A better understanding of the mechanisms mediating the oxidant-antioxidant imbalance 

in IPF is the first critical step towards the development of more effective redox-
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modulatory therapeutic strategies. Rather than the systemically scavenging of ROS that 

has been tried so far without much success, it may be more effective to specifically target 

the dysregulated redox homeostasis. 
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Aims and outline of the thesis  
An imbalance between oxidants and antioxidants has been implicated in many diseases, 

including pulmonary fibrosis. However, it is still not completely clear how redox regulation 

contributes to the progression of this disease.  

To obtain better insights in the role of oxidant dysregulation in the pathology of idiopathic 

pulmonary fibrosis, several studies were performed and described in this thesis. The 

overall aim of this thesis was to explore the importance of oxidant regulation in 

pulmonary fibrosis. The main focus was to study the role of reactive oxygen species (ROS) 

in general and oxidants produced by the NADPH oxidase NOX4 specifically in various in 

vitro and in vivo models of pulmonary fibrosis. Furthermore, various redox-modulatory 

approaches were explored to mitigate specific features of IPF.  

Following this introduction and overall aim of the thesis, an introduction on redox-

signaling in IPF, accompanied by an overview of current and possible future treatment 

strategies, is given in Chapter 2. In this review, the various sources of ROS and their 

proposed roles in the development of IPF are discussed as well as the oxidant crosstalk 

between NOX and mitochondria that may give rise to potential future treatment 

strategies for IPF.  

In Chapter 3 we examine the potentially protective effects of the dietary antioxidant 

quercetin on markers of oxidative stress and inflammation in human bronchial epithelial 

cells and in blood of IPF patients. Our findings implicate that IPF patients may benefit from 

the use of quercetin to restore the disturbed redox balance and reduce the occurring 

inflammation. Chapter 4 describes the effects of quercetin in a bleomycin-induced murine 

model of pulmonary fibrosis in Nrf2 wildtype and Nrf2 knockout mice. Our results show 

that quercetin induces pulmonary gene expression of Nrf2 and Nrf2-responsive genes 

compared to non-quercetin fed mice. Upon bleomycin treatment, quercetin-fed mice 

display reduced expression of collagen and fibronectin and as well as reduced pulmonary 

inflammatory lesions, which was dependent on the presence of Nrf2. Furthermore, 

quercetin reduces pulmonary gene expression of TNFα and KC, but not their plasma levels, 

and diminishes malondialdehyde-dG DNA adducts.  

NADPH oxidase NOX4 is an important source of ROS in IPF we investigate the role of NOX4 

in the activation of SRC family kinases in Chapter 5. The SRC family kinase member FYN is 

activated through NOX4-dependent oxidant signaling and inhibition of FYN reduces 

mitochondrial ROS production, leading to reduction of profibrotic markers in human 

bronchial epithelial cells. Chapter 6 describes the role of SFK in human fibroblasts upon 

stimulation with the profibrotic cytokine TGF-β1. Silencing of the SFK member YES reduces 

activation of SFK and TGF-β1 induced extracellular matrix genes as well as gene expression 

of NOX4. 
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Bronchial epithelial cell from IPF patients demonstrate an increased activation of SFK as 

well as decreased expression of genes associated with mitochondrial health, which is 

depicted in Chapter 7. Inhibition of SFK by the pharmacological inhibitor AZD reduced the 

increased activation of SFK and increased expression of genes related to mitochondrial 

biogenesis and mitophagy. In Chapter 8 we compare pirfenidone and nintedanib to the 

SFK inhibitor AZD in differentiated human bronchial epithelial cells from IPF patients. Our 

data suggest that responsiveness to treatment varies substantially between individual IPF 

patients, thereby indicating that IPF patients might benefit from personalized treatment.  

Finally, the results as well as the implications and limitations of our findings are discussed 

in Chapter 9.  
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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: IPF 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 mitochondrial ROS 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 will 

summarize 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 crosstalk as important drivers in IPF 

pathobiology.  

 

Keywords: IPF; reactive oxygen species; aging; lung; NOX4; mitochondria 
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1 Introduction 

Idiopathic pulmonary fibrosis (IPF) is a progressive and irreversible lung disease of 

unknown etiology, and represents a specific form of chronic fibrosing interstitial 

pneumonia that occurs primarily in the lung. 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 (1, 2). 

Continuous epithelial injury results in aberrant wound healing responses and eventually 

causes excessive collagen deposition in the alveolar epithelium and remodeling of the lung 

structure (1). IPF is generally diagnosed in the sixth decade of life, and aging is now 

recognized as one of the strongest risk factors for IPF (3). 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 over 60 years 

of age will increase by almost 50% between 2015 and 2050, and account for 22% of the 

total world population (4). As the elderly population is growing, there is a growing need to 

understand the underlying mechanisms of 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 including IPF, chronic obstructive pulmonary disease 

(COPD), and lung cancer (5). Indeed, common hallmarks of aging, including genomic 

instability, telomere shortening, epigenetic alterations, loss of proteostasis, dysregulated 

nutrient sensing, mitochondrial dysfunction, cellular senescence/apoptosis, stem cell 

exhaustion, and distorted intercellular communication (6), are often also seen in IPF and 

frequently occur prematurely (5, 7-13).  

Both aging and fibrotic diseases are associated with an increased oxidant burden (14-16) 

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 (17-19). 

Studies in mice indicate that aging increases susceptibility to pulmonary fibrosis, likely due 

to decreased resistance to oxidative stress (20). The main cellular sources of reactive 

oxygen species (ROS) are NADPH oxidases (NOXes) and mitochondria (21), and while ROS 

production from both sources serves various biological roles in e.g. host defense, cell 

differentiation, or cellular responses to injury (22, 23), both have also been implicated in 

IPF pathology. For example, various lines of evidence indicate that mitochondria are 

dysfunctional in IPF (24), resulting in increased production of mitochondrial ROS (mtROS) 

(12), and that approaches to attenuate mtROS may be beneficial (25). In addition, recent 

studies have implicated NOX4 as an important player in the development of IPF (26), 

based on its ability to induce alveolar epithelial cell (AEC) death, (myo)fibroblast 

differentiation and collagen deposition (27). More recently, NOX4 has also been 
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implicated as a mediator of mitochondrial dysfunction (28), suggesting cross-talk between 

these two ROS-generating systems. This review will summarize our current knowledge 

with respect to the presence of a redox imbalance in IPF, and the importance of ROS in 

the development and progression of IPF. Specifically, we will highlight the importance of 

NOX4 and the emerging crosstalk between NOX4 and mitochondria. Finally, we will 

discuss important gaps of knowledge and potential future approaches for development of 

more effective treatment strategies. 
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2 Idiopathic pulmonary fibrosis – pathology and affected  

cell types 

2.1 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 non-productive 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 (29). Two thirds of IPF 

patients are older than 60 years at time of diagnosis (30), and aging is the most well-

known risk factor for developing this debilitating disease. Although it is a relatively rare 

disease that currently affects approximately 5 million people worldwide, its overall 

incidence increases every year probably due to the increasing number of elderly 

individuals (31, 32). 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 individuals older than 

55 of age (33). Besides aging, IPF has several other risk factors including exposure to 

environmental factors, e.g. cigarette smoke and asbestos (34). Additionally, the 

pathogenesis of the disease is associated with genomic instability, mitochondrial 

dysfunction and altered intracellular signaling (6), all hallmarks of normal aging but also all 

processes compromised by environmental factors such as tobacco smoking. 

Histologically, the most prominent morphological hallmark of IPF is usual interstitial 

pneumonia (UIP). One histologic feature of UIP is honeycombing characterized by clusters 

of cysts, often filled with mucus, in a subpleural location (35). An additional feature of UIP 

is the presence of fibroblastic foci. Fibroblastic foci contain granuloma of activated 

myofibroblasts producing extracellular matrix (ECM) proteins and are mainly found in 

dense fibrotic areas of the lungs (36). 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 (37) while fibroblasts and 

myofibroblasts become more resistant against this process (38). Also, distinct alterations 

in immune cells are reported in IPF as the lungs of these patients exhibit chronic 

inflammation associated with immunosenescence (39).  

2.2 Cell-specific aspects of IPF  
IPF is a complex disease which involves the contribution of many different cell types. The 

following paragraphs will summarize the specific involvement of distinct lung cell types, 

such as epithelial cells, fibroblasts, immune cells and endothelial cells. 
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Epithelial cells 

The alveolar lining of the lungs is covered by 95% type I AECs, important in facilitating gas 

exchange, and 5% type II AECs that are involved in surfactant production. In IPF 

pathogenesis, repetitive injury to the alveolar epithelium leads to abnormal re-

epithelialization and repair of AECs (40). Lung tissue from IPF patients typically shows loss 

of integrity of the alveolar epithelium with disruption 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 to controls (41). Moreover, experimental induction 

of epithelial cell apoptosis is sufficient to promote features of fibrosis (37), and inhibition 

of apoptosis attenuates bleomycin-induced pulmonary fibrosis (42, 43). In addition to 

evidence for AEC type II apoptosis in IPF, numbers of type I AEC in the lung of IPF patients 

are reduced causing AEC type II to undergo hyperplasia thereby replacing type I AEC and 

inducing ineffective re-epithelialization (44). Additionally, AEC secrete a variety of pro-

fibrotic mediators, such as platelet-derived growth factor (PDGF), endothelin-1, 

angiotensin II, connective tissue growth factor (CTGF) and transforming-growth factor 

(TGF) β, which can induce fibroblasts to differentiate into myofibroblasts (13). 

Furthermore, increased epithelial senescence results in enhanced secretion of growth 

factors, cytokines, chemokines and matrix metalloproteins (MMP) that stimulate 

continuous fibroblast activity (45). Additionally, these factors promote a senescence-

associated secretory phenotype (SASP) which is a key event in IPF possibly leading to 

diminished capacity of AEC regeneration (13). Finally, AECs cells have also suggested to 

contribute to fibroblast development in IPF due to epithelial-to-mesenchymal transition 

(EMT), a process in which epithelial cells lose their epithelial phenotype and acquire more 

mesenchymal/fibroblastic characteristics such as α-smooth muscle actin and fibronectin 

expression. Indeed, epithelial cells isolated from IPF patients have been found to express 

not only epithelial but also mesenchymal markers (46). However, the overall significance 

of EMT to IPF development/manifestation is still not completely clear (47). Lineage tracing 

strategies have suggested a contribution for EMT to increased presence of fibroblasts in 

IPF lungs (46, 48, 49), but other studies have also disputed that epithelial cells are indeed 

the source of fibroblasts (50). In summary, repetitive epithelial injury and dysregulated 

repair are critical features in IPF development and progression as they lead to increased 

apoptosis, abnormal regeneration, and EMT-like features. Moreover, TGF-β, an important 

growth factor in IPF, can promote epithelial apoptosis as well as EMT (51) further 

indicating the important role of the lung epithelium in IPF.  
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Fibroblasts 

Epithelial cells within the airways and alveoli are in close proximity to and communication 

with mesenchymal cells such as pulmonary fibroblasts, referred to as the epithelial 

mesenchymal trophic unit. Consequently, epithelial damage impacts on fibroblasts by 

promoting their differentiation into myofibroblasts which is mediated by TGF-β1 (52). 

Myofibroblasts actively participate in remodeling of the lung by secreting extracellular 

matrix (ECM) proteins into the lung alveolar structure also upon induction by TGF-β1. 

Various sources of myofibroblasts have been suggested to be recruited to the site of 

injury; including proliferation and differentiation of resident lung fibroblasts, epithelial 

and endothelial cells that transform into fibroblasts and transition of fibrocytes or other 

circulating progenitor cells (53). During normal wound repair, 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 (54) and increased scarring 

occurs which is characterized by the formation of fibroblastic foci, a major hallmark of IPF 

(55) and cause of decreased pulmonary function (56, 57). Additionally, 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 to fibroblasts 

from age-matched controls (11, 58). 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 decades, a common view has been that chronic inflammation underlies the 

pathogenic sequence in IPF as a main cause of lung injury and fibrogenesis. Although this 

“inflammatory fibrosis” hypothesis has been somewhat invalidated (40, 59), chronic 

inflammation is still considered a common feature of IPF yet most likely as a secondary 

event instead (40). Damaged epithelial cells release a variety of chemokines and cytokines 

that recruit inflammatory monocytes and neutrophils to the injured site. Recruitment and 

activation of neutrophils to the bronchoalveolar space have been shown to correlate with 

disease progression (60) and are also a predictor of early mortality in IPF (61). 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 ongoing inflammation and 

fibrotic cycle (51). Macrophages can mediate antifibrotic as well as profibrotic effects 

depending on their phenotype. Classically activated macrophages (M1) are activated by 

the T-helper (TH) cell 1 cytokine interferon (IFN)-γ and mainly involved in the initial 
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inflammatory response, whereas alternatively activated macrophages (M2) are activated 

by TH2 cytokines including interleukin (IL)-4 and IL-13 and involved in tissue remodeling 

and resolution of inflammation (62). Furthermore, studies also have demonstrated that 

the TH1/TH2 balance is disturbed in favor of TH2 cytokines (63, 64) further contributing to a 

M2 phenotype. M2 polarized macrophages promote profibrotic effects through the 

section of profibrotic mediators including TGF-β (65). Additionally, alveolar neutrophils 

and macrophages will undergo a respiratory burst upon phagocytosis which in turn also 

promotes alveolar epithelial cell injury thereby inducing a vicious circle (17). Taken 

together, studies have proven that inflammatory cells participate in the profibrotic circle 

by secreting profibrotic and proinflammatory cytokines 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 (66). 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 (67, 68), and pulmonary endothelial cells from 

mice with bleomycin-induced pulmonary fibrosis, display increased markers of endothelial 

cell injury (69) and endothelial cell apoptosis (70), which result in loss of integrity of the 

alveolar-capillary barrier. Moreover, endothelial progenitor cells are reduced in IPF 

patients (71), which impairs effective re-endothelialization and vascular repair upon 

injury. Additionally, the damaged endothelium secretes a variety of factors that activate 

circulating platelets and von Willebrand factor, which are involved in angiogenesis and 

recruitment of inflammatory cells (72). Finally, endothelial cells have also been implicated 

as source of fibroblasts through endothelial-to-mesenchymal transition during 

fibrogenesis (73, 74). Endothelial dysfunction in patients with IPF has also been correlated 

with pulmonary hypertension, a common comorbidity in IPF (75).  

Taken together, AEC apoptosis and (myo)fibroblast activation 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.  

2.3 Current treatment strategies for IPF  

Currently, there are only two FDA-approved drugs available for patients with IPF. Both 

pirfenidone and nintedanib can slow down the progression of the disease (76), although 

they cannot reverse existing pulmonary fibrotic injury. Pirfenidone (Esbriet®; 

Roche/Genentech USA,) 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 (76). In vitro studies and studies in bleomycin-induced 



Redox imbalance in IPF: a role for oxidant crosstalk 

47 

murine pulmonary fibrosis indicate that it reduces markers of oxidative stress (77, 78), 

decreases the secretion of pro-inflammatory cytokines (e.g. TNF-α, IL-1β, IL-6) (79), and 

inhibits fibroblast proliferation, myofibroblast differentiation, and TGF-β-induced collagen 

production (80). Nintedanib (Ofev®; Boehringer Ingelheim) is an intracellular tyrosine 

kinase inhibitor, which mainly inhibits the platelet-derived growth factor receptor 

(PDGFR), the fibroblast growth factor receptor (FGFR) and vascular endothelial growth 

factor receptor (VEGFR) as well as non-receptor tyrosine kinases of the SRC family (76), 

which mediate its antifibrotic effects through its inhibitory action on fibroblasts (81).  
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3 The disturbed redox balance in IPF 

3.1 ROS in biology and disease  

All cells in the body consume and metabolize oxygen and as a result produce ROS, which 

include superoxide anion (O2
•-), hydrogen peroxide (H2O2), 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 NADPH oxidases (NOX) (82). The latter group of 

enzymes are the only enzymes that are considered to generate ROS as their primary 

product, and serve essential functions as mediators of host defense against diverse 

pathogens, and in various other aspects of cell biology through redox-based cell signaling 

(23, 83). Inappropriate or uncontrolled ROS production is generally thought to contribute 

to disease pathology, due to overproduction of ROS production by e.g. increased NOX 

activation or by mitochondrial dysfunction, or due to compromised metabolism of ROS by 

antioxidant systems (84). Such an increased oxidant burden can lead to extensive 

molecular damage to macromolecules including DNA, lipids and proteins (85), thereby 

causing protein dysfunction and altered proteostasis, genomic instability, or production of 

secondary reactive lipid-derived species (e.g. electrophiles such as malondialdehyde 

(MDA) or 4-hydroxynonenal).  

Specific to IPF, several studies reported that IPF patients have a higher oxidant burden 

compared to healthy controls. Indeed, ROS production is dysregulated due to enhanced 

NOX expression and activation, as well as mitochondrial dysfunction and increased 

mitochondrial ROS (mtROS) generation (17, 86). Pulmonary inflammatory cells obtained 

from epithelial lining fluid (ELF) of IPF patients generate higher levels of ROS compared to 

those of healthy controls (87) and IPF patients have increased levels of H2O2 within their 

exhaled breath condensates (EBC) (18). IPF patients also demonstrate increased 

circulating markers of lipid peroxidation compared to healthy non-smokers (88), and 

increased levels of the lipid oxidation product 8-isoprostane within bronchoalveolar 

lavage fluid (BALF) and EBC (15). BALF or lung tissue from IPF patients also contains higher 

amounts of irreversibly oxidized proteins (e.g. carbonylation, nitration) (19, 89, 90), and 

epithelial cells of patients with usual interstitial pneumonia (IP) show increased levels of 

DNA oxidation, illustrated by 8-hydroxy-deoxyguanosine (8-OHdG) (91). In summary, IPF 

patients show increased markers of oxidative damage (92). However, evidence for their 

causal contribution to the IPF disease is less prominent, and will be discussed in the 

following sections.  
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3.2 Pulmonary antioxidant defense system in IPF  

All organs, including the lung, contain a variety of antioxidant systems to prevent 

inappropriate ROS production or unwanted actions of cellular ROS. These include enzymes 

that metabolize ROS (superoxide dismutases, catalase, peroxiredoxins, glutathione 

peroxidases), thiol reductases that reverse oxidative cysteine modifications (thioredoxin, 

glutaredoxin), phase 2 detoxifying enzymes (e.g. glutathione-S-transferases), metal 

binding proteins (transferring, lactoferrin) and small molecular weight antioxidants 

(vitamins and glutathione) (84). A number of studies have demonstrated that several of 

these antioxidant systems are altered or impaired in IPF (Table 2.1). 

Table 2.1: Alterations in antioxidant status in IPF patients.  

Antioxidant Sample Groups (n) Change Reference 

Non-enzymatic 
antioxidants 

    

GSH ELF 
BALF 
Blood 
Blood 
Sputum/plasma 
ELF 
BALF 
Plasma/BALF 

IPF (15) vs Ctrl (19) 
IPF (23) vs Ctrl (17) 
[smokers excluded] 
IPF (11) vs Ctrl (9) 
IPF (22) vs Ctrl (29) 
IPF (16) vs Ctrl (15) 
IPF (17) vs Ctrl (14) 
IPF (17) vs Ctrl (14) 
IPF (16) vs Ctrl (20) 

Decreased 
Decreased 
Decreased 
Decreased 
Decreased 
Decreased 
No change 
No change  

(93) 
(88) 
(95) 
(96)  
(97) 
(94) 
(94) 
(112) 

GSSG BALF 
 
Blood 
Blood 
BALF 
Plasma 

IPF (23) vs Ctrl (17) 
[smokers excluded] 
IPF (11) vs Ctrl (9) 
IPF (22) vs Ctrl (29) 
IPF (16) vs Ctrl (20) 
IPF (16) vs Ctrl (20) 

No change 
 
No change 
Increased 
Increased 
No change 

(88) 
 
(95) 
(96) 
(112) 
(112) 

Trolox 
equivalent 
antioxidant 
capacity (TEAC) 

Plasma/BALF 
 
Plasma 

IPF (23) vs Ctrl (17) 
[smokers excluded] 
IPF (11) vs Ctrl (9) 

Decreased 
 
No change  

(88) 
 
(95) 

Uric acid Plasma 
Plasma/BALF 

IPF (11) vs Ctrl (9) 
IPF (16) vs Ctrl (20) 

No change 
Increased 

(95) 
(112) 

Vitamin A Plasma/BALF IPF (16) vs Ctrl (20) Increased (112) 

Vitamin C Blood 
Plasma/BALF 

IPF (11) vs Ctrl (9) 
IPF (16) vs Ctrl (20) 

No change 
Increased 

(95) 
(112) 

Vitamin E Plasma/BALF IPF (16) vs Ctrl (20) Increased (112) 

Enzymatic 
antioxidants 

    

CAT Lung tissue IPF (12) vs Ctrl (10) Decreased (106) 

SOD1 Serum IPF (25) vs Ctrl (40) Increased (103) 
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SOD3 Lung tissue  IPF (10) (fibrotic vs 
non-fibrotic tissue) 

Decreased (99) 

GRX1 Lung tissue 
Lung tissue 

IPF (160) vs Ctrl (132) 
IPF (5) vs Ctrl (5) 

Decreased 
Decreased 

(110) 
(109) 

PRXII Lung tissue IPF (10) vs Ctrl (10) Decreased (108) 

TRX Lung biopsies UIP (15) vs Ctrl (6) Decreased (107) 

Redox-sensitive 
transcription 
factor  

    

Nrf2 Lung tissue  
Lung tissue  
Lung tissue 
[epithelium] 

IPF (16) vs Ctrl (20) 
IPF (7) vs Ctrl (7) 
IPF (7) vs Ctrl (7) 
 

Increased 
Increased 
Increased 

(112) 
(113) 
(113) 

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 epithelial lining fluid (ELF) of the lower respiratory tract (93, 94) as well as in 

blood (95, 96) and sputum (97). In some cases, these decreases were accompanied by 

increased levels of the oxidized form of GSH, glutathione disulfide (GSSG), thus illustrating 

an altered redox balance in the alveolar lumen of IPF patients. Of the three known 

isoforms of superoxide dismutase (SOD), which catalyzes the dismutation of O2
•- into H2O2 

and O2 (98), some studies suggest that lung tissue expression of extracellular SOD (SOD3) 

is reduced in IPF (Table 1) (99). The importance for IPF pathology is supported by studies 

using SOD3 knockout mice, which were found to have greater pulmonary fibrosis in 

response to bleomycin compared to wildtype littermates (100) and, conversely, 

overexpression of SOD3 protects mice from developing pulmonary fibrosis (101). Most 

likely SOD3 prevents ROS-induced ECM degradation (102). The role of SOD1 and SOD2 in 

the progression of IPF is less well understood. In fact, SOD1 has been reported to be 

increased in IPF patients (103) and SOD1 knockout mice developed less oxidative stress 

and were protected from asbestos-induced pulmonary fibrosis compared to wildtype 

littermates (104). The expression of catalase, an important scavenger of H2O2 that is 

widely expressed within the alveolar epithelium as well as the inflammatory cells in the 

lung, was found to be attenuated by TGF-β1 (105) and is also decreased in lungs of IPF 

patients (106). Since catalase is capable of inhibiting H2O2-mediated activation of 

fibroblasts (102), such a decrease in catalase may contribute to H2O2-mediated fibroblast 

activation in IPF. Additional studies also indicate alterations in other redox proteins in IPF, 

such as thioredoxins (TRX), peroxiredoxins (PRX) and glutaredoxins (GRX). For example, 

thioredoxin (TRX) is decreased in the alveolar epithelium of patients with UIP compared to 

controls but is increased in the metaplastic alveolar epithelium (107). Also, PRXII is 

increased in the hyperplastic epithelium of IPF patients but is decreased in IPF lung tissue 

compared to controls (108). Moreover, it has been shown that GRX1 mRNA expression as 
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well as enzymatic activity is decreased in patients with IPF compared to non-IPF 

individuals, and recent studies indicate that GRX1 activity is lost in patients with IPF 

primarily by oxidative inactivation (109, 110). Moreover, consistent with a role for GRX1 in 

reversing protein S-glutationylation, observed decreases in GRX are accompanied with an 

increase in protein S-glutathionylation (PSSG), and were found to correlate significantly 

with reduced lung function in IPF patients (110). 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 transcriptional control by the redox sensitive 

transcription factor nuclear factor erythroid 2 related factor 2 (Nrf2) (21). This factor binds 

to antioxidant response element (ARE) in the nucleus to induce expression of e.g. heme-

oxygenase 1 (HO-1), glutathione-S-transferase (GST), NADP(H) quinone oxidoreductase 1 

(NQO1), thioredoxin and γ-glutamylcysteine synthetase (GCS), indicating that these 

systems are often induced in response to oxidative stress (111). Two clinical studies have 

shown increased Nrf2 expression in lungs of IPF patients (112, 113) with one of them 

displaying increased levels in the hyperplastic alveolar epithelium, yet not fibroblastic foci, 

of IPF patients compared to their normal epithelium as well as that of healthy controls 

(113). Animal studies support the importance of Nrf2 in IPF development, since AECs 

isolated from Nrf2-deficient mice are more prone to oxidant-induced cell death (114) and 

Nrf2-deficient mice develop more fibrosis in response to bleomycin (115). It is important 

to recognize, however, that Nrf2 upregulation does not necessarily lead to Nrf2 activation 

and induction of antioxidant gene expression. Indeed activation of Nrf2-induced 

antioxidant responses are declined with increasing age (116, 117), which is associated 

with simultaneous upregulation of negative Nrf2 regulators such as c-MYC and BACH-1 

(118). 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 enough to counteract the increased ROS associated with the 

pathophysiology of this disease. 

3.3 Contributions of disturbed redox homeostasis to IPF pathology  

The combination of increased ROS production and compromised antioxidant mechanisms 

in IPF would suggest that dysregulated redox processes may contribute to the pathology 

of IPF. However, the molecular mechanisms by which such dysregulated redox processes 

contribute to IPF pathology 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, 

migration, differentiation or survival, by inducing specific and reversible redox-mediated 
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post-translational modifications on redox-sensitive proteins (119, 120). Consequently, IPF 

pathology may be mediated by dysregulated redox processes rather than “oxidative 

stress” per se (121).  

One commonly accepted mechanism by which increased ROS production in IPF 

contributes to disease pathology is by promoting AEC death (91) and the highly aberrant 

wound healing response after chronic repetitive injury to the lung epithelium (122). 

Extracellular generation of H2O2 by lung myofibroblasts may mediate additional fibrogenic 

effects by inducing apoptosis of adjacent lung epithelial cells (123). One mechanism of 

apoptotic cell death involves activation of the death receptor Fas by Fas ligand (FasL), 

which contributes to cell death by caspase activation (124). Myofibroblasts derived from 

IPF patients are capable of inducing apoptosis of alveolar epithelial cells through Fas-

dependent mechanisms, which is enhanced by oxidative modification of the Fas-receptor 

through S-glutathionylation on cysteine residue 294 (125, 126). The increased oxidant 

burden also results in myofibroblast accumulation with an apoptosis resistant phenotype 

(58), which is linked with impaired induction of Nrf2 and increased H2O2 production (20).  

ROS play a critical role in the activation of the profibrotic cytokine TGF-β. TGF-β1 is 

involved in epithelial cell apoptosis, EMT, epithelial cell migration, fibroblast proliferation 

and differentiation as well as myofibroblast activation (127). TGF-β 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 (128). In vitro 

studies have shown that ROS can increase the release of TGF-β from alveolar epithelial 

cells (129). In turn, TGF-β also increases ROS production through mitochondria and NOXes 

in addition to suppressing antioxidant systems (130), introducing a vicious cycle between 

ROS and TGF-β further contributing to a fibrotic milieu. ROS production also contributes to 

chronic inflammation through the activation of nuclear-factor-kappa B (NF-kB), which in 

turn induces expression of various pro-inflammatory cytokines (102). 

In summary, the dysregulated redox balance in IPF may contributes to disease progression 

by diverse and interrelated mechanisms, including apoptotic AECII cell death, 

myofibroblast activation, and inflammation (Figure 2.1). 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 mitochondrial ROS production (82). The remainder of this review will discuss 

current knowledge with respect to their specific roles in IPF pathobiology.  
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Figure 2.1: Altered lung redox homeostasis in IPF. In a healthy lung there is a redox homeostasis, e.g. ROS 

produced by exogenous or endogenous sources (mitochondria, NADPH oxidases, inflammatory cells) are 

appropriately countered by antioxidants (AOX). In IPF, there is a redox imbalance as ROS-generating processes 

are enhanced (increased NOX, mitochondrial dysfunction) and some antioxidant systems are compromised. This 

redox imbalance is thought to contribute to epithelial cell death, excessive collagen deposition, and persistent 

inflammation, resulting in pulmonary fibrosis and tissue scarring. 
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4 NOX enzymes in the pathophysiology of IPF 

4.1 The NOX family  

The NADPH-oxidase (NOX) family consists of seven NOX homologs, NOX1-5 and the dual 

oxidases DUOX1 and 2 (Figure 2.2). All NOX isoforms have six trans-membrane spanning 

alpha helices with cytosolic N and C-termini. The C-terminal flavoprotein domain contains 

an NADPH-binding region and a flavin adenine dinucleotide binding region, whereas the 

N-terminal hydrophobic domain consists of six transmembrane alpha helices that contain 

two heme-binding sites (131). Through the membrane-associated flavocytochrome b558 

(gp91phox) and p22phox as well as various cytosolic cofactors, active NOX enzymes promote 

transmembrane electron transfer from NADPH to O2 thereby reducing it to superoxide 

(O2
•-) and hydrogen peroxide (H2O2) (83). Activation of NOX1-3 requires association with 

p22phox as well as assembly with Rac-GTPase subunits and cytosolic activation proteins, for 

instance p47phox and p67phox or their homologs NOX organizer 1 (NOXO1) and NOX 

activator 1 (NOXA1) (83). NOX4 also needs association with p22phox but does not require 

any other cofactors for its activation and is thought to be constitutively active (132). In 

contrast, NOX5, DUOX1 and DUOX2 are activated by calcium signaling and binding to their 

calcium-binding EF-hand domains and do not need p22phox or other co-factors for their 

activation (133). DUOX1 and DUOX2 also contain an extracellular peroxidase domain but 

its exact function in mammalian enzymes is still unclear (134). The NOX homologs are 

differentially expressed and regulated in various tissues and have different subcellular 

localizations and even produce distinct ROS. NOX1-3 and NOX5 primarily produce O2
•- 

whereas NOX4, DUOX1 and DUOX2 mainly produce H2O2 (135), and through their 

production of ROS, the various NOX enzymes regulate host defense, but also cell 

proliferation, differentiation and migration, by redox-dependent signaling pathways (136).  
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Figure 2.2: Structural overview of NOX family enzymes. NOX enzymes consist of 6 transmembrane domains with 

a NADPH-binding cytoplasmic C-terminal. NOX1, NOX2, NOX3 and NOX4 share the same structure and require 

association with p22phox as well as other cytosolic factors. NOX5 has an N-terminal which contains EF hand Ca2+-

binding sites. DUOX1 and DUOX2 share the same structure as NOX5 but also contain an extracellular peroxidase 

domain and require the cofactor DUOXA1/2. 
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4.2 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 (2) (Figure 2.3). 

 

Figure 2.3: Proposed involvement of NOX enzymes in fibrotic responses. NOX-derived ROS facilitate pulmonary 

fibrosis by inducing apoptosis of AECII, EMT, proliferation and differentiation of fibroblasts, activation of 

myofibroblasts as well as proliferation of endothelial cells in response to injury to the lung epithelium. 

Current evidence indicating alterations in NOX expression/activation in IPF, and their 

functional contribution to pulmonary fibrosis in animal models are summarized in Table 

2.2, and will be discussed in the following paragraphs.  
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Table 2.2: Involvement of NOX enzymes in profibrotic processes in vitro, in vivo and in IPF patients. 

NADPH 

oxidase 

Cell/tissue 
type 

Model DUOX/NOX 
activity 

Key finding Reference 

NOX1 Human 
pulmonary 
artery 
endothelial 
cells 
 
C57BL/6 mice 

Radiation 
 
 
 
 
 
Radiation 

Increased 
 
 
 
 
 
Increased 

NOX1 inhibition by 
shRNA reduces 
intracellular ROS 
and reduced 
phenotypic changes 
 
NOX1 is associated 
with profibrotic 
gene expression 

(137) 
 
 
 
 
 
(137) 
 

NOX2 BALF mice 
 
 
 
 
 
C57BL/6 
gp91phox -/- 
mice 

BLM 
 
 
 
 
 
Carbon 
nanotubes 

Increased 
 
 
 
 
 
Increased 

NOX2-deficient mice 
show a moderate 
protection from 
bleomycin-induced 
lung fibrosis 
 
NOX2 deficiency is 
associated with the 
suppression of the 
pro-fibrotic 
response, with 
decreased TGF-β 
and lower levels of 
collagen deposition 

 
(142) 
 
 
 
 
(143)  

NOX4 Human lung 
fibroblasts 
 
 
Human 
alveolar 
epithelial cells 
 
Mouse 
fibroblasts 
 
 
Human 
pulmonary  
smooth 
muscle cells 
 
 

TGF 
 
 
 
BLM 
 
 
 
BLM 
 
 
 
IPF 
patients 
 
 
 
 

Increased 
 
 
 
Increased 
 
 
 
Increased 
 
 
 
Increased 
 
 
 
 
 

NOX4 regulates 
myofibroblast 
differentiation 
 
NOX4 is a key player 
in epithelial cell 
death 
 
NOX4 mediates 
senescence and 
apoptosis resistance 
 
NOX4 is expressed 
in thickened 
pulmonary arteries 
 
 
 

(26) 
 
 
 
(146) 
 
 
 
(20) 
 
 
 
(154) 
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Mouse 
fibroblasts 
and human 
fibroblasts 
 
 
Human lung 
fibroblasts 

BLM 
 
IPF 
patients 
 
 
IPF 
patients 

Increased 
 
 
 
 
 
Increased 

NOX4 is increased in 
senescent 
fibroblasts and 
contributes to 
apoptosis resistance 
 
NOX4 mediates 
differentiation into 
myofibroblasts 

(20) 
 
 
 
 
 
(147) 

NOX1 

NOX1 is expressed in epithelial and endothelial cells and in smooth muscle cells, with 

various described functions, but the specific contribution of NOX1 to IPF pathology is still 

largely unclear. Human pulmonary artery endothelial cells (HPAEC) transfected with 

NOX1-targeted shRNA show decreased levels of intracellular ROS as well as reduced 

fibrotic markers such as α-SMA, vimentin and CD31, and NOX inhibition using VAS2870 

was found to reduce collagen deposition in mouse lungs during radiation-induced fibrosis 

(137), even though the latter doesn’t necessarily implicate NOX1 since VAS2870 is a non-

selective 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 (138). 

NOX2  

NOX2 has been studied primarily in the context of phagocytic cells as a critical component 

of the innate immune response (139). Although the exact role of inflammation in the 

development in IPF is not completely clear, studies in patients with IPF have shown that 

ROS production from alveolar macrophages and neutrophils contributes to AEC death (87, 

140) which could be regulated through NOX2 activity. Neutrophils isolated from BALF of 

IPF patients have higher p47phox and p67phox expression compared to healthy controls 

suggesting a specific role for NOX2 in alveolar neutrophils (141). Studies have shown that 

NOX2-deficient mice are protected from bleomycin (142) or carbon nanotube (143) 

induced pulmonary fibrosis but this may also involve non-immune 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 (40). 

Conversely, it has been shown that NOX2 is important in the resolution of inflammation 

(144). NOX2 is also expressed in endothelial cells promoting endothelial proliferation 

(145); 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 
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the only isoform that is highly upregulated in the lungs of IPF patients, mainly within 

epithelial cells (146) and (myo)fibroblasts (147), and is involved in several profibrotic 

processes. 

NOX4 has been shown to contribute to cell death in hyperplastic type II AECs (146), and 

NOX4-deficient mice demonstrate significant less bleomycin-induced pulmonary fibrosis 

and associated AEC death (146), indicating that NOX4 contributes at least partially by 

inducing epithelial cell death (26, 146). As discussed above, EMT has been implicated as a 

feature of IPF, and the process of EMT may involve ROS-mediated mechanisms (47, 148-

150). Studies in cancer cells indicate that EMT is largely driven by NOX4 (151, 152). NOX4 

is highly expressed in pulmonary fibroblasts isolated from patients with IPF, and mediates 

fibroblast differentiation into myofibroblasts (147) and is also involved in the TGF-β1-

induced activation of myofibroblasts and collagen deposition (26). IPF lung fibroblasts 

display a senescent phenotype, and recent studies indicate that bleomycin-induced 

pulmonary fibrosis in aged mice (18 months) is characterized by the accumulation of 

senescent myofibroblasts, which involves a role for NOX4-induced ROS (20). Furthermore, 

NOX4 expression can also be regulated through histone modifications (153), 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 (154). Indeed, smooth 

muscle cells (SMC) which are important in the regulation of pulmonary perfusion are 

activated by TGF-β1 to induce NOX4 via a SMAD2/3-dependent pathway, leading to 

increased SMC proliferation (155). Endothelial cells lining pulmonary vessels also express 

more NOX4 at sites of angiogenesis within fibrotic regions and adjacent to fibrotic foci 

(156). TGF-β has been implicated in endothelial cell death and linked to generation of 

NOX4-dependent ROS, although overexpression NOX4 was protective against TGF-induced 

endothelial cell apoptosis (157), indicating that the precise role for NOX4 in endothelial 

cells still remains unclear. 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 H2O2 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 

(158). Conversely, our group recently observed that a loss of lung epithelial DUOX1, 

commonly observed in various cancers, can promote EMT (159). However, the relevance 

for DUOX in IPF or other fibrotic diseases has to date not been addressed.  
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5 Mitochondrial dysfunction as driver in IPF 

Mitochondrial dysfunction is a hallmark of age-related lung diseases (6) and has been 

associated with chronic lung diseases including IPF (160). Mitochondrial dysfunction is 

characterized by a loss of efficiency in the ETC resulting in an increased ROS generation in 

addition to a reduced membrane potential and altered mitochondrial function (161). IPF is 

also associated with changes in mitochondrial homeostasis, which is important for the 

maintenance of the redox-balance, mitochondrial DNA protection as well as AEC apoptosis 

and senescence, making cells more vulnerable to cellular stress (25). 

5.1 Mitochondria in cell homeostasis 

Mitochondria are double membrane-containing organelles that are typically between 0.75 

and 3 µm in diameter, although they are approximately three times larger in type II AECs 

compared to other lung cells such as type I AECs (162, 163). Their main function is to 

produce cellular energy in the form of ATP through oxidative phosphorylation (OXPHOS), 

thereby generating more than 90% of the required metabolic energy in most cells (164). In 

addition, mitochondria are also important other cell signaling processes involved in e.g. 

differentiation or apoptosis, and appropriate mitochondrial function is tightly controlled 

by mitochondrial biogenesis, fission/fusion dynamics and mitophagy (25). In response to 

cellular stress or injury, mitochondria can rapidly adapt their behavior by changing 

mitochondrial fusion (merging) and fission (division) dynamics, which will alter the ATP 

production in line with cellular demand (25).  

During differentiation from type II to type I AECs, type II AECs reduce the number and size 

of mitochondria to adapt to cellular stress, which results in lower energy demanding type I 

AECs (162). Increased fusion promotes the formation of elongated mitochondria and is a 

stress-resolving mechanism in which the fused mitochondria are protected from 

degradation to respond to the cells higher energy demand to repair cellular damage (165). 

Conversely, increased fission or reduced 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 indirectly by 

removing dysfunctional mitochondria with high mtROS production (167). The intrinsic 

mitochondria-regulated cell apoptosis pathway is activated by various fibrotic stimuli, 

including hypoxia, oxidative stress and DNA damage, that in turn stimulate the pro-

apoptotic Bcl-2 family members in the mitochondria increasing mitochondrial membrane 

permeability which causes the release of cytotoxic proteins into the cytosol such as 

cytochrome C thereby activating caspase 3 and 9 (168, 169). These regulatory mechanisms 

are important for mitochondrial homeostasis, and if dysregulated mitochondrial 

dysfunction can occur predisposing to disease.  
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5.2 Mitochondrial dysfunction in IPF 

Mitochondrial dysregulation of mitochondrial dynamics disrupts adaption to cellular 

stress, making lung cells more vulnerable to (oxidative) injury thereby promoting 

pulmonary fibrosis. Recently, it has been identified that epithelial cells as well as 

fibroblasts of IPF patients show signatures of dysfunctional mitochondria and disturbed 

mitochondrial dynamics (12, 25).  

Dysregulated fission and fusion dynamics 

Mitochondrial biogenesis is regulated by the PPARγ coactivator (PGC)-1α and PGC-1β. 

PGC-1 is capable of activating nuclear respiratory factors (NRF-1 and NRF-2), which are 

essential for mitochondrial biogenesis (170). Of note, these nuclear respiratory factors are 

distinct from nuclear factor erythroid 2-related factors, which are commonly denoted as 

Nrf1 and Nrf2, a confusion made even worse by observations that PGC-1α can also 

upregulate Nrf2 (171). Additionally, mitochondrial biogenesis requires the replication and 

synthesis of mitochondrial DNA which is regulated by the mitochondrial transcription 

factor A (TFAM) (172). With aging, the capacity for mitochondrial biogenesis declines 

through reduction in upstream activators of PGC-1 (173), thereby slowing down 

mitochondrial turnover. Additionally, expression of PGC-1α is reduced in IPF patients and 

in murine models of IPF (25, 174). AEC type II isolated from aged mice show an increase of 

mitochondrial fusion markers but a decrease in mitochondrial fission (24) resulting in an 

increased mitochondrial area. Increased fusion can suggest a need for more energy under 

stress conditions thereby promoting cell survival (175). 

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 (176). Deficiency in mitophagy has been associated with the 

development of pulmonary fibrosis in response to injury (177). Selective mitophagy of 

damaged mitochondria occurs through the PTEN-induced putative kinase 1 (PINK1) that 

accumulates on defective mitochondria acting as a marker for mitochondrial damage 

(178). Subsequently, PINK1 activates the E3-ubiquitin ligase Parkin in the cytosol by 

phosphorylation, which labels the outer membrane of dysfunctional mitochondria for 

trafficking to the autophagosome (24). With aging and also in lungs of IPF patients, a 

reduction in autophagic activity, indicated by a reduced number of autophagosomes and 

expression of LC3 and p62, has been described (179). This decrease in mitophagy has been 

associated with a decrease in PINK1 expression in IPF lungs, thereby promoting the 

accumulation of damaged mitochondria in IPF (24). However, short-term stimulation with 

TGF-β1 induces PINK1 expression in BEAS-2B cells thereby protecting epithelial cells by 

removal of damaged mitochondria and evading apoptosis whereas long-term TGF-β1 

stimulation (24 hrs) reduces PINK1 in lung fibroblasts (177). Interestingly, type II AECs 
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from lungs of IPF patients express less PINK1 suggesting that PINK1 deficiency impairs 

mitochondrial function of AECs (24). Furthermore, PINK1 deficiency results in the 

accumulation of dysfunctional mitochondria and exacerbates bleomycin-induced 

pulmonary fibrosis which is also associated with increased apoptosis (180). In fibroblasts, 

TGF-β1 inhibits autophagy leading to an increase in profibrotic gene expression such as α-

smooth muscle actin and fibronectin contributing to myofibroblast differentiation (179). 

Taken together, short-term exposure of TGF-β1 leads to the initial stabilization of PINK1 

thereby inducing mitophagy, whereas long-term exposure results in impaired mitophagy 

through downregulation of various proteins involved in PINK1 activation promoting AEC 

apoptosis.  

Mitochondria-mediated AEC death  

Mitochondrial dysfunction is suggested to represent a key mechanism for epithelial cell 

apoptosis in pulmonary fibrosis (160, 181) as type II AECs are more susceptible to 

apoptosis when mitochondrial function is impaired (24). Additionally, mitochondrial DNA 

(mtDNA) damage is linked to oxidative injury and cellular stress driving apoptotic and 

senescence pathways and thereby contributing to pulmonary fibrosis (38). As mtDNA is 

more susceptible to oxidative damage compared to nuclear DNA due to its lack of histones 

and its proximity to the ETC (163), mtDNA repair is essential for mitochondrial dynamics. 

Experimental models of pulmonary fibrosis contain a higher amount of damaged mtDNA 

(182, 183) which is linked to insufficient mtDNA repair (25). Eight-oxoguanine DNA 

glycosylase 1 (8-OGG1) is an important base excision repair enzyme in mtDNA repair and 

deficiency promotes pulmonary fibrosis (184). Knockout of OGG1 has been shown to 

augment (185) whereas overexpression of mitochondria-targeted OGG1 prevents oxidant-

induced AEC apoptosis (186) in asbestos-induced models of pulmonary fibrosis.  

Mitochondrial damage associated molecular patterns (mtDAMPs) have also been linked to 

mitochondria-mediated apoptosis (187). MtDAMPs are mitochondrial-derived molecules 

which are important for proper cell signaling but can also behave as damage signal in 

response to tissue injury, thereby activating pathogen recognition receptors (PRR) (162). 

One of the most important mtDAMPs is the release of oxidized and /or fragmented 

mtDNA from damaged mitochondria which can trigger apoptosis (162) and inflammation 

(188). Indeed, mtDNA is increased in the lungs and blood of patients with IPF (189). 

Additionally, it has been shown that mtDNA release can trigger TGF-β1 release from AECs 

in paraquat-induced pulmonary fibrosis (190) and inflammasome activation in 

macrophages (188). Excessive ATP release by damaged and apoptotic AECs can also act as 

mtDAMP, activating the purinergic receptor P2X7 (162), and is increased in bleomycin-

induced pulmonary fibrosis (191).  
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Dysregulated mtROS production 

During OXPHOS, O2 is reduced to H2O which leads to the formation of O2
•- and/or H2O2 

due to electron leakage in the mitochondrial ETC and these mitochondrial ROS (mtROS) 

are thought to promote pulmonary fibrosis (192). The mitochondrial ETC comprises five 

large protein complexes: complex 1 (NADH-coenzyme Q oxidoreductase), complex II 

(succinate/coenzyme Q oxidoreductase), complex III (Q-cytochrome c oxidoreductase), 

complex IV (cytochrome c oxidase) and complex V (ATP synthase) (193). MtROS are 

generated at eleven distinct mitochondrial sites within complex I, II and III (194) and are 

the main sites of electron leakage to oxygen to produce O2
•- and H2O2 (195). Complex III 

and mitochondrial glycerol 3-phosphate dehydrogenase generate O2
•- on the cytosolic 

side of the mitochondrial inner membrane as well as the matrix whereas the other sites 

generate O2
•- and/or H2O2 exclusively in the matrix (195). Effective regulation of mtROS as 

well as the capacity to scavenge them by antioxidants declines with age making the lungs 

more susceptible towards oxidative damage (196). Normally, mtROS production is tightly 

regulated, however when dysregulated they promote mitochondrial dysfunction, 

apoptosis and cellular (mitochondrial) DNA damage (25). 

TGF-β stimulation of fibroblasts from IPF patients results in increased mtROS compared to 

similar stimulation of fibroblasts from control subjects (192). Similarly, mtROS generation 

is also increased in bleomycin-induced pulmonary fibrosis (182). The profibrotic cytokine 

TGF-β1 enhances mtROS through the inhibition of mitochondrial complex IV in lung 

epithelial cells (197). Genetic disruption of mitochondrial complex III-generated ROS 

attenuates TGF-β1-induced profibrotic gene expression during myofibroblast 

differentiation (192), further indicating the important role of mtROS in the development 

of pulmonary fibrosis. Moreover, studies have suggested a key role for TGF-induced 

mtROS production in the induction of senescence in epithelial cells (197). Dysregulated 

mtROS generation is not only a key player in profibrotic signaling but also plays a role in 

mitochondrial DNA damage leading to apoptosis. Persistent mitochondrial DNA damage 

can result in the activation of apoptosis (198). Furthermore, oxidative damage to 

mitochondrial DNA can lead to mutations resulting in the synthesis of defective ETC 

components, thereby further enhancing the production of mtROS (184). In agreement 

with these observations, mice that overexpress mitochondrial catalase show lower level of 

mtROS-induced mitochondrial DNA damage than their wildtype littermates and are 

protected from bleomycin-induced pulmonary fibrosis (182). Interestingly, it has been 

shown that mtROS can also damage nuclear DNA which in turn causes mitochondrial 

dysfunction by the activation of nucleus-to-mitochondria-signaling pathways (199). 

However, more in vivo studies are needed to elucidate the exact role for mtROS in the 

development of IPF. In addition to interference with normal cellular function, 

mitochondrial dysfunction has also been implicated as a driver for EMT in cancer cells 

(200).  



Chapter 2 

64 

 

In summary, redox alterations induced by mitochondrial dysfunction contribute to IPF 

pathophysiology, which may also be associated with their interactions with NOX activation 

(192, 201), as will be discussed in the next section.  
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6 Cross-talk between NOX enzymes and mitochondria 

Since most cell types express multiple NOX isoforms and all mammalian cells contain 

various amounts of mitochondria, it is often difficult to determine the precise cellular 

source of ROS, and this may in fact concerted 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 between NOX enzymes and 

mitochondria, thereby potentially altering mitochondrial function or NOX activity (202). 

Such interactions between NOX and mitochondria are also reciprocal, i.e. 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. 

6.1 Stimulation of mtROS production by NOX enzymes 
The first studies indicating a role for NOXes in mitochondrial dysfunction have been in the 

context angiotensin II (AngII) signaling in vascular biology (203). AngII is an important 

hormone in the renin-angiotensin-system and induces vascular dysfunction in part by 

activation of vascular NOX1 and NOX2. AngII also leads to increased vascular endothelial 

mtROS production, which was decreased by deletion of the NOX cofactor p22phox or by 

preincubation with the NOX inhibitor apocynin (204, 205). Additionally, AngII-induced 

NOX activation was associated with opening of redox-sensitive mitoKATP channels, leading 

to depolarization of mitochondrial membrane potential and subsequent mitochondrial 

ROS generation (204, 206). More recent studies of VEGF-induced angiogenesis indicated a 

sequential mechanism involving successive activation NOX2, NOX4, and mtROS production 

(205), and VEGF-induced endothelial cell migration and proliferation could be inhibited by 

silencing either NOX2 or NOX4 or by mitochondrial targeting of catalase (205). Crosstalk 

between mitochondria and NOX has also been implicated in the development of nitrate 

tolerance and associated endothelial dysfunction (207, 208), which could be prevented by 

selective inhibition of mtROS production using rotenone or the mitochondrial pore blocker 

cyclosporine A, or by inhibition of NOX activity by chimeric peptide that interferes with 

assembly of p47phox and NOX2 (209). Taken together, these studies indicate that NOX 

activity increases mtROS production, although the exact mechanisms still remain to be 

elucidated.  

6.2 Activation of NOX enzymes by mtROS 

ROS production by pulmonary artery smooth muscle during acute hypoxia was found to 

originate from mitochondria, and subsequent NOX activation, based on inhibition of 

increase in NOX activity, measured by O2
•--dependent cytochrome C reduction, by the 

complex I inhibitor rotenone (210). A study using human leukocytes indicated that NOX2 

activation depends on mtROS formation, as it was enhanced by deletion of mitochondrial 
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SOD2 (211). Similarly, AngII-induced endothelial dysfunction, which involves NOX2, was 

more pronounced in SOD2 knockout mice (211). NOX activation by AngII-induced mtROS 

production was also demonstrated by inhibitory effects of mitochondrial-targeted 

antioxidant mitoTEMPO (212). Studies with the human embryonic kidney cell line 293T 

indicated that mtROS can also activate NOX1, under conditions of serum starvation, by 

promoting phosphoinositide 3-kinase (PI3K) and Rac1 activation, events that were 

inhibited by rotenone (213). Separate studies indicate that mitochondrial dysfunction 

(perhaps through mtROS) can also regulate NOX1 expression (203). 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.  

6.3 Crosstalk between NOX4 and mitochondria – potential role in IPF? 

As mentioned earlier, NOX4 contributes to critical features of pulmonary fibrosis. Various 

lines of evidence indicate 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 mitochondrial membrane (136, 214). As such, NOX4 has been reported to be 

expressed in the mitochondria of rat kidney cortex (215), in cardiac myocytes (216), and in 

cancer cells (214), and it has been suggested that mitochondrial NOX4-produced ROS are 

implicated in several disease pathologies through modulation of senescence, apoptosis 

and carcinogenesis. Indeed, NOX4-induced mtROS production in cardiac myocytes has 

been implicated in cell apoptosis and cardiac hypertrophy (217). Furthermore, cardiac 

NOX4 contributes to cardiac failure through the generation of ROS (216), and NOX4-

deficient mice have attenuated mtROS generation and mitochondrial dysfunction 

indicating interplay between NOX4 and mtROS in the failing heart (216). It is also worth 

noting that inhibition of NOX4 may also lead to a more basal reduced state (based on 

NAD(P)+/NAD(P)H ratio) and can paradoxically enhance mtROS production under 

conditions of e.g. ischemia in the heart (218). 

Mitochondrial activity is regulated by various extracellular and intracellular signaling 

pathways, including SRC kinases (219), which can be subject to NOX-dependent redox 

modulation (220). Conversely, the SRC family kinase member FYN was identified as a 

negative regulator of NOX4, by promoting NOX4 phosphorylation on tyrosine 566 (217). 

Studies in 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 dysfunction (221), 

although the specific subcellular localization of NOX4 was not determined in this study. In 

fact, NOX4-depleted endothelial cells showed a reduction in H2O2 production in the 

mitochondria as well as in the cytosol. Another study identified mitochondrial NOX4-

dependent ROS production as a key mediator in apoptosis of kidney tubular cells in 
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response to ANGII (222). Most examples of connections between NOX4 and mitochondria 

stem from cardiovascular studies, but recent studies also highlight the presence of NOX4-

mitochondria crosstalk in IPF, and suggest a role for NOX4 in mitochondrial dysfunction, 

associated with altered biogenesis, increased glycolysis and increased ATP degradation 

(25, 223).  

It was recently reported that NOX4 is able to repress mitochondrial biogenesis in lung 

fibroblasts through direct inhibition of Nrf2 and TFAM independent of PGC-1α (28). 

Indeed, inhibition of NOX4 by genetic or pharmaceutical approaches resulted in increased 

mitochondrial biogenesis, illustrated by increased mitochondrial-to-nuclear DNA ratio 

(28). Unfortunately, these studies only evaluated effects of NOX4 deletion and not of 

NOX4 overexpression, as it would be observed in IPF. NOX4 has been shown to influence 

mitochondrial biogenesis through its interaction with PDIP38, also known as DNA 

polymerase delta interacting protein 2 (POLDIP2), which is involved in DNA replication but 

is also localized to mitochondria where it associates with mitochondrial nucleotides (224, 

225). This interaction could indicate that NOX4 is involved 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 contribute to the increase of mtROS via redox 

signaling, thereby modulating mitochondrial functions including the activation of PKC, 

mitoKATP and TRX2 (206). Intriguingly, recent studies also implicated mitochondrial NOX4 

as an energetic sensor in cancer cells (226). During normal respiration, OXPHOS-driven 

ATP production binds NOX4 through an ATP-binding motif, thereby minimizing 

constitutive NOX4 activity. During transition of OXPHOS to aerobic glycolysis, as it is 

observed in cancer, mitochondrial ATP production is reduced and results in increased 

NOX4 activity (226). Metabolic alterations in IPF indicated increased ATP degradation 

(223) which would similarly result in enhanced NOX4 activity. Interestingly, it has been 

suggested that inhibition of aerobic glycolysis might be a beneficial target in IPF as well 

(227, 228). Administration of the mitochondria-targeted antioxidant mitoQ was found to 

attenuate NOX4 expression in fibroblasts from IPF patients (192), further highlighting the 

important role of mitochondria-produced ROS in NOX4 activation.  

In summary, the various forms of crosstalk between NOX4 and mitochondria could have 

important consequences for IPF manifestation/progression (Figure 4). Increased NOX4 

activity in IPF promotes AEC cell death as well as (myo)fibroblast activation causing 

excessive collagen deposition (146, 147), and could be mediated by NOX4-dependent 

mtROS production. Mitochondrial ROS promotes mitochondrial DNA damage and could 

also directly contribute to NOX4 activation, thereby promoting a fibrotic vicious circle 

(192). Moreover, negative effects of NOX4 on mitochondrial biogenesis could further drive 

mitochondrial dysfunction. While these NOX4-mitochondria interactions may be related 

to localization of NOX4 in mitochondria, evidence for such localization rest primarily on 
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detection with antibodies with unknown specificity, and it typically not associated with co-

stainings of p22phox, 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.  

 

Figure 2.4: Interplay between mitochondria and NOX4. Release of ROS by mitochondria can trigger ROS 

production by NOX4 outside the mitochondria and possibly also within the mitochondria. Mitochondrial ROS 

leads to mtDNA damage which can contribute to mitochondrial dysfunction leading to AEC death. Additionally, 

mtDNA damage further increases mtROS. Oxidized mtDNA can also act as a mtDAMP outside the mitochondria 

and inducing inflammatory processes. These signaling cascades may further amplify NOX4-mediated effects 

including fibroblast differentiation, myofibroblast activation and AEC death.  
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7 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 (229) as well as experimental 

fibrosis models (230, 231), NAC supplementation has failed to be fully effective in the 

clinic (232-234) 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 (352.4 mg, two times 

daily) improves lung function in early stage IPF (96, 235, 236), indicating that local 

antioxidant therapy might be more beneficial in an early stage of IPF to counteract ROS-

induced damage and the underlying inflammation. Oral administration of NAC (600 mg, 3 

times daily) on the other hand had variable outcomes. In the PANTHER trial no significant 

improvement of lung function could be observed in mild-to-moderate IPF compared to 

the placebo (237) whereas it was been reported before in the IFIGENIA trial that the same 

dose of NAC in combination with prednisone and azathioprine reduced decline of lung 

function (238). In advanced IPF, NAC monotherapy showed no beneficial effect, however, 

combination therapy has been suggested to improve lung function (239). Consequently, it 

is important to investigate specific subgroups in IPF who could benefit from NAC as 

monotherapy or in combination therapy that has been suggested 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 (95, 

240-242) and in animal models of pulmonary fibrosis (243-246). While these compounds 

have reported antioxidant activity in vitro, they might act by alternative mechanisms and 

are also capable of activating Nrf2 (247). Intriguingly, a recent study described that 

quercetin reverses bleomycin-induced pulmonary fibrosis in aged mice through the 

reduction of various senescence markers and SASP (248). 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 (249). 

Indeed, the combination of dasatinib with quercetin (D+Q) was found to kill senescent 

fibroblasts in a mouse model of bleomycin-induced pulmonary fibrosis and thereby 

improve lung function (38). 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 
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currently investigated in a clinical trial (NCT02874989) to determine the effects on pro-

inflammatory 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 in mice indicate the ability of GRX1 to inhibit 

and even promote reversal of pulmonary fibrosis in experimental models in mice (110). 

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 unwanted effects (250, 251). 

Indeed, recent approaches have focused primarily on the specific roles of NOX enzymes 

and mitochondria in ROS production (82). Pharmacological approaches to inhibit NOX4 are 

being developed as potential therapeutic strategies in IPF treatment. Indeed, a small-

molecular inhibitor that selectively targets NOX4 as well as NOX1 (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 (2, 156). Moreover, 

GKT137831 treatment in IPF lung fibroblasts results in reduced markers of senescence and 

increased the susceptibility to apoptosis suggesting that NOX4 contributes to senescence 

(20) but further studies with specific 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 

triphenylphosphonium cation that accumulates within mitochondria and is reduced to the 

antioxidant ubiquinol, has been shown to attenuate liver fibrosis (252) and reduce TGF-

induced profibrotic gene expression in human fibroblasts (192). Another mitochondrial-

targeted small molecule, XBJ-5-131, was shown to improve the survival of neurons in a 

mouse model of Huntington disease through inhibition of oxidative (mitochondrial) DNA 

damage (253, 254). Another example is the antidiabetic drug, metformin, which inhibits 

the activity of complex I, thereby reducing mtROS. Metformin has been suggested as anti-

fibrotic drug as it interferes with TGF-β1 signaling, inhibits myofibroblast differentiation 

(255), and reduces collagen deposition in BLM-induced pulmonary fibrosis (256). A recent 

review, however, indicated no beneficial effect on lung function in patients with IPF (257).  

Overall, these various findings suggest that selective targeting of specific NOX isoforms or 

mitochondrial ROS production may be beneficial in management of IPF, especially in light 
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of studies indicating that redox alterations induced by mitochondrial dysfunction may also 

be associated with their interactions with NOX activation (192, 201).  
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8 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 years to effectively treat patients with IPF. 

Recent FDA-approved drugs pirfenidone and nintedanib have only elicited modest 

improvements in disease progression and cannot ameliorate the poor survival associated 

with IPF (258). Moreover, they do not work for all IPF patients, indicating the need to 

investigate more treatment strategies (259). As discussed in this review, IPF is 

characterized by a dysregulated redox homeostasis and mitochondrial dysfunction. 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 understanding 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 negative 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 activation, 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 compelling 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 pharmaceutical approaches is successful targeting of fibroblast foci, which may 

be poorly accessible to systemically administered 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 important in dysregulated cell signaling than 

stable protein oxidation products). In this regard, recent studies of protein S-

glutathionylation in IPF in association with clinical outcomes (110) are particularly 

enlightening. Moreover, addressing the causality of specific ROS pathways would require 

appropriate animal models, and currently used models of pulmonary fibrosis do not 

adequately model the pathophysiology 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 address 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, ie. 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 
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antioxidant-based approached can actually reverse fibrosis, at least in animal models (110, 

256), are particularly encouraging. 

Although evidence is growing for a role of specific ROS pathways in IPF (e.g. NOX4, 

mtROS), we still know relatively little with respect to the precise molecular mechanisms 

involved (ie. what are the critical cellular targets for e.g. NOX4-derived ROS that facilitate 

AEC apoptosis or fibroblast 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 interfere with mitochondrial NOX4 

signaling. Successful identification of specific cellular targets for NOX4-derived ROS or for 

mtROS in IPF may reveal alternative and potentially 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 

compartments or in specific proteins, it is anticipated that our understanding 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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Abstract 

Idiopathic pulmonary fibrosis (IPF) is characterized by a disturbed pulmonary redox 

balance associated with inflammation. To restore this balance, antioxidants are often 

suggested as therapy for IPF but previous clinical trials with these compounds and their 

precursors have not been successful in the clinic. The exogenous antioxidant quercetin, 

which has a versatile antioxidant profile and is effective in restoring a disturbed redox 

balance, might be a better candidate. The aim of this study was to evaluate the protective 

effect of quercetin on oxidative and inflammatory markers in IPF. Here, we demonstrate 

that IPF patients have a significantly reduced endogenous antioxidant defence, shown by 

a reduced total antioxidant capacity and lowered glutathione and uric acid levels 

compared to healthy controls. This confirms that the redox balance is disturbed in IPF. Ex 

vivo incubation with quercetin in blood of both IPF patients and healthy controls reduces 

LPS-induced production of the pro-inflammatory cytokines IL-8 and TNFα. This anti-

inflammatory effect was more pronounced in the blood of the patients. Our pro-fibrotic in 

vitro model, consisting of bleomycin-triggered BEAS-2B cells, shows that quercetin boosts 

the antioxidant response, by increasing Nrf2 activity, and decreases pro-inflammatory 

cytokine production in a concentration-dependent manner. Collectively, our findings 

implicate that IPF patients may benefit from the use of quercetin to restore the disturbed 

redox balance and reduce inflammation.  

 

Keywords: Interstitial lung diseases (ILD), Idiopathic pulmonary fibrosis (IPF), oxidative 

stress, inflammation, antioxidants, quercetin  
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1 Introduction 

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive and lethal disease of unknown 

cause with a median survival of only 3-5 years which is worse than that of several types of 

cancer (e.g., breast, bladder, and colorectal) (1-3). It is the most common and severe form 

of idiopathic interstitial lung diseases that affects mainly 60- to 70-year old ever smokers 

(2). This disease is characterized by an exuberant and uncontrolled reparative process 

following chronic alveolar epithelial microinjuries, leading to excessive scarring of the 

lungs which impairs the ability of the lungs to transport oxygen (4, 5). While IPF is by 

definition “idiopathic” (i.e., of unknown cause), the list of potential fibrogenic triggers that 

have been associated with IPF includes, among others, cigarette smoking, exposure to 

man-made fibers and chronic infection (5). Key clinical feature is a cruelly impaired lung 

function, ultimately leading to death from respiratory failure (5). In the US only, IPF affects 

between 150,000-200,000 people, and as many as 40,000 people die from this disease 

each year (6). Similar incidence, prevalence and mortality rates have been reported in 

Europe with for example a yearly incidence of approximately 1000-1500 new cases in the 

Netherlands (7, 8). 

IPF is characterized by a disturbed pulmonary redox-balance due to a chronic overload of 

ROS in comparison to protective antioxidants (9, 10). The increased ROS production is 

suggested to play a critical role in epithelial activation and injury of the alveolar cells 

including damage to DNA, lipids and proteins which ultimately causes severe tissue 

damage thereby contributing to the progression of the disease (11-13). Moreover, 

increased ROS levels are critical in driving the progression of IPF mainly via triggering the 

activation and release of active TGF-β1, that augments the existing inflammation and lung 

scarring (14). Furthermore, ROS mediate TGF-β1-induced fibrogenesis including activation 

and proliferation of fibroblasts, differentiation into myofibroblasts causing secretion of 

ECM molecules and excessive collagen deposition, activation of pro-inflammatory cells 

and induction of EMT (15). Under normal circumstances, the endogenous antioxidant 

defense system provides sufficient protection against ROS (16) but in patients burdened 

with IPF this system may be overloaded. Part of the pulmonary antioxidant defense 

system is regulated by the redox sensitive transcription factor nuclear factor eryrhroid 2-

related factor 2 (Nrf2) (15). In the presence of oxidative stress, Nrf2 translocates into the 

nucleus where it will bind to the antioxidant response elements (ARE) that will induce the 

transcription of antioxidant genes (17). Nrf2 is upregulated in IPF to restore the 

pulmonary redox status but not to a sufficient enough level, leaving IPF patients exposed 

to elevated ROS levels (18). Consequently, antioxidant therapy to strengthen such a 

reduced antioxidant defense might be efficacious in IPF treatment. Since ROS are capable 

of initiating and mediating inflammation, antioxidant therapy might also mitigate the 

elevated pro-inflammatory response.  
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Despite the fact that numerous large clinical trials have been conducted over the last few 

years since Raghu et al published the IPF guidelines for diagnosis and management, there 

is still no effective cure for IPF that increases survival (19). Consequently, current standard 

treatment still consists of anti-inflammatory and immunosuppressive agents, aiming at 

reducing symptoms and the underlying inflammation (2). Moreover, current IPF 

treatments such as pirfenidone and N-acetyl-L-cysteine (NAC) aiming at decreasing 

oxidative stress in the lungs do show a clinical benefit but fail to be successful. The latest 

update of these guidelines therefore acknowledges the need for further research 

regarding the pathology of the disease as well as the efficacy and long-term safety of IPF 

medications to improve the outcome of the disease and the patient’s quality of life (20). 

Alternatively, other strong antioxidants with a more versatile character, including those 

present in our daily diet, have already been suggested as good candidates for antioxidant 

therapy in interstitial lung diseases (ILD) including IPF (21). The dietary antioxidant 

quercetin (3,3',4',5,7-pentahydroxyflavone) for instance is a prototypical polyphenolic 

plant flavonoid which is mainly present in vegetables and fruit as well as in tea and red 

wine (22). It is suggested that quercetin is the most potent scavenger of ROS, including 

superoxide, within the flavanoid family (22). By activating the Nrf2 pathway, it also 

indirectly exerts its function through induction of Nrf2-regulated genes to further increase 

specific protection against oxidants (23, 24). However, quercetin is not only known for its 

strong anti-oxidative but also for its anti-inflammatory capacities both in vitro (25, 26) and 

in various pulmonary models (27-29). Additionally, studies indicate that it is also effective 

in restoring a disturbed redox balance and reducing inflammation in vivo in other 

interstitial lung diseases (ILD) such as sarcoidosis (30, 31).  

The aim of the present study is to evaluate the antioxidant and inflammatory status in IPF 

as well as the possible beneficial effects of the dietary antioxidant quercetin hereon. To 

this end, the protective effects of quercetin on the antioxidant defense and inflammatory 

markers have been determined both in vitro in pulmonary epithelial cells and ex vivo in 

LPS-stimulated blood of IPF patients. We hypothesize that the antioxidant and 

inflammatory status in IPF are compromised and that quercetin can offer protection 

against oxidant-induced lung damage by restoring the disturbed redox balance and 

decreasing levels of inflammatory markers.  
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2 Materials & Methods  

2.1 Clinical study 

Eleven non-smoking patients with IPF, diagnosed according to the guidelines (2), were 

enrolled in this study via recruitment in our outpatient clinic (Table 1). The control group, 

matched on age and gender, consisted of 9 non-smoking healthy controls. Based on food 

questionnaires, all patients and controls had comparable dietary habits with an average 

daily quercetin intake of 15 mg. The Medical Ethical Committee of the Maastricht 

University Medical Center had approved the protocol and the study was registered at 

http://www.clinicaltrials.gov (NCT-00512967). All participants have given their written 

informed consent. 

Table 3.1: Patient characteristics: non-smoking IPF patients and healthy matched controls. Age is expressed in 

years, length in cm, weight in kg, time since diagnosis in years and DLCO (diffuse capacity of the lung for carbon 

monoxide), FEV1 (forced expiratory volume in 1 s) and FVC (forced vital capacity) in percentage of the predicted 

value based on age and gender. Data are expressed as mean ± SEM. 

 IPF patients Matched controls 

Number (m/f) 11 (8 / 3) 9 (5 / 4) 

Age (years) 39-74 (63 ± 3) 45-60 (57 ± 3) 

Length (cm) 158-174 (167 ± 2) 160-179 (170 ± 3) 

Body mass index 

(kg/m2) 

18.5-31 (27 ± 1) 18.5-30 (26 ± 1) 

Time since diagnosis (years) 0-4 (2 ± 0,4) - 

Biopsy taken 7/11 - 

DLCO  

(percentage predicted) 

19-66 (42 ± 5)  - 

FEV1 (percentage) 44-86 (72 ± 4) - 

FVC (percentage) 36-140 (78 ± 8) - 

Medication NAC (1500 mg daily): 4x 

Prednisone (30 mg daily): 1x 

NAC (1500 mg daily) + 

Prednisone (25-30 mg 

daily): 5x 

- 
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2.2 Lung function measurement 

Forced vital capacity (FVC) and forced expiratory volume in one second (FEV1) were 

measured with a pneumotachograph (Masterlab, Jaeger, Würzburg, Germany). The 

diffusing capacity of the lung for carbon monoxide (DLCO) was measured using the single-

breath method (Masterlab) (32).  

2.3 Cell culture and treatments 

The human bronchial epithelial cell line BEAS-2B was obtained from the American Type 

Culture Collection (ATCC, Rockville, MD) and maintained in DMEM/F12 supplemented 

with cholera Toxin (10 ng/ml), epidermal growth factor (10 ng/mL), insulin (5 µg/mL), 

transferin (5 µg/mL), dexamethasone (0.1 µM), bovine pituitary extract (15 µg/mL) and 

bovine serum albumin (0.5 mg/mL). Cells were pretreated for 30 min with 10, 25 or 50 µM 

quercetin (Sigma, St. Lois, MO) or 0.1 % ethanol (vehicle control) and subsequently 

exposed to different concentrations (0.1, 0.3, 1, 3, 10, 30 µg/mL) bleomycin for various 

time periods (2h, 4h, 24h or 48h).  

2.4 Preparation of blood samples 

Blood was collected in EDTA-containing vacutainer tubes (Vacutainer, Becton-Dickinson, 

Franklin Lakes, NJ) and kept on ice prior to processing. 

2.5 Trolox antioxidant capacity 

The trolox equivalent antioxidant capacity (TEAC value) is a measurement for the total 

antioxidant status, assessing the capacity of a compound to scavenge ABTS radicals. This 

assay has been performed as described earlier (33) with some minor modifications. In 

short, blood was centrifuged (3000 rpm, 5’ at 4ºC) and plasma was afterwards 

deproteinized, using 10% TCA (1:1) followed by centrifugation (13.000 rpm, 5’ at 4ºC). A 

solution of 0.23 mM ABTS (2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)) and 

2.3 mM ABAP (2,2′-Azobis-(2-amidinopropane)HCl) was incubated at 70°C to generate 

ABTS radicals (ABTS•) until the absorbance at 734 nm reached 0.70 ± 0.02. To measure the 

antioxidant capacity of the samples, 50 l of the plasma sample was mixed with 950 l 

ABTS• solution and incubated for 5 min at 37ºC. The decrease in absorbance was 

measured at 734 nm and related to the absorbance of trolox standards to calculate the 

trolox equivalent of the samples.  

2.6 Measurement of endogenous antioxidants 

Vitamin C 

To assess Vitamin C in the blood, 10 % TCA was added and blood samples were 

centrifuged (5000 rpm, 10’at 4ºC). Ascorbate oxidase (Roche Diagnostics, Basel, 

Switzerland) was added to the plasma samples, leading to the oxidation of vitamin C to 

dehydro-ascorbic acid. 0.1% (w:v) O-phenyleendiamin (OPDA) (Sigma) was added and 

incubated for 30 min at 37ºC. HPLC analysis was performed using a Hypersil BDS column 
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(125 mm x 2 mm, particle size 5 μm from Agilent, Palo Alto, CA) with excitation at 355 nm 

and emission at 425 nm and ascorbic acid content was quantified using calibrators.  

Uric acid measurement 

Shortly, deproteinated plasma samples was injected in the HPLC system with fluorescent 

detection. HPLC analysis was performed using a Hypersil BDS column (125 mm x 4 mm, 

particle size 5 μm from Agilent) with UV detection at 292 nm. Uric acid content of each 

sample was quantified using calibrators with known levels of uric acid. 

GSH and GSSG  

Prior to storage, 1.3% SSA in 10 mM HCl was added to the blood samples used for the 

determination of reduced glutathione (GSH) and oxidized glutathione (GSSG). All samples 

were centrifuged (5000 rpm, 10’at 4ºC) and supernatant was collected. For the GSH 

measurement, supernatant was added (1:1) to 0.6 mM 5-5’-dithiobis (2-nitrobenzoic acid) 

(DTNB) (Sigma) (37C) and incubated for 15 sec (37C), and absorbance was measured at 

412 nm. For the GSSG measurement, supernatant was added to 2-vinyl-pyridine (Sigma) 

(10:1) and incubated for 1 hour at room temperature. Subsequently, a mixture of 0.6 mM 

DTNB and 0.8 mM NADPH (37C) was added (1:9) and the reaction was started by adding 

the enzyme glutathione reductase (1:20). The absorbance was measured for 3 min at 412 

nm. Both the GSH and GSSG content of each sample were quantified using calibrators and 

related to the haemoglobin content.  

2.7 Blood-based cytokine production assay 

Within one hour after blood collection, the blood-based cytokine production assay was 

performed as described previously with minor modifications (34). Shortly, blood was 

diluted in RPMI 1640 (1:4, Gibco) and incubated with 1, 3 or 30 µM quercetin for 30 min. 

To induce cytokine production, lipopolysaccharide (LPS, E.coli 0.26:B6) (Sigma) was added 

and samples were incubated for 24 hours at 37°C. Cell-free supernatant fluids were 

collected by centrifugation (6000 rpm, 10’at 4 °C) and stored at 20°C prior to cytokine 

analysis.  

2.8 ELISA measurement 

Plasma and supernatant TNFα and IL-8 levels were quantified using a human ELISA kit 

according to the manufacturer’s instructions (Sanquin, Amsterdam, the Netherlands).  

2.9 RNA isolation 

RNA was isolated and purified using the RNeasy mini kit (Qiagen, Venlo, the Netherlands) 

according to the manufacturer’s instructions. The RNA concentration was determined 

using a Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA).  
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2.10 RT-PCR  
cDNA was synthesized from 500 ng isolated RNA using IScript (Biorad, Hercules, CA) 

according to the manufacturer’s instructions. RT-PCR was performed using SYBR Green 

PCR Supermix (BioRad) and PCR amplifications were carried out for 40 cycles of 

denaturation (95°C, 15 sec), annealing (57°C, 15 sec) and extension (60°C, 45 sec) for 

selected genes (Table 2). The gene expression was normalized to GAPDH using the ΔΔCT 

method.  

Table 3.2: Human RT-PCR forward and reverse primer sequences. 

Gene of 
interest 

Forward primer sequence Reverse primer sequence 

Nrf2 ACACGGTCCACAGCTCATC TCTTGCCTCCAAAGTATGTCAA  

HO-1 CTTCTTCACCTTCCCCAACA GCTCTGGTCCTTGGTGTC 

y-GCS GCACATCTACCACGCCGTC CCACCTCATCGCCCCAC 

Catalase GACTGACCAGGGCATCAAAAA CGGATGCCATAGTCAGGATCTT 

IL-8 GGACAAGAGCCAGGAAGAAA AAATTTGGGGTGGAAAGGTT 

TNFα TCAATCGGCCCGACTATCTC CAGGGCAATGATCCCAAAGT 

TGF-β1 CCCTGGACACCAACTATTGC CTTCCAGCCGAGGTCCTT 

COL1A1 AAGAGGAAGGCCAAGTCGAG CACACGTCTCGGTCATGGTA 

GAPDH  GAAGGCTGG GGCTCATTTG AGGCTGTTGTCATACTTCTCATGG 

2.11  Nrf2 activation  

Nrf2 activation was measured in 10 µg nuclear extracts using the TransAM Nrf2 activation 

kit (Active Motif, Carlsbad, CA) according to manufacturer’s instructions. The extracts 

were prepared using a nuclear extraction kit (Active Motif). 

2.12  ROS production 

For the 2,7-dichlorofluorescein diacetate (DCF-DA) assay, cells were incubated with 10 µM 

DCF-DA (Sigma) for 20 min at 37°C, stimulated with bleomycin and fluorescence was 

measured with excitation at 485nm and emission at 525nm.  

2.13  Statistical Analysis 

Quantitative data are presented as mean ± SEMs. Two-sided differences between two 

groups were analyzed by unpaired t-tests. Differences among more than 2 groups were 

determined by 1-way ANOVA. Differences were considered significant if P < 0.05.  
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3 Results 

3.1 IPF patients have a decreased antioxidant capacity 

IPF is characterized by the presence of oxidative stress, which is defined as an imbalance 

between the production of ROS and protective against ROS by antioxidants, driving the 

pro-fibrotic response (14, 35). Although Nrf2 is upregulated in IPF to restore the 

pulmonary redox status, this protective response is not sufficient to protect against the 

elevated ROS level (18). Moreover, it is assumed that IPF patients have a dysregulated 

antioxidant response which is no longer able to counteract the increased ROS production. 

To evaluate the exact antioxidant status in our IPF patient group compared to healthy 

controls, the individual endogenous antioxidants GSH, vitamin C and uric acid are 

determined as well as the total plasma antioxidant capacity (Figure 3.1). 

The concentration of GSH is 50% decreased in the blood of IPF patients compared to the 

age-, gender- and dietary behavior matched controls (6.6 ± 0.6 vs 12.9 ± 1.9 µM/mg Hb). 

GSSG levels do not significantly differ between the two groups (0.8752 ± 0.0926 vs 0.6874 

± 0.0996 µM/mg Hb) (Figure 3.1A).  

The trolox equivalent antioxidant capacity (TEAC value) is a measurement for the total 

antioxidant status, relating the free radical scavenging properties of a solution or a 

compound to that of the synthetic antioxidant trolox. The total plasma antioxidant 

capacity in the blood of IPF patients is significantly declined compared to that of matched 

controls (483.1 ± 29.5 vs 619.7 ± 16.6 µM Trolox equivalent). The levels of the two 

endogenous antioxidants known to contribute substantially to the total plasma 

antioxidant status, i.e. uric acid (123.5 ± 17.9 vs 183.4 ± 14.4 µM) and vitamin C (54.3 ± 2.8 

vs 63.1 ± 2.3 µM), are slightly decreased but vitamin C is not significantly changed in the 

plasma of IPF patients compared to controls (Figure 3.1B).  
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Figure 3.1: Idiopathic pulmonary fibrosis (IPF) patients have a decreased antioxidant capacity. Antioxidant status 

in IPF patients (n=11) compared to their matched controls (n=9). (A) GSH (μM/mg Hb) and GSSG (μM/mg Hb) 

measured in blood plasma. (B) Total antioxidant status (TEAC) (μM), vitamin C (μM) and uric acid (μM), in blood 

plasma. (C) Relative plasma antioxidant capacity as well as contribution of uric acid (μM) and vitamin C (μM) to 

the total antioxidant status. Data are expressed as mean ± SEM, *P < 0.05, **P < 0.01.  

When the concentrations of uric acid and vitamin C are known, the relative contribution 

of these antioxidants to the total plasma antioxidant capacity can be calculated. This 

calculation shows that the major part of the total plasma antioxidant capacity is due to 

plasma antioxidants other than uric acid and vitamin C, including low molecular protein 

thiols. This residual plasma antioxidant capacity (also referred to as corrected TEAC) is 

slightly but not significant lower in the fibrosis group compared to the matched controls 

(Figure 3.1C), indicating that IPF patients have a lower overall antioxidant capacity that is 

not solely due to decreased levels of its major players vitamin C and uric acid.  

3.2 Bleomycin increases in vitro ROS production which can be 

counteracted by quercetin 

We showed that IPF patients have a decreased antioxidant capacity and it is therefore 

expected that oxidative stress and a reduced antioxidant defense contribute to the 

development of the disease.  

The effects of the pro-fibrotic trigger bleomycin on intracellular ROS production, as well as 

the possible protective effects of the strong antioxidant quercetin hereon, are evaluated 
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in BEAS-2B cells. Cytotoxicity is not influenced by the different treatments as cell viability 

after stimulation with bleomycin and quercetin is more than 80% (data not shown).  

Intracellular ROS production dose-dependently increases in response to bleomycin 

compared to the control (Figure 3.2A) with a 100% increase upon stimulation with 30 

µg/mL bleomycin. Interestingly, pretreatment with various concentrations of the 

antioxidant quercetin leads to a concentration-dependent reduction of this bleomycin-

induced ROS production with the strongest effect (50% reduction) occurring after 

pretreatment with 50 µM quercetin (Figure 3.2B). However, for further experiments 25 

µM quercetin is chosen as a higher dose (50 µM) also induces a pro-inflammatory 

response in the cells (data not shown).  

 
Figure 3.2: Bleomycin dose-dependently induces ROS production and pretreatment with quercetin can reduce 

this induced oxidant burden. ROS production by BEAS-2B cells after stimulation with different bleomycin 

concentrations for 2 hours using 10 µM DCF-DA (A) without or (B) with quercetin pretreatment. Values are 

presented as percentage of fluorescence in the absence of bleomycin ± SEM (n=6), *P < 0.05, **P < 0.01. 

3.3 Quercetin boosts antioxidant response by increasing Nrf2 activity 

and thereby also induction of Nrf2-regulated genes 

An increased ROS accumulation is known to induce the translocation of the redox-

sensitive transcription factor Nrf2 to the nucleus, where it binds to the ARE causing gene 

transcription of antioxidant genes to compensate for oxidative stress in the cells (17). The 

effect of both the ROS-inducing bleomycin and the protective antioxidant quercetin on 

Nrf2 activity was analyzed. To this end, the gene expression of Nrf2 and Nrf2-regulated 

genes as well as the Nrf2 binding capacity are studied.  

Bleomycin induces a slight, yet not significant increase in the expression of Nrf2, a 

significant 50% decrease in the expression of the Nrf2-regulated gene heme-oxygenase 

(HO-) 1, a not significant reduction in Nrf2-regulated γ-glutamyl cysteine (γ-GCS) 

expression and no change in the expression of Nrf2-regulated catalase (Figure 3A). 

Interestingly, pretreatment with quercetin strongly enhances BLM-induced expression of 



Chapter 3 

102 

Nrf2 as well as of the Nrf2-regulated genes HO-1 and gamma-GCS, but not catalase, 

compared to treatment with bleomycin alone (Figure 3A). Next, the Nrf2 binding capacity 

to the ARE was evaluated. Bleomycin has no effect on Nrf2 activity whereas quercetin 

pretreatment causes a 30% significant increase in Nrf2 ARE binding compared to both the 

control and bleomycin-treated cells (Figure 3B).  

Figure 3.3: Quercetin increases Nrf2 activation. (A) Gene expression of Nrf2 and Nrf2-regulated genes after 

stimulation with 10 µg/mL bleomycin for 4 hours with or without pretreatment with 25 µM quercetin for 30 min. 

Values are presented relative to GAPDH gene expression ± SEM, (B) Nrf2 DNA binding after stimulation with 10 

µg/mL bleomycin for 4 hours with or without pretreatment with 25 µM quercetin. Values are presented as 

percentage in the absence of bleomycin and quercetin ± SEM (n=4), *P < 0.05, **P < 0.01. 

3.4 Bleomycin dose-dependently induces IL-8 expression and production 

which can be reduced by quercetin pretreatment 

As previously described, inflammation plays an important role in the pathogenesis of IPF 

as the disease is characterized by the infiltration of inflammatory cells in the lungs (36). 

Additionally, it is known that ROS production and inflammation are closely intertwined. 

The next step was to investigate the effects of bleomycin and quercetin on both the gene 

expression and protein levels of the pro-inflammatory cytokines tumor necrosis factor-α 

(TNFα) and interleukin-8 (IL-8) in vitro. 

Bleomycin induces a 40-fold increase in IL-8 gene expression, whereas it does not affect 

TNFα gene expression (Figure 3.4A). Pretreatment with quercetin has no significant effect 

on this bleomycin-induced change in IL-8 gene expression.  

Next, the effect of various bleomycin concentrations for 4 h and 24 h on the IL-8 and TNFα 

production was investigated to see whether bleomycin has a short- or long-term effect on 

these cytokines. Bleomycin concentration-dependently increases IL-8 production after 4 h 

as well as after 24 h (Figure 3.4B and C). Pretreatment with 10 µM quercetin has no effect 

on IL-8 production after 4 h whereas pretreatment with 25 µM quercetin can significantly 

reduce IL-8 production induced by 10 µg/mL bleomycin (Figure 3.4D). After 24 h 

incubation with bleomycin, 25 µM quercetin reduces this inflammatory response by 50% 
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(Figure 3.4E). No increase in TNFα production can be measured upon bleomycin 

stimulation for either 4 or 24 hours (data not shown).  

Figure 3.4: Bleomycin dose-dependently induces IL-8 gene expression and production which can be reduced by 

quercetin pretreatment. (A) Gene expression of pro-inflammatory genes after stimulation with 10 µg/mL BLM 

with or without pretreatment with 25 µM quercetin. IL-8 production after stimulation with various 

concentrations of bleomycin after (B) 4 h and (C) 24 h of incubation. IL-8 production after pretreatment with 

different concentrations of quercetin and stimulation with bleomycin after (D) 4 h and (E) 24 h of incubation. 

Values are presented ± SEM (n=6), *P < 0.05. 
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3.5 IPF patients have a higher systemic inflammation which is reduced 

by quercetin ex vivo after LPS stimulation 

Our in vitro data suggest that the pro-inflammatory response after bleomycin challenge is 

mainly mediated by oxidative stress as the antioxidant quercetin is capable of protecting 

against this induced damage. To evaluate pro-inflammatory cytokines and the inhibiting 

effect of quercetin hereon in IPF patients, the inflammatory status and response are 

assessed in the plasma of IPF patients and matched controls. 

Basal plasma levels of both IL-8 and TNF (Figure 3.5A) show a significant increase in 

patients suffering from IPF compared to their controls (13.1  2.1 pg/ml vs 7.8  0.4 pg/ml 

for IL-8 and 20.2  4.2 pg/ml vs 4.3  0.3 pg/ml for TNF).  

To evaluate the anti-inflammatory effects of quercetin, inflammation is further evoked by 

ex vivo LPS-stimulation of the blood of both patients and controls. Ex vivo LPS-induced IL-8 

and TNF production are significantly decreased by quercetin in both the patient and the 

control group (Figure 3.5B and Figure 3.5C). Moreover, the extent of this reduction 

depends on the quercetin concentration. TNFα responds more sensitive to quercetin in 

the fibrosis group, resulting in a significant larger decrease in both TNF production 

compared to the matched controls (Figure 3.5D). The same trend, although only 

significant for 30 µM quercetin, is visible for LPS-induced IL-8 production.  
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Figure 3.5: Idiopathic pulmonary fibrosis (IPF) patients have a higher basal inflammatory level which is dose-

dependently reduced by quercetin. (A) Basal cytokine levels in whole blood of IPF patients compared to their 

matched controls. (B) Ex vivo LPS-induced (24 hours) IL-8 production after 30 min preincubation with various 

concentrations of quercetin. (C) Ex vivo LPS-induced (24 hours) TNFα production after 30 min preincubation with 

various concentrations of quercetin. Cytokine production was related to that of the control incubation without 

quercetin (100%). Values are represented as mean ± SEM (controls n=9, IPF n=11), *P < 0.05, **P < 0.01. 
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4 Discussion 

The pathogenesis of IPF, which is clinically characterized by excessive tissue scarring and 

an impaired wound healing response due to continuous insults of the alveolar epithelium, 

has been associated with an increased accumulation of ROS, resulting in a disturbed redox 

balance (14, 35). Recently, there has been a growing interest in the therapeutic use of 

strong natural antioxidants to prevent tissue damage induced by oxidative stress (21). 

Although some recent studies have explored the importance of oxidative stress in the 

development of IPF, the overall benefits of antioxidants to prevent and protect against IPF 

is largely unknown. The antioxidant quercetin, mainly present in fruit and vegetables, is 

not only known for its strong anti-oxidative but also for its anti-inflammatory capacities 

both in vitro and in various pulmonary models (25, 26). Additionally, studies indicate that 

it is also effective in restoring a disturbed redox balance and reducing inflammation in vivo 

in other interstitial lung diseases (ILD) such as sarcoidosis (27, 28). Moreover, quercetin 

also showed beneficial effects in cell or mouse models of a variety of lung diseases 

including lung cancer (37), COPD (38, 39) and asthma (40). 

Based on these observations, we examined the potentially protective effects of the 

antioxidant quercetin, mainly present in fruit and vegetables, on markers of oxidative 

stress and inflammation in vitro and ex vivo in blood of IPF patients.  

In summary, we show that IPF patients have a decreased antioxidant defense, indicated 

by a significantly reduced total antioxidant capacity, glutathione and uric acid 

concentrations in plasma compared to the controls. Our in vitro model displayed a dose-

dependent increase in ROS production and reduced expression of Nrf2-driven genes after 

challenge with the pro-fibrotic trigger bleomycin, indicating that the cells are not capable 

of dealing with the increased amount of oxidative stress. Moreover, basal TNF  and IL-8 

levels are significantly increased in the plasma of IPF patients concurrent with our pro-

fibrotic in vitro model, in which IL-8 is dose-dependently increasing after bleomycin 

exposure. The dietary antioxidant quercetin boosts the antioxidant response in vitro, 

indicated by an increased expression of Nrf2 as well as Nrf2-regulated genes, including 

HO-1 and γ-GCS, and enhanced Nrf2 activity. The gene expression of catalase did not 

change after stimulation with bleomycin alone or in combination with quercetin. This can 

be explained by the facts that 1) catalase is not solely regulated by Nrf2, but also by other 

transcription factors including FoXO3a and PPARγ (41) and 2) catalase upregulation is 

associated with H2O2-specific damage rather than the oxidative damage induced by 

bleomycin which mainly involves the production of OH.- (42). Moreover, quercetin also 

significantly decreases the pro-inflammatory cytokine production in vitro as well as ex vivo 

in a concentration-dependent manner in both IPF patients and controls. Interestingly, this 

quercetin effect is more pronounced in IPF patients. Taken together, our ex vivo results 

show that IPF patients have a reduced antioxidant capacity and increased inflammatory 
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status while our in vitro data demonstrate that quercetin might be a potential therapy 

option as it reduces markers of inflammation and oxidative stress, thereby also boosting 

the antioxidant response. The fact that the anti-inflammatory effects of quercetin are 

more pronounced in the patients than in their matched controls indicates that especially 

patients suffering from diseases associated with oxidative stress are expected to profit 

from the use of antioxidant supplementation. To our knowledge, this is the first study that 

not only showed the protective effects of quercetin in vitro but also ex vivo in blood of IPF 

patients.  

In agreement with our results, previous studies have reported the antioxidant properties 

of quercetin in in vitro models of IPF. It has been shown that quercetin is a potent 

activator of HO-1 expression as well as Nrf2 activity, indicated by nuclear translocation, in 

human fibroblasts after stimulation with the pro-fibrotic trigger TGF-β1 (43). Similar 

effects of quercetin have also been reported in a murine alveolar epithelial cell line (44). It 

is even suggested that quercetin is capable of inhibiting fibroblast activation, thereby 

ameliorating pro-fibrotic processes, indicated by collagen deposition in an experimental 

model of kidney fibrosis (45).  

Besides lowering the occurrence of oxidative stress, reducing inflammation is also of great 

importance in IPF as pro-inflammatory cytokines can further evoke pro-oxidative and pro-

fibrotic processes in the lung. Quercetin has recently been suggested to reduce markers of 

inflammation in vitro and in vivo. It has been shown that quercetin reduces pro-

inflammatory cytokines in models of acute and chronic inflammation (46) via the 

regulation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and 

mitogen-activated protein kinases (MAPK) pathways, thereby directly suppressing the 

induction of pro-inflammatory cytokines (47, 48). Additionally, it has been shown before 

that ROS can induce the activation of several signaling pathways, including the redox-

sensitive transcription factor NF-κB and MAPK, thereby inducing gene expression of 

various pro-inflammatory cytokines including TNFα, IL-8 and IL-1β (49, 50). Consequently, 

it can be suggested that by reducing the amount of oxidative stress present in the cell, the 

release of pro-inflammatory cytokines can also be inhibited. This association between 

oxidative stress and inflammation can also be deducted from our results as the reduced 

antioxidant status of the IPF patients may explain the higher LPS-induced cytokine 

production in their blood and the more pronounced effects of quercetin hereon. Our 

results confirm this association as the antioxidant quercetin is not only lowering the 

oxidant burden but also reducing pro-inflammatory cytokine levels including IL-8 and 

TNFα. Interestingly, after LPS stimulation to evoke acute inflammation, quercetin 

concentration-dependently reduces these pro-inflammatory cytokines in both controls 

and IPF patients, although the effect is more pronounced in IPF patients in general and in 

their TNFα response in specific. It is known that TNFα is highly expressed in the lungs of 

IPF patients and contributes to the diseases pathogenesis by initiating pro-inflammatory 
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and pro-fibrotic pathways (51). Although inhibition of TNFα reduces bleomycin-induced 

fibrosis in a mouse model (52), treatment with a TNFα antagonist (Etanercept) in IPF 

patients did not show significant improvements on lung function (53). It might therefore 

be more beneficial to reduce TNFα production in an indirect manner by using quercetin 

rather than blocking the effects of TNFα completely.  

Some limitations can be observed in the current study setup. Cells were stimulated with 

bleomycin, which is a commonly used model to induce pro-fibrotic responses in vitro as 

well as in vivo whereas the patient samples were stimulated with LPS to mimic an 

additional inflammatory burden. These two different triggers were selected since there 

was no need to induce a pro-fibrotic response in in vivo samples obtained from patients 

suffering from pulmonary fibrosis. In vivo, the ongoing inflammation in the IPF patients 

included in our study was mapped by analyzing the anti-inflammatory cytokines IL-8 and 

TNF-α. IL-8, was selected due to its proven relation with IPF severity (54, 55) and the latter 

because anti-TNF-α agents have been suggested as treatment options for IPF. In vitro, the 

possible anti-inflammatory effects of quercetin during the onset of the disease were 

studied in an epithelial cell line that does not produce significant amounts of TNF-α but, 

since the involvement of IL-8 has already been proven in vivo as well, the focus of the 

present study was on this cytokine rather than on TNF-α.  

To study the effect of quercetin, it is crucial that the study population has the same 

average intake of this dietary component. This average intake, which was approximately 

15mg per day, was estimated using food questionnaires. Since the patient samples were 

stimulated with quercetin ex vivo, an additional clinical supplementation study needs to 

be performed to confirm our results. Safety, dose and tolerability associated with the 

long-term usage of quercetin still needs to be investigated. The safety of quercetin is of 

particular interest as it has been shown that quercetin can induce inflammation when 

given in higher doses. Additionally, quercetin can be converted into oxidation products 

which might interact with sulfhydryl groups, thereby impairing critical cellular functions 

(56). Moreover, assessing the absolute effect of quercetin in the current patient cohort 

might be hampered by the fact that four of the included IPF patients were taking the GSH-

precursor NAC, one the corticosteroid prednisone and five a combination at the time of 

inclusion.  

In the last 25 years, a multitude of compounds have been tested in clinical trials of IPF, but 

with almost invariably negative results (57). Such high rate of failure was probably due to 

both incomplete knowledge of disease pathogenesis and the multitude and redundancy of 

mediators, growth factors and signaling pathways involved in the fibrotic process (2).  

Interestingly, the most promising results within IPF treatment are currently acquired using 

strong antioxidants, underlining the important role of ROS within the pathology of this 

disease. A meta-analysis evaluating the efficacy of antioxidant therapy in IPF recently 
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described that antioxidant therapy combined with other therapies is more beneficial in 

regard to lung function (e.g. carbon monoxide diffusing capacity) compared to 

monotherapy without added antioxidants (58). However, anti-oxidant strategies with only 

NAC only have shown some potential benefits but cannot slow down the progression of 

the disease nor increase the overall survival (1). Possible explanation for this limited effect 

could be that the antioxidant profile of NAC does not fit (1, 14). Instead, other therapeutic 

strategies with another type of antioxidant, more potently enhancing the compensatory 

Nrf2 antioxidant response, may prove to be more effective (59). Especially for IPF 

treatment, this induction of Nrf2 is important since this redox-sensitive transcription 

factor coordinately induces a variety of self-defense genes, including antioxidant and 

phase II detoxification enzymes (60). Based on our results, a perfect candidate for such 

specific and directed antioxidant therapy would be the dietary antioxidant quercetin. 

Future research will include comparison of different antioxidant strategies to quercetin as 

an additional supplement for IPF treatment.  

In conclusion, our preliminary data indicate that a reduced antioxidant defense, causing a 

disturbed redox balance, and inflammation are two key triggers in the pathophysiology of 

IPF. Moreover, we have shown that adding quercetin to the current available treatment 

options might be beneficial in maximizing treatment effects and slowing down disease 

progression.  
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Abstract 

Background 

Interstitial pulmonary fibrosis (IPF) is a chronic, lethal disease of which the etiology is still 

not fully understood. Current treatment comprises two FDA-approved drugs that can slow 

down yet not stop or reverse the disease. As IPF pathology is associated with an altered 

redox balance, redox modulating components might exert beneficial effects. Quercetin is 

a dietary antioxidant with strong redox modulating capacities that is suggested to exert 

part of its antioxidative effects via activation of the redox-sensitive transcription factor 

Nrf2 that regulates endogenous antioxidant levels. Therefore, the aim of the present 

study was to investigate if the dietary antioxidant quercetin can exert anti-fibrotic effects 

in a mouse model of bleomycin-induced pulmonary fibrogenesis through Nrf2-dependent 

restoration of the redox imbalance.  

Methods 

Homozygous Nrf2 deficient mice and their wildtype littermates were fed a control diet 

without or with 800 mg/kg quercetin from 7 days prior to a single 1 µg/2µl per g BW 

bleomycin challenge until they were sacrificed 14 days afterwards. Lung tissue and plasma 

were collected to determine markers of fibrosis, inflammation and redox balance. 

Results 

Mice fed the quercetin enriched diet for 7 days prior to the bleomycin challenge had 

significantly enhanced plasma quercetin levels (11.08 ± 0.73 µM versus 7.05 ± 0.2 µM) 

combined with increased expression of Nrf2 and Nrf2-responsive genes compared to mice 

fed the control diet in lung tissue. Upon bleomycin treatment, quercetin-fed mice 

displayed reduced expression of collagen (COL1A2) and fibronectin (FN1) and a tendency 

of reduced inflammatory lesions (2.8 ± 0.7 versus 1.9 ± 0.8). These beneficial effects were 

accompanied by reduced pulmonary gene expression of TNFα and KC, but not their 

plasma levels, as well as enhanced Nrf2-induced pulmonary antioxidant defences. In Nrf2/- 

animals, no effect of the dietary antioxidant on either histology or inflammatory lesions 

was observed.  

Conclusion 

Quercetin exerts anti-fibrotic and anti-inflammatory effects on bleomycin-induced 

pulmonary damage in mice possibly through modulation of the redox balance by inducing 

Nrf2. However, quercetin could not rescue the bleomycin-induced pulmonary damage 

indicating that quercetin alone cannot ameliorate the progression of IPF. 

 

KEYWORDS: bleomycin, dietary supplementation, inflammation, mice, oxidative stress 
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1 Introduction 

IPF is a progressive and often lethal disease with a European prevalence of 23 cases and 

incidence of up to 7 cases per 100.000 and a median survival of 3-5 years after diagnosis 

(1, 2). IPF prevalence and incidence, both positively correlated with age, have increased 

during the recent years, presumably due to the rapid expansion of the elderly population 

(1, 3). Key clinical feature of IPF is a cruelly impaired lung function, characterized by 

progressive dyspnea (difficulty breathing) and a non-productive cough, resulting in a 

drastically reduced vital capacity and thus quality of life (4). Current IPF treatment involves 

two newly FDA-approved drugs Pirfenidone© and Nintedanib© that are capable of slowing 

down the progression of the disease but cannot stop nor cure the disease (5-8). 

Additionally, they are not equally effective in all patients and it is still not clear which 

patient would benefit best from what drug. Consequently, there is an urgent need for 

additional effective therapy options (6). However, in order to meet this necessity, more 

knowledge regarding the exact pathogenesis of IPF is compulsory.  

The pathogenesis of IPF is a combination of genetic predisposition and common 

environmental triggers, including bacteria and cigarette smoke (2, 9), leading to multiple 

and continuous insults to the lung epithelium. Such insults will cause early onset 

inflammation shading off into impaired wound healing and excessive tissue scarring. Main 

characteristic of such insults is a disturbed redox balance (10, 11), i.e. an overload of 

reactive oxygen species (ROS) in comparison to the presence of protective antioxidants. 

An increased oxidant burden will cause severe oxidative damage and trigger up-regulation 

of a number of genes involved in inflammation and/or fibrogenesis (11). Besides being a 

pathological feature of IPF, as can be deducted from the higher levels of various oxidative 

damage markers in these patients including exhaled ethane, nitric oxide, malondialdehyde 

levels and elevated urinary isoprostane levels (12-15), oxidants are also an important 

player in the development of the disease (16). Indeed, oxidative stress mediates several 

epithelial and fibroblastic alterations that influence lung homeostasis and hamper 

pulmonary repair and regeneration pathways. Interestingly, these oxidative changes will 

be further enhanced by the age-dependent increased oxidant production associated with 

IPF, thereby contributing to pro-fibrotic conditions (11, 16). 

To offer protection against oxidant-induced damage, our body comprises an elaborate 

antioxidant defense system that is largely controlled by antioxidant genes (13, 17). Upon 

activation by oxidants, the redox-sensitive transcription factor Nrf2 induces the 

transcription of antioxidants as a feedback mechanism to restore systemic redox balance 

and maintain homeostasis (18). Indeed, exposure to oxidative stimuli such as cigarette 

smoke and particulate matter up-regulates Nrf2-dependent antioxidant genes in mice 

carrying the functional transcription factor (19-21). Moreover, the loss of Nrf2 results in 

the development of accelerated, more severe lung emphysema, oxidative stress, epithelial 
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damage and enhanced sensitivity towards oxidants after exposure to oxidative stimuli (18, 

22, 23). In IPF, an increased pulmonary Nrf2 expression as well as elevated antioxidant 

levels in the broncho-alveolar fluid are reported (24), suggesting the existence of a 

compensatory, Nrf2-driven feedback mechanism that does increase the pulmonary 

antioxidant levels but not to the extent that they can completely restore systemic redox 

balance and maintain homeostasis in IPF.  

Due to the large involvement of ROS in the pathophysiology of IPF, some antioxidants 

including N-acetylcysteine (NAC) (25) and pirfenidone (5) have already been implemented 

as therapy in order to reduce the increased oxidative burden in IPF. However, although 

NAC supplementation reduced collagen deposition in bleomycin exposed rats (26) purely 

oxidant scavenging has not been enough to completely cure or prevent IPF until now (8). 

Consequently, there is an urgent need for an additional therapeutic approach that will 

exert health beneficial effects by modulating the important oxidant-related pro- and 

antifibrotic pathways rather than by solely scavenging antioxidants. A good candidate for 

such an approach would be a non-pharmacological compound with a known working 

mechanism that compiles of more than purely scavenging capacities. The dietary 

antioxidant and redox modulator quercetin could qualify as such a suitable alternative.  

Quercetin is a member of the flavonoids family, dietary antioxidants that are ubiquitously 

present in vegetables, fruit, tea and wine (17). The daily Dutch intake has been estimated 

at several hundreds of mg/day (27) of which the subfamily flavones and flavonols to which 

quercetin belongs delivers up to 16 mg/day (27). The most abundant flavonol is quercetin, 

representing 70% of this intake, which has been shown to act as a powerful phenolic 

antioxidant both in vitro and in vivo (17, 27). By scavenging oxidants, quercetin can offer 

direct protection against both oxidative damage and inflammation, two key processes in 

the development of lung fibrosis. Indeed, we have already demonstrated that quercetin 

reduces markers of oxidative stress and inflammation in IPF and sarcoidosis (28, 29). 

Additionally, quercetin may indirectly improve the antioxidant defense by increasing Nrf2-

driven antioxidant production. Oxidants activate Nrf2 by oxidizing its inhibitory protein 

Keap1, after which Nrf2 is released and translocated to the nucleus (19, 30). In the 

nucleus, Nrf2 binds to the antioxidant response element (ARE) and thus activates various 

antioxidant-genes including superoxide dismutase, glutathione peroxidase and heme 

oxygenase 1 (28, 30). Interestingly, Nrf2 is suggested to be a specific target for phenolic 

antioxidants (30) presumably via its release from Keap1 upon thiol arylation (31). In that 

way, quercetin will not only protect against a-specific damage caused by increased oxidant 

levels but will also further increase specific protection against these oxidants.  

The aim of our study was to investigate if the dietary antioxidant quercetin can exert anti-

fibrotic effects in a mouse model of bleomycin-induced pulmonary fibrogenesis through 

Nrf2-dependent restoration of redox imbalance.   
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2 Material and Methods 

2.1 Mouse model  

Experiments were performed using homozygous Nrf2 deficient (Nrf2-/-) mice (RIKEN, 

Japan) that were backcrossed to C57BL/6J at least 9 times (32). The homozygous mutant 

(Nrf2-/-) and wildtype (Nrf2+/+) littermates from both genders, produced from 

heterozygous breeding, were used in the present study at an age of 10-12 weeks. A pilot 

kinetic study was performed in C57BL/6J mice. Animals were kept in an in-house 

pathogen-free and environmentally controlled facility (safety level 1) according to 

guidelines of the Society for Laboratory Animals Science (GVSOLAS). A 12 hours light/dark 

cycle was maintained and food and water provided ad libitum. Ethical approval was given 

by the North Rhine Westphalia State Agency for Nature, Environment and Consumer 

Protection (NRW-LANUV). 

2.2 Quercetin diet and evaluation of effectiveness 

Animals had ad libitum access to either the control diet (AIN893, ssniff Spezialdiäten, 

Soest Germany) or the control diet enriched with 800 mg/kg quercetin (Merck, Darmstadt, 

Germany) starting from 7 days prior to the bleomycin challenge until they were sacrificed. 

Quercetin was stabilized (I) by adding 0.1 gram citric acid per liter water while preparing 

both diets and (II) by replacing food pellets by a freshly thawed stock on a daily basis while 

providing both diets. Based on a daily intake of 5 grams food per day and an average 

weight of 20 grams, this quercetin-enriched diet will result in an average daily intake of 

200 mg quercetin/kilogram BW. Weight gain, general signs of (dis)comfort and illness as 

well as survival were recorded on a daily basis throughout the entire dietary 

supplementation to ensure the safety of this intervention. To evaluate its effectiveness, 

six C57BL/6J mice were fed for one week with quercetin enriched or control diet and 

sacrificed to determine quercetin concentrations in the plasma, lung and in the 

gastrointestinal (GI) tract and as well the expression of Nrf2 and Nrf2-responsive 

antioxidant genes.  

2.3 Intervention study 

After 1 week of quercetin-enriched or control diet, Nrf2-/- and Nrf2+/+mice were exposed to 

1 µg/2µl per gram BW bleomycin in 0.9 % NaCl or 0.9 % NaCl by a single pharyngeal 

aspiration under isoflurane anaesthesia. After 14 days, animals were brought under deep 

anaesthesia using 50 mg/kg body weight pentobarbital and euthanized via exsanguination 

after which blood and lungs were collected by respectively cardiac puncture and surgical 

removal. Left lungs were used for histology and processed as described below. The lobes 

of the right lungs were equally divided in 2 parts, one for RNA extraction and one for 

homogenate preparation, and snap-frozen until further analysis. Blood was centrifuged 

(10’, 1200 g, 4°C) after which plasma aliquots were also snap-frozen until further analysis.  
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A schematic overview of the experimental setup, including the number of animals per 

group, is provided in Figure 4.1. For all groups, littermates were used to ensure optimal 

comparison of the influence of both factors on the primary and secondary endpoints of 

this study. 

 
Figure 4.1: Schematic overview of the study design (Q= quercetin; BLM= bleomycin).  

2.4 Histopathological evaluation of lung tissues 

Lungs were fixed in 4 % paraformaldehyde /PBS, pH 7.4, dehydrated in a series of ethanol 

and subsequently xylol and embedded in paraffin. Sections of the left lungs were cut at a 

thickness of 4 μm, rehydrated and stained with H&E (hematoxylin and eosin) and 

Masson’s Trichrome. Subsequently, slides were evaluated histopathologically applying a 

semiquantitative grading: 1=minimal, 2=slight, 3=marked, 4=severe, 5=massive. 

2.5 RNA isolation 

To isolate RNA from mouse lungs, the tissue was first homogenized using a tissue 

homogenizer in 700 µL Qiazol (Invitrogen, Carlsbad, CA). Afterwards, the samples were 

incubated for 5 min at room temperature, 150 µL chloroform were added and the 

solutions were mixed. The samples were centrifuged for 15 min at 12.000 rpm and the 

upper aqueous layer was used for RNA isolation.  

RNA was isolated and purified using the RNeasy mini kit (Qiagen, Venlo, the Netherlands) 

according to the manufacturer’s instructions. The RNA concentration was determined 

using a Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA). 

2.6 Real-time PCR 

cDNA was synthesized from 300 ng isolated RNA using IScript (Biorad, Hercules, CA) 

according to the manufacturer’s instructions. RT-PCR was performed using SYBR Green 

PCR Supermix (BioRad) with 2.5 μL of 10 times diluted cDNA and 0.4 μmol/L predesigned 

primers and PCR amplifications were carried at 95°C for 10 sec for denaturation and 40 

cycles of annealing/elongation (60°C, 30 sec) for selected genes (Table 1). The gene 

expression was normalized to the house keeping gene β-actin and quantified according to 

the 2−∆∆Ct method to relatively quantify the expression of the genes of our interest. The 

influence of quercetin on the redox-effects of bleomycin was analyzed by measuring the 
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expression of Nrf2 and the Nrf2-responsive genes HO-1, ƴ-GCS, SOD2, and CAT. The 

alleged anti-inflammatory effects of the dietary intervention were investigated by 

including CXCL-1 (KC) and TNF-α, whereas COL1A2 and FN1, were added as pro-fibrotic 

genes of interest.  

Table 4.1: Mouse RT-PCR forward and reverse primer sequences 

Gene of interest Forward primer sequence Reverse primer sequence 

β-actin CTGAATGGCCCAGGTCTGA CCCTCCCAGGGAGACCAA 

NRF2 GCAGGCTATCTCCTAGTTCTCC GCTACTTGCAGCAGAGGTGA 

HO-1 GAGCCTGAATCGAGCAGAAC CCTTCAAGGCCTCAGACAAA 

y-GCS TGCAGGAGCAGATTGACAGG TAGAGAAAGCAAGCGGGTGG 

SOD2 GGCCAAGGGAGATGTTACAA ACCCTTAGGGCTCAGGTTTG 

CAT AGCGACCAGATGAAGCAGTG TCCGCTCTCTGTCAAAGTGTG 

CXCL1 (KC) GGTGAGGACATGTGTGGGAG CGAGACCAGGAGAAACAGGG 

TNF-α CAGCGCTGAGGTCAATCTGCC TGCCCGGACTCCGCAA 

COL1A2 GCAGGTTCACCTACTCTGTCCT CTTGCCCCATTCATTTGTCT 

FN1 CCCTGTTCTGCTTCAGGGTT AAAGCAGAGGTGTCTGGGTG 

2.7 Homogenate preparation 

From the collected right lung tissue, homogenates were made by crushing with liquid 

nitrogen. Before crushing, the weight of the tissue was determined. Afterwards, 3 parts of 

sodium phosphate buffer (145mM, pH=7.4) was added to the crushed tissue and protein 

content was measured using Pierce BCA protein assay kit according to manufacturer 

instructions.  

2.8 Determination of total plasma quercetin concentration 

Total plasma quercetin concentration was measured as previously described (33) after 

enzymatic hydrolysis using high performance liquid chromatography (HPLC) with 

colorimetric array-detection.  

2.9 Luminex (Bio-Plex cytokine assay) 

Plasma cytokine profiles were determined with Bio-Plex assays (Bio-Rad) using Luminex 

xMAP-technology. To quantify the concentrations of 6 different cytokines, we used a Bio-

Plex murine cytokine 11-plex panel including IL-4, TNFα, KC, MIP2, MCP-1, IL-13, IL-1β, IL-

17a, IL-10, MIP1-α and MIP-1β. All assays were performed as described by the 

manufacturer’s instructions. Briefly, 50 µL of the antibody magnetic beads were added to 

each well and unbound antibody was removed. Next, 25 µL plasma were added to 25 µL 

universal assay buffer and incubated for 2 h. The plate was washed and 25 µL detection 

antibody, which binds to its corresponding analyte present in the sample, were added for 

30 min. 50 µL Streptavidin-PE were added after washing and incubated for 30 min. After 
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washing, the beads were resuspended in 120 µL reading buffer. Next, the bead and 

reporter quantity of the antibody sandwich formed around the analyte was determined by 

a laser detector. Finally, the beads and reporter quantities measured were compared to 

those of an internal standard corresponding to each specific cytokine. Data analysis was 

done with a Luminex 100 IS 2.3 system using the Bio-Plex Manager 4.1.1 software. 

2.10 Trolox antioxidant capacity 

The trolox equivalent antioxidant capacity (TEAC value) is a measurement for the total 

antioxidant status, assessing the capacity of a compound to scavenge ABTS radicals. This 

assay has been performed as described earlier (34) with some minor modifications. In 

short, blood was centrifuged (3000 rpm, 5’ at 4ºC) and plasma was afterwards 

deproteinized, using 10% TCA (1:1) followed by centrifugation (13.000 rpm, 5’ at 4ºC). A 

solution of 0.23 mM ABTS (2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)) and 

2.3 mM ABAP (2,2′-Azobis-(2-amidinopropane)HCl) was incubated at 70°C to generate 

ABTS radicals (ABTS•) until the absorbance at 734 nm reached 0.70 ± 0.02. To measure the 

antioxidant capacity of the samples, 50 l of the plasma sample was mixed with 950 l 

ABTS• solution and incubated for 5 min at 37°C. The decrease in absorbance was 

measured at 734 nm and related to the absorbance of trolox standards to calculate the 

trolox equivalent of the samples.  

2.11 Malondialdehyde-dG DNA adducts (M1-dG) 

The presence of M1-dG as was evaluated using 32P-postlabeling as previously described 

(Peluso et al, 2013). To this end, DNA was first hydrolysed by incubating in 2.5 mM calcium 

chloride for 4.5 hours at 37°C (pH 6.0) in the presence of 21.45 mU/µl micrococcal 

nuclease and 6.0 mU/µl spleen phosphodiesterase in 5.0 mM sodium succinate. Upon 

hydrolysis, samples were incubated with 0.1 U/µl NP1 in 46.6 mM sodium acetate (pH 5.0) 

and 0.24 mM ZnCl2 for 30 minutes at 37°C. Next step after this NP1 treatment was the 

generation of 32 P-labelled DNA adducts in bicine buffer (20 mM bicine, 10 mM MgCl2, 10 

mM dithiotreithol, 0.5 mM spermidine, pH 9.0) by adding 1.8 µl of 0.16 mM Tris base and 

incubating at 37°C for 30 minutes with 7–25 µCi of carrier-free [ƴ-32 P]ATP (3000 Ci/mM) 

and polynucleotide kinase T4 (0.75 U/µl). These generated 32 P-labeled samples were then 

applied to polyethyleneimine cellulose thin layer chromatography plates (Macherey-

Nagel, Germany) and resolved in a low-urea solvent system as previously described (35). 

Storage phosphor imaging techniques employing intensifying screens from Molecular 

Dynamics (Sunnyvale, California) were used to detect and quantify M1–dG adducts as well 

as normal nucleotides, i.e. diluted untreated samples. Levels of M1-dG adducts were 

expressed as relative adduct labelling, i.e. as pixels in adducted nucleotides/pixels in 

normal nucleotides, and corrected across experiments based on the recovery of an MDA-

treated DNA adduct standard.  
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2.12 Statistics 

All quantitative data are represented as means ± SEM. Statistical differences between 

groups were evaluated by the nonparametric Mann–Whitney U-test using GraphPad Prism 

software (version 7.3; GraphPad Software, La Jolla, CA), and considered significant at 

a P value of less than 0.05. 
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3 Results 
3.1 Effectiveness of quercetin supplementation 

Prior to applying the bleomycin challenge, the safety and effectiveness of the quercetin 

supplementation were assessed by analysing food intake as well as the body weight and 

overall survival of C57Bl/6J mice from our in house breeding colony fed either the control 

or quercetin-enriched diet. As can be deducted from Figure 4.2A, quercetin 

concentrations in the diet were stable throughout the study in both the frozen and room 

temperature pellets. Average body weight gain (Figure 4.2B) was not affected by diet nor 

were food intake and survival (data not shown). This 1-week supplementation resulted in 

significantly higher plasma quercetin levels compared to those levels in animals fed the 

control diet (11.08 ± 0.73 µM versus 7.05 ± 0.2 µM; Figure 4.2C, p<0.01). However, 

quercetin supplementation did not significantly increase quercetin concentrations in the 

lungs (2.97 ± 0.21 nmol/g versus 1.95 ± 1.06 nmol/g) and GI tract (5.05 ± 1.9 nmol/g 

versus 2.89 ± 0.35 nmol/g). Additionally, dietary supplementation of quercetin for 1 week 

increased the pulmonary expression levels of Nrf2 and the Nrf2-responsive genes ƴ-GCS, 

HO-1 and CAT of which the latter was significantly enhanced by the quercetin diet (figure 

4.2D, p<0.05).  

Figure 4.2: One-week dietary quercetin supplementation safely enhances plasma and pulmonary quercetin levels 

as well as pulmonary expression of Nrf2 and Nrf2-responsive genes. (A) quercetin concentration in differently 

stored diet aliquots, (B) weight gain in animals fed either the control (n=3) or quercetin-enriched (n=3) diet for 1 

week, (C) quercetin concentrations in different organs after 1 week, (D) expression of Nrf2 and Nrf2-responsive 
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genes after 1-week dietary intervention. Data are expressed as mean ± SEM; *= P<0.05; ** = P<0.01 (n=3 per 

treatment) 

3.2 Quercetin reduces BLM-induced pulmonary fibrogenesis 

Upon verifying the pulmonary and systemic uptake of quercetin when supplemented via 

the diet over a period of 1 week in an independent pilot study, Nrf2+/+ mice received a 

single bleomycin challenge via pharyngeal aspiration to induce pulmonary fibrosis. In this 

model, fibrosis has been found to develop from 7–10 days and peaks at 14–21 days after 

bleomycin injury (36). Two weeks after the bleomycin challenge, histological examination 

of H&E as well as Masson’s Trichrome-stained sections of the lungs revealed a thickening 

of the airway epithelium in several bleomycin-treated Nrf2+/+ mice. Additionally, all lungs 

of bleomycin-treated Nrf2+/+ mice revealed multi-focal inflammatory lesions, 

predominantly in the more central region around the main airways. These inflammatory 

lesions mainly consisted of mononuclear cells, fibroblasts and alveolar macrophages that 

partly appeared as foam cells. Individual grading of these inflammatory lesions resulted in 

a significantly higher score in the bleomycin-treated Nrf2+/+ mice compared to their 

control littermates (Figure 4.3E). In some areas of inflammation, a minimal increase of 

collagenous fibers was detected. However, a final assessment of these findings was not 

possible due to some variation during the pharyngeal bleomycin instillation. Interestingly, 

there was a tendency of less inflammatory lesions in the Nrf2+/+ animals treated with 

quercetin compared to the control group (2.8 ± 0.7 versus 1.9 ± 0.8) although due to the 

high variation in individual scoring this difference did not reach statistical significance 

(p=0.08).  
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Figure 4.3: Single pharyngeal bleomycin instillation induces inflammatory lesions with some focal increase of 

collagenous fibers in Nrf2+/+ mice. Masson’s trichrome stained representative lung sections of control fed (A) 

NaCl (Ctrl) and (B) bleomycin (BLM)-instilled Nrf2+/+ mice and quercetin-fed (C) Ctrl and (D) BLM-instilled Nrf2+/+ 

mice. (E) Histopathological score of the lung tissue (n = 5-6 mice/group). Data are expressed as typical example 

(panel A-D) or mean ± SEM (panel E); ** P<0.01 

 

In the Nrf2+/+ mice, the extracellular matrix (ECM)-related markers collagen (COL1A2) and 

FN1 supported the histopathology as their gene expression revealed a respectively 3-fold 

(figure 4.4A, P<0.05) and 10-fold increase (Figure 4.4B, P<0.01) in bleomycin-treated 

animals compared to the control group. Interestingly, the expression levels of both 
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COL1A2 and FN1 were lower in the bleomycin-treated Nrf2+/+ animals fed the quercetin 

diet compared to those fed the control diet (Figures 4.4A, P=0.06 and Figure 4.4B, P<0.05).  

Once the protective effects of quercetin against bleomcyin-induced inflammatory lesions 

and fibrogenic hallmarks were established, their link with the anti-inflammatory and 

antioxidative capacities of this dietary antioxidant were evaluated.  

 
Figure 4.4: Quercetin-enriched diet reduces fibrogenic markers in Nrf2+/+ mice instilled with bleomycin. Effects 

of bleomycin treatment in the absence or presence of dietary quercetin supplementation are shown for 

pulmonary expression of (A) COL1A2 and (B) FN1. Data are expressed as mean ± SEM; P<0.05; ** P<0.01 

3.3 Quercetin reduces pulmonary yet not systemic BLM-induced 

inflammation 

As depicted in Figure 4.5, the pulmonary expression of the inflammatory genes KC (panel 

A) and TNFα (panel C) was two times higher upon bleomycin treatment (P<0.05 for KC; 

n.s. for TNFα) and restored to baseline levels in the quercetin-fed group (P<0.05 for KC; 

n.s. for TNF-α). Systemic plasma levels of these cytokines revealed that KC levels 

significantly increased from 10.81 ± 3.58 pg/ml to 22.88 ± 4.50 pg/ml upon bleomycin 

treatment (Figure 4.5B) whereas TNFα levels remained unaffected by this pro-fibrotic drug 

(Figure 4.5D). Surprisingly, quercetin supplementation did not exert any systemic anti-

inflammatory effects as both the plasma KC (Figure 4.4B) and TNFα (Figure 4.5D) levels 

were unaltered by the antioxidant without and with bleomycin challenge. The other 

cytokines that were measured in the plasma, were under the detection limit.  
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Figure 4.5: Anti-inflammatory effects of quercetin are associated with pulmonary but not systemic anti-

inflammatory capacities. Pulmonary gene expression and systemic plasma levels of KC (A and C) and TNF-α (B 

and D) upon bleomycin challenge in the absence or presence of dietary quercetin supplementation. Data are 

expressed as mean ± SEM, * = P<0.05 

3.4 Quercetin decreases levels of BLM-induced oxidative parameters 

Since quercetin is a pronounced dietary antioxidant, its influence on both the enzymatic 

and non-enzymatic antioxidants was evaluated as well as the possible protection it could 

offer against oxidative DNA damage. Pulmonary expression of the Nrf2-responsive gene ƴ-

GCS was not affected by either the pro-fibrotic drug or the dietary antioxidant whereas 

quercetin supplementation did significantly increase the pulmonary expression of Nrf2 

(1.80 ± 0.43) as well as the Nrf2-responsive genes HO-1 (3.82 ± 1.46), catalase (5.73 ± 

2.60) and SOD2 (4.52 ± 1.35) (Figure 4.6A-E; P<0.05). Interestingly, bleomycin did not 

affect the pulmonary expression levels of Nrf2, ƴ-GCS, catalase or SOD2 as reflected in 

baseline levels in the lungs of animals fed the control diet and enhanced levels again in 

the animals receiving the quercetin-supplemented diet (Figure 4.6A-D, P<0.05 for all 

genes except SOD2).  

The systemic plasma antioxidant defences were evaluated by means of the TEAC assay 

that analyses the total antioxidant status. Neither quercetin alone nor bleomycin had an 

effect on the systemic antioxidant status, but once combined they tended to enhance the 

total plasma antioxidant capacity (28.07 ± 5.84 vs 69.78 ± 33.66 µM) but this effect was 

very variable between individual mice (Figure 4.6F). To assess whether quercetin cannot 

only boost the antioxidant defences but also offer protection against oxidative damage, 

DNA-MDA adduct levels were analysed. As anticipated, the pro-fibrotic trigger bleomcyin 
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significantly increased DNA-MDA adduct levels (83.8 ± 18.26 versus 190.2 ± 20.65 RAL per 

108) (Figure 4.6G). Dietary supplementation of the antioxidant quercetin restored these 

elevated DNA-MDA levels back to baseline levels (89.34 ± 30.78 RAL per 108) although this 

effect did not reach statistical significance (Figure 4.6G, P = 0.09).  

 
Figure 4.6: Anti-fibrotic effects of quercetin are associated with its anti-oxidative capacities. Pulmonary gene 

expression levels of (A) Nrf2, (B) γGCS, (C) HO-1, (D) CAT, (E) SOD2, (F) plasma total antioxidant status and (G) 

DNA-MDA adducts upon bleomycin challenge in the absence or presence of dietary quercetin supplementation. 

Data are expresses as mean ± SEM; *= P<0.05  
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To investigate, whether the effects of quercetin are dependent on Nrf2, Nrf2 knockout 

mice (Nrf-/-) were challenged with bleomycin. Histological examination of H&E as well as 

Masson’s Trichrome-stained sections of the lungs revealed a thickening of the airway 

epithelium in bleomycin-treated Nrf2-/- mice (Figure 4.7B) compared to their control 

littermates (Figure 4.7A). However, no effect of quercetin on either histology or 

inflammatory lesions (Figure 4.7E) was observed suggesting that quercetin protects 

against bleomycin-induced pulmonary damage via the induction of Nrf2.  

  
Figure 4.7: Bleomycin-induced inflammatory lesions with some focal increase of collagenous fibers in Nrf2-/- 

mice. Masson’s trichrome stained representative lung sections of control-fed (A) NaCl (Ctrl) and (B) bleomycin 

(BLM)-instilled Nrf2-/- mice and quercetin-fed (C) Ctrl and (D) BLM-instilled Nrf2-/- mice. (E) Histopathological 

score of the lung tissue (n = 5-6 mice/group). Data are expressed as typical example (panel A-D) or mean ± SEM 

(panel E); ** P<0.01 
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4 Discussion 

IPF is associated with the presence of oxidative stress in the lungs and IPF patients display 

various markers of oxidative damage (37, 38) and a downregulation of several 

antioxidants (39-41). Restoration of this imbalance between oxidants and antioxidants has 

been suggested as potential treatment strategy for IPF (42).  

In the present study, we provide evidence that dietary quercetin supplementation 

protects against bleomycin-induced fibrogenesis in mice. Dietary supplementation of 

quercetin significantly increased the plasma quercetin concentration and enhanced 

pulmonary antioxidant gene expression without affecting the weight and survival of the 

mice. Bleomycin instillation induced changes in the lung structure, associated with multi-

focal inflammatory lesions as well as profibrotic gene expression. This bleomycin-induced 

pulmonary damage could partly be rescued by dietary quercetin supplementation. 

Furthermore, quercetin supplementation induced upregulation of Nrf2 and Nrf2-regulated 

genes and slightly reduced oxidative DNA damage in the bleomycin-challenged lungs. 

However, histopathologically no clear treatment associated differences could be detected. 

Antioxidant food supplements such as quercetin have been shown to reduce markers of 

oxidative stress and fibrotic gene expression in vitro (28, 43). At present, this is the first 

study that showed reduction of bleomycin-induced fibrotic outcomes after ad libitum 

dietary supplementation of quercetin. Until now, there have only been two studies 

investigating the effects of solely quercetin supplementation in the absence of any regular 

drugs or other supplements. However, these studies differed from our study with respect 

to the animal model applied and the administration mode of quercetin. In agreement with 

our results, quercetin demonstrated positive effects in two other animal models of 

pulmonary fibrosis (44, 45). Oral quercetin supplementation (100 mg/kg bodyweight per 

day) significantly reduced the hydroxyproline content in the lungs of young rats (10-12 

weeks) instilled with bleomycin. This antifibrotic effect was accompanied by decreased 

levels of MDA, a marker for lipid peroxidation, and enhanced catalase and superoxide 

dismutase activity (44). In aged mice (>12 months), intraperitoneally quercetin treatment 

(30 mg/kg every other day) seven days after bleomycin instillation reduced hydroxyproline 

content in the lungs as well. In this model, the antifibrotic effect of quercetin was 

combined with decreased pulmonary markers of senescence which in turn reduced the 

apoptosis resistance of pulmonary fibroblasts (45), indicating that quercetin can also 

reverse the apoptosis-resistant phenotype of fibroblasts in IPF.  

An important hallmark of fibrosis is inflammation and it has been shown before that 

quercetin has anti-inflammatory capacities and for instance is able to decrease 

inflammatory cell infiltration such as macrophages, neutrophils and eosinophils (44). Our 

findings suggest that quercetin exerts an anti-inflammatory effect partly via reducing the 

pulmonary expression of the inflammatory cytokine KC of which the human functional 
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homologue CXCL1 is known to be upregulated in BALF from IPF patients during acute 

exacerbations (46). Other studies have suggested that bleomycin also increases TNFα (44, 

47), which was not observed in our study.  

Alleged mode of action underlying this observed defence against bleomcyin-induced 

pulmonary damage is the antioxidative capacity of quercetin as it is known that bleomycin 

evokes excessive ROS formation (36, 48) and that the lungs are especially vulnerable for 

alterations in the redox balance (13, 36). Indeed, already in the absence of bleomycin, 

dietary quercetin supplementation led to enhanced pulmonary expression of the redox-

sensitive transcription factor Nrf2, as well as Nrf2-responsive antioxidant genes including 

catalase, HO-1 and ƴ-GCS, previously shown to protect against bleomycin-induced 

pulmonary fibrosis (18, 22, 49). In the presence of bleomycin, quercetin supplementation 

increased the gene expression of most Nrf2-responsive endogenous antioxidants but due 

to high variation this effect was only statistically significant for catalase and HO-1. This 

increased antioxidant gene expression was associated with a slightly enhanced total 

plasma antioxidant capacity in bleomycin-exposed animals fed the quercetin diet 

compared to animals triggered with only bleomycin, although statistical significance was 

again not reached due to rather high variation. In line with these increased antioxidative 

defences due to dietary quercetin supplementation, the DNA-MDA adduct levels were 

restored to baseline levels in the bleomycin-treated animals fed the quercetin diet 

compared to their exposed littermates receiving the control diet. Previous studies have 

revealed that these adduct levels are an important biomarker of oxidative damage with 

premutagenic activity (50, 51), suggesting that lowering these levels might be associated 

with beneficial health effects. 

Our findings indicate that quercetin is well tolerated and taken up but only minimally 

reduced fibrotic outcomes. Possible explanations for the observed effects of the dietary 

supplementation being less pronounced than anticipated include i) the dose and mode of 

quercetin administration, or ii) the way of modulating the redox balance.  

It could be possible that the concentration in the lungs was not high enough due to the 

fact that quercetin is metabolized in the liver upon absorption by the small intestine. The 

average intake of quercetin in our study was approximately 200 mg quercetin/kilogram 

BW and resulted in a quercetin concentration of 11.08 ± 0.73 µM in the plasma, 2.97 ± 

0.21 nmol/g in the lungs and 5.05 ± 1.9 nmol/g in the GI tract which was comparable to a 

different study performed in rats (33). In this study, the diet was supplemented with 1% 

quercetin for 11 weeks, which equals an approximate intake of 500-800 mg/kg 

bodyweight (33). The highest concentration of quercetin was found in the plasma and 

lungs in (40.5 µmol/L and 5.02 nmol/g tissue respectively) which is comparable to the 

findings in our study taking the differences in administered quercetin concentrations into 

account. However, it is important to note that in both studies the quercetin levels were 

measured after ex vivo enzymatic hydrolysis whereas the antioxidant is primarily present 
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conjugated to methoxy, sulfate and glucoronic acid in tissues. It can yet not be excluded 

that quercetin is also present in its unconjugated form as especially in the lung relatively 

high levels of the aglycone were measured, presumably due to high pulmonary 

deconjugation activity (33). Although most quercetin metabolites possess some 

antioxidative capacities themselves (17, 52), the aglycone is the strongest antioxidative 

and thus most desirable form of quercetin to expect health beneficial effects from. 

Consequently, it would be of interest to investigate alternative ways of quercetin 

administration to prevent the uptake in the GI tract and improve efficiency. Therefore, 

direct pulmonary administration of quercetin to increase its uptake in the target organ 

without being metabolized may be more beneficial compared to orally delivered quercetin 

to exert stronger beneficial effects than currently observed. Another explanation why the 

beneficial effects of quercetin were only moderate is that the quercetin intake could have 

varied per individual mouse and per day which could explain the variances within the 

quercetin group.  

Second possible explanation for the moderate effects of the dietary modulation observed 

in the present study is that the quercetin intervention was too subtle and specific to exert 

pronounced effects on the pro-fibrotic and especially pro-inflammatory outcomes of the 

bleomycin challenge. Quercetin is a potent scavenger of hydroxyl radicals and superoxide 

(53, 54) and to a lesser extent of H2O2 (17). Since NADPH oxidase (NOX) 4, one of the 

important pulmonary ROS sources that is upregulated in IPF and promotes alveolar 

epithelial cell death (55) and fibroblast activation (56, 57), mainly produces H2O2 it can be 

suggested that quercetin cannot counteract NOX4-induced fibrotic outcomes.  

Instead of scavenging excessive production of specific ROS by adding one particular 

antioxidant to the diet, modulating the redox balance in a more delicate way including a 

combination of components or a variety of redox-sensitive targets might be more 

effective to exert beneficial effects in a disease associated with oxidative stress. Such a 

possible redox-sensitive target is Nrf2, already proven to protect against bleomycin-

induced pulmonary fibrosis (58) and it has recently been shown that this transcription 

factor reduces epithelial mesenchymal transition which is a key progression that promotes 

pulmonary fibrosis (49). The current observation that the histopathology of bleomycin-

challenged lungs of Nrf2-/- mice with and without quercetin diet did not differ, supports 

the concept that quercetin inhibits fibrogenesis at least partly by boosting the Nrf2 

antioxidant pathway (28). In contrast to our findings, a recent study demonstrated no 

upregulation of Nrf2 genes after quercetin supplementation (45). However, this study has 

been performed in aged mice indicating that quercetin alone cannot upregulate Nrf2 in 

this model. It has been indicated before that bronchial epithelial cells from elderly 

individuals express increased levels of negative Nrf2 regulators (59) suggesting that only 

inducing Nrf2 is not enough to counteract the development of fibrosis in IPF patients. 
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Therefore, the possible protection offered by quercetin has to be elucidated in a different 

animal model of pulmonary fibrosis.  

Interestingly, the currently for IPF therapy approved drug pirfenidone that affects 

intracellular antioxidants, inflammatory cytokines secretion and collagen synthesis exerts 

its antioxidative capacities via Nrf2 activation (48). As quercetin is both a ROS scavenger 

and a potential activator of (60, 61), combining regular pirfenidone or nintendanib 

treatment with this dietary compound may effectively modulate redox balance in IPF and 

optimize treatment outcome in these patients. Of additional interest to the effectiveness 

of this combination would be the fact that quercetin and its metabolites exert their effects 

also via modulating the activity of protein kinases including phosphoinositide 3-kinase 

(PI3-kinase) (62), Akt/protein kinase B (Akt/PKB) (63) as well as SRC family kinase 

members SRC, LYN and FYN (64). Intriguingly, a recent study described that quercetin in 

combination with the SRC/ABL protein kinase inhibitor dasatinib reverses bleomycin-

induced pulmonary fibrosis in aged mice through the reduction of various senescence 

markers, thereby improving lung function (65). These results further underline that 

quercetin might exert its maximal health beneficial effects in combination with other anti-

fibrotic drugs, indicating that combination therapy might be more beneficial to counteract 

ROS-induced damage and the underlying inflammation.  

Among the limitations of the present study are the relatively low number of animals per 

group, the variable pharyngeal bleomycin instillation leading to a rather large spread in 

the data and the animal model applied. Indeed, the possible protection offered by 

quercetin has to be elucidated in a different animal model of pulmonary fibrosis applying 

larger groups as well as a different trigger. Although none of the existing murine models of 

pulmonary fibrosis really reflects the complex pathogenicity of this disease, specific 

criticism on the bleomycin model includes the pronounced and rather prolonged 

inflammatory response whereas this process is thought to only play a minor role in IPF 

development (36, 66). However, it is thought that inflammation may play a role, though 

potentially to a different extent, in both murine and human pulmonary fibrosis, indicating 

that more research is needed to improve understanding the involvement of inflammation 

in IPF (66). Additionally, different time points and doses for bleomycin administration have 

been reported in literature, resulting in different degrees of fibrotic damage and 

inflammation and hampering the straight-forward comparison between various studies 

(36). 

In conclusion, we demonstrated that dietary quercetin supplementation reduces pro-

fibrotic gene expression after bleomycin instillation in lungs of mice. Additionally, a 

tendency of decreased inflammatory lesions was seen. However, the observed protective 

effects were only moderate indicating that scavenging ROS is not enough to counteract 

the development of pulmonary fibrosis.  
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Abstract 

Idiopathic pulmonary fibrosis (IPF) is characterized by a disturbed redox balance and 

increased production of reactive oxygen species (ROS), which is believed to contribute to 

epithelial injury and fibrotic lung scarring. The main pulmonary sources of ROS include 

mitochondria and NADPH oxidases (NOXs), of which the NOX4 isoform has been 

implicated in IPF. Non-receptor SRC tyrosine kinases are involved in various signaling 

pathways important for cellular homeostasis and are often dysregulated in lung diseases. 

Indeed, SRC family kinases (SFK) are activated by the profibrotic transforming growth 

factor-β (TGF-β) and are thought to contribute to pulmonary fibrosis. However, it is 

unclear which SFK member mediates epithelial injury and profibrotic responses and how 

TGF-β leads to SFK activation. Here, we demonstrate that TGF-β1 induces rapid activation 

of the SRC kinase FYN in human bronchial epithelial cells, which subsequently induces 

mitochondrial ROS (mtROS) production, genetic damage shown by the DNA damage 

marker γH2AX, and increased expression of profibrotic genes. Moreover, TGF-β1-induced 

activation of FYN and mtROS production involve initial activation of NOX4 and direct 

cysteine oxidation of FYN. NOX4 expression in lung tissues of IPF patients is positively 

correlated with disease severity, although FYN expression is significantly downregulated in 

IPF and does not correlate with disease severity. Collectively, our findings highlight a 

critical role for NOX4 and FYN in TGF-β1-induced mtROS production, DNA damage 

response, and induction of profibrotic genes in bronchial epithelial cells, and suggest that 

dysregulated expression and activation of NOX4 and FYN may contribute to the 

pathogenesis of pulmonary fibrosis.  

 

Keywords: Idiopathic pulmonary fibrosis; NOX4; SRC kinases; FYN; redox signaling; 

mitochondria  
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1 Introduction 

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive interstitial lung disease with a 

median survival of 3-5 years (1). Although its exact cause is still unknown, its pathology is 

believed to be driven by continuous epithelial injury and altered fibroblast biology causing 

aberrant wound healing and scarring of the lung tissue, eventually leading to death from 

respiratory failure (2). With the exception of two drug therapies approved by the Food 

and Drug Administration (FDA), i.e. pirfenidone and nintedanib, there are no effective 

treatment options for IPF (3). Importantly, these approved drugs primarily slow down the 

progression of the disease but do not reverse fibrosis nor improve lung function (3). 

Therefore, there is an urgent need to develop new therapeutic strategies that are more 

effective in combatting the dreadful consequences of this disease.  

A key process in the pathology of IPF is augmented or dysregulated production of reactive 

oxygen species (ROS) leading to oxidative stress (4, 5). Oxidative stress causes lung 

epithelial cell death and lung fibroblast differentiation, two key processes in the 

development of IPF (6). Although ROS can serve as signaling molecules that regulate 

important cell functions, high levels of ROS can also be harmful. Indeed, a chronic 

overload of ROS, as occurs in the setting of chronic age-related lung diseases such as 

IPF, causes progressive oxidative damage to DNA, proteins and lipids, and the 

progression of these chronic lung diseases has been linked to increased markers of 

DNA damage which may underlay genetic instability (7, 8). Although oxidative stress is 

widely believed to contribute to the development of IPF, therapeutic approaches to 

mitigate the effects of ROS with antioxidant strategies, such as N-acetylcysteine, have not 

been successful (9), although alternative redox-based approaches have shown promise 

(10). Cellular sources of ROS include the mitochondrial electron transport chain (ETC), as 

well as specific intracellular enzymes including NADPH oxidases (NOXs). With respect 

to the latter, the isoform NOX4, which generates H2O2 and is primarily localized in 

intracellular membranes of mitochondria, endoplasmic reticulum and the nucleus (11), is 

highly upregulated in the lungs of IPF patients (12-14). Moreover, it has been shown that 

epithelial injury induces gene expression of NOX4, resulting in the release of profibrotic 

cytokines including transforming growth factor (TGF)-β, thereby further promoting fibrosis 

(12, 15). As a result, selective inhibitors of NOX4 are being evaluated as potential 

therapeutic strategies for IPF (16).  

The growth factor TGF-β1 is widely recognized as a main driver in the development of IPF 

(17). Although TGF-β is important in wound healing responses, chronic TGF-β production 

due to repetitive injury of the alveolar epithelium contributes to epithelial injury as well as 

features of epithelial-to-mesenchymal transition (EMT), thereby leading to aberrant 

wound healing responses. Additionally, TGF-β induces proliferation and differentiation of 

(myo)fibroblasts, eventually leading to excessive collagen deposition and remodeling of 
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the lung tissue (17, 18). TGF-β is capable of inducing NOX4 expression (19) as well as 

mitochondrial ROS production (20), thereby promoting redox imbalance and profibrotic 

responses, although questions remain regarding the precise molecular mechanisms 

involved. 

Recent studies have implicated non-receptor SRC family kinases (SFK) in TGF-β-mediated 

cell responses, and in the development of lung fibrosis (21, 22). SFK’s such as SRC, FYN and 

YES are involved in various signaling pathways important for cellular homeostasis, 

including cell differentiation and proliferation (23, 24) and are often dysregulated in the 

pathogenesis of IPF (25). SFKs have also been implicated in EMT (26, 27), an important 

feature of aberrant wound healing. Moreover, general pharmacological inhibition of SFKs 

can inhibit collagen deposition and fibrotic lesions in experimental models of IPF (21, 28). 

However, the importance of specific SRC kinase isoforms in the epithelial injury and 

profibrotic responses are largely unknown. In addition, while SFKs are primarily regulated 

by (de)phosphorylation events (29, 30), their activation is also subject to redox-dependent 

mechanisms, independent of the dephosphorylation of Tyr527 (21, 29, 31, 32). However, 

the specific oxidative mechanisms and ROS source(s) involved in SFK activation in the 

context of TGF-β signaling are not clear. The present study was conducted to explore the 

importance of SFKs and redox-dependent mechanisms in the profibrotic actions of TGF-β 

in lung epithelial cells. Our results indicate the importance of NOX4 in TGF-β-mediated 

activation of the SFK FYN, which subsequently mediates mitochondrial ROS production, 

DNA damage responses, and profibrotic gene expression, as critical events in IPF 

pathology. 
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2 Materials and Methods 

2.1 Cell culture and treatment 

Immortalized human bronchial epithelial (HBE1) cells were maintained in DMEM/F12 

media (Invitrogen, Carlsbad, CA) supplemented with 1 ng/ml cholera toxin (List Biological 

Laboratories, Campbell, CA), 10 ng/mL epidermal growth factor (Calbiochem, San Diego, 

CA), 5 µg/mL insulin (Sigma, St. Louis, MO), 5 µg/mL transferrin (Sigma), 0.1 µM 

dexamethasone (Sigma), 15 µg/mL bovine pituitary extract (Invitrogen), 0.5 mg/mL bovine 

serum albumin (Invitrogen) and 50 U / 50 μg/mL penicillin/streptomycin (Invitrogen), as 

described previously (33). Cells were seeded in 24-well plates or chamber slides unless 

otherwise indicated and grown to confluence, and were starved in EGF-free media for 24 

hrs prior to experiments. Cells were stimulated with 10 ng/mL TGF-β1 (R&D Systems, 

Minneapolis, MN) and harvested at appropriate time points for analysis of SRC activation, 

ROS production, NADPH oxidase expression, DNA damage response, and pro-fibrotic gene 

expression. Where indicated, the pharmacological inhibitor PP2 (1 µM, Sigma) and the 

mitochondria-targeted antioxidant MitoQ (1 µM, Sigma) were administered 20 min before 

cell stimulation. At appropriate times, cells were harvested for RNA extraction for RT-PCR 

analyses or preparation of cell lysates for Western blot analyses, or for other assays 

described below. 

2.2 Small interfering RNA silencing 

At 60% to 70% confluency, HBE1 cells were transfected with ON-TARGETplus SMARTpool 

small interfering RNAs (siRNAs) targeted against SRC, FYN, NOX4 or non-targeting siRNA 

Pool#1 as a control, using DharmaFECT transfection reagent (Dharmacon, Lafayette, CO) 

according to the manufacturer's instructions, 72 hrs before experimentation.  

2.3 RNA isolation and semi quantitative reverse transcription (RT)-PCR 

RNA was isolated and purified using the RNeasy mini kit (Qiagen, Valencia, CA) according 

to the manufacturer’s instructions. The RNA concentration was determined using a 

Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA). cDNA was synthesized 

from 500 ng isolated RNA using IScript (Biorad, Hercules, CA) according to the 

manufacturer’s instructions. RT-PCR was performed using SYBR Green PCR Supermix 

(BioRad) with 1 μL of cDNA and 0.5 μmol/L predesigned primers and PCR amplifications 

were carried out for up to 40 cycles of denaturation (95°C, 15 sec), annealing (57°C, 15 

sec) and extension (60°C, 45 sec) for selected genes (Table 1). The gene expression was 

normalized to the house keeping gene glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) and quantified using the ΔΔ cycle threshold (CT) method. 
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Table 5.1: Forward and reverse RT-PCR primer sequences for indicated genes.  

Gene of interest Forward primer sequence Reverse primer sequence 

GAPDH GAAGGCTGGGGCTCATTTG AGGCTGTTGTCATACTTCTCATGG 

COL1A1 GGACACAGAGGTTTCAGTGG CCAGTAGCACCATCATTTCC 

VIM GACAATGCGTCTCTGGCACGTCTT TCCTCCGCCTCCTGCAGGTTCTT 

FN1 AGTGGGAGACCTCGAGAAGA ACTGTGACAGCAGGAGCATC 

FYN AGCAAGCAAATGGCTGATAC TGAGAAAGTTTAGCGGGTTG 

YES AAGGACCCTGATGAAAGACC TCTGGGATTCCAGTTTACCA 

SRC GGG TGA TGTTTGACCTTCAG TAGGCACTCTTTTCCCTCCT 

NOX1 CTTGCCTCCATTCTCTCCAG CACTCCAGTGAGACCAGCAA 

NOX2 AATCATCCATGCCACCAT TT TCGAAATCTGCTGTCTTCC  

NOX4 TGGCAAGAGAACAGACCTGA TGGGTCCACAACAGAAAACA 

DUOX1 TTCACGCAGCTCTGTGTCAA AGGGACAGATCATATCCTGGCT 

DUOX2 ACGCAGCTCTGTGTCAAAGGT TGATGAACGAGACTCGACAGC 

2.4 Analysis of cellular ROS production 

2,7-Dichlorodihydrofluorescein diacetate assay  

For analysis of intracellular ROS production, cells were incubated with 10 µM using 2,7-

dichlorofluorescein diacetate (DCF-DA; Sigma) for 20 min at 37°C and washed with PBS 

and placed in fresh media for stimulation with 10 ng/mL TGF-β1. DCF fluorescence was 

measured with excitation at 485nm and emission at 525nm using a 96-well plate reader.  

Amplex Red assay 

Extracellular H2O2 production was measured in cell culture supernatants using Amplex® 

Red (Invitrogen) according to the manufactures instructions. Briefly, Amplex Red reacts 

with H2O2 in a 1:1 stoichiometry to produce the red-fluorescent oxidation product, 

resorufin, which can be detected fluorometrically (530-560 nm excitation; 590 nm 

emission).  

Mitochondrial ROS production  

To evaluate mitochondrial ROS production, cells were plated on glass bottom dishes 

(MatTek, Ashland, MA) and preloaded for 20 minutes with the fluorescent probe MitoSOX 

(5 µM, Invitrogen) dissolved in HBSS and ROS production was followed for 20 minutes by 

live-cell imaging with a 40X objective using a Zeiss LSM 510 META confocal scanning laser 

microscope (Carl Zeiss Microimaging, Thornwood, NY). The increase in fluorescence was 

analyzed in 10-15 individual cells and expressed as the increase in fluorescence before 

stimulation and after TGF-β1 stimulation (20 min) in percentage using MetaMorph 

(MetaMorph Inc, Nashville, TN). 
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2.5 Western blotting 

Following treatments, cell lysates were prepared on ice by using Western solubilization 

buffer (50 mmol/L HEPES, 250 mmol/L NaCl, 1.5 mmol/L MgCl2, 1% Triton-X100, 10% 

glycerol, 1 mmol/L ethyleneglycol-bis-(β-aminoethylether)-N,N,N′,N′-tetraacetic acid, 

1 mmol/L phenylmethylsulfonyl fluoride, 2 mmol/L Na3VO4, 10 μg/mL aprotinin, and 

10 μg/mL leupeptin; pH 7.4), and cell lysate protein concentration was measured by using 

BCA protein assay kit (Thermo Scientific). Aliquots of cell lysates (containing 20 µg protein) 

were separated on 10% or 12% SDS-PAGE gels (Invitrogen), transferred to nitrocellulose 

membranes, and probed with antibodies against FYN (1:1000), phosho-SRC family Tyr416 

(1:1000), phospho-SRC Tyr527 (1:1000), SRC (L4A1; 1:1000), γH2AX (20E3; 1:1000) and β-

ACTIN (1:5000; all from Cell Signaling, Danvers, MA). Primary antibodies were probed with 

rabbit, mouse (Cell Signaling, Danvers, MA) or goat-specific secondary antibodies 

conjugated with horseradish peroxidase (Thermo Scientific) and detected by means of 

chemiluminescence with SuperSignal West Pico or Femto Chemiluminescent Substrate 

(Thermo Scientific). Integrated density of pixels in each membrane was quantified using 

ImageJ 1.47v (W. Rasband, National Institutes of Health, Bethesda, MD). 

2.6 Analysis of protein cysteine oxidation 

For analysis of protein cysteine oxidation to sulfenic acids (-S-OH), treated cells were lysed 

in Western solubilization buffer containing 1 mmol/L of the sulfenic acid-specific probe 

DCP-Bio1 (Kerafast, Boston, MA), as well as 200 U/mL catalase (Worthington, Lakewood, 

NJ), and 10 mmol/L N-ethylmaleimide (Sigma), and incubated for 1 hr at 4°C with constant 

rotation (33). After derivatization, excess biotinylating reagent was removed by 6 washes 

for 15 min with 20 mmol/L Tris-HCl (pH 7.4) on Amicon Ultra-0.5 Centrifugal Filter Devices 

(Millipore, Temecula, CAb). Subsequently, biotin-tagged proteins were collected with 

NeutrAvidin agarose beads (50 μL of 50/50 solution, Pierce) and washed with 1% SDS, 

4 mol/L urea, 1 mol/L NaCl, and 100 mmol/L ammonium bicarbonate (with and without 

10 mmol/L dithiothreitol) to remove nonspecifically bound proteins (34). To elute 

biotinylated proteins, NeutrAvidin beads were suspended in 6× reducing sample buffer 

containing β-mercaptoethanol and heated for 10 min at 90°C. The eluted proteins were 

analyzed using SDS-PAGE and Western blotting for proteins of interest, and whole cell 

lysates were analyzed similarly as input controls.  

2.7 Analysis of DNA damage by immunofluorescence staining 

Stimulated cells on chamber slides (Merck Millipore, Billerica, MA) were washed with PBS 

and fixed with 4% paraformaldehyde for 30 min, rinsed with PBS and incubated in PBS 

containing 1% BSA and 0.2% Triton X-100 for 15 min. Slides were then blocked with PBS 

containing 10% normal goat serum for 60 minutes and stained with antibodies targeted at 

γH2AX Ser139 (1:400, Cell Signaling) overnight. The next day, Alexa Fluor secondary 

antibody (Invitrogen) targeted against γH2AX was added followed by 4′-6-diamidino-2-
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phenylindole dihydrochloride staining (DAPI, Invitrogen). Images were captured with a 

40X objective using a Zeiss LSM 510 META confocal scanning laser microscope and 

quantification of images was performed on a minimum of 200 cells per condition using 

MetaMorph. Nuclear γH2AX staining was quantified using DAPI overlay and expressed as 

integrated intensity divided by the area of the DAPI staining.  

2.8 IPF gene expression data 

Microarray data for NOX4 and FYN were obtained from the Lung Tissue Research 

Consortium dataset GSE47460 (www.ncbi.nlm.nih.gov/geo), which includes lung tissue 

RNA samples collected during thoracic surgery. In total, 105 healthy controls and 159 

patients diagnosed with IPF by clinical history, CT scan and surgical pathology were 

included, after removal of outliers by hierarchical clustering. Tissue expression of genes of 

interest were correlated with available lung function data (diffusion capacity for carbon 

monoxide (DLCO) expressed as percentage of predicted values based on age and gender). 

Microarray data were normalized using a cyclic loess approach as previously described 

(35). 

2.9 Statistical analysis 

All quantitative data are represented as means ± SEM. Statistical differences between 

groups were evaluated by 1-way ANOVA analysis with Bonferroni’s post-hoc analysis or by 

Student’s t-test, depending on appropriate datasets, using GraphPad Prism software 

(version 7.3; GraphPad Software, La Jolla, CA), and considered significant at a P value of 

less than 0.05.  
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3 Results 

3.1 TGF-β1 induces profibrotic responses by activating the SFK FYN 

We addressed the ability of TGF-β1 to induce SFKs in HBE1 epithelial cells and observed 

that TGF-β1 stimulation (10 ng/mL) induced a rapid increase in SFK activity, indicated by 

(auto)phosphorylation at Tyr416, with a peak around 30 min followed by a decrease after 

2 hrs (Figure 5.1A and B). Activation of SFKs typically involves dephosphorylation at 

Tyr5271 (36), but TGF-β1 did not significantly alter overall Tyr527 phosphorylation, 

suggesting that SFK is activated through a non-canonical pathway (Figures 5.1A and B). To 

evaluate the effect of SFK inhibition on induction of profibrotic genes by TGF-β1, cells 

were stimulated for 24 hrs with TGF-β1 (10 ng/mL) in the absence or presence of the SFK 

inhibitor PP2 (1 µM). As expected, TGF-β1 stimulation increased expression of the 

profibrotic genes COL1A1, VIM and FN1, and each of these responses was reduced in PP2-

treated cells (Figure 5.1C), indicating that SFKs contribute to TGF-β1-mediated profibrotic 

responses in epithelial cells. Another important feature of TGF-β1-induced fibrotic 

responses is the induction of DNA damage responses (8, 37, 38). We determined DNA 

damage response induced by TGF-β1 by assessing phosphorylation of the histone variant 

H2AX, referred to as γH2AX (Figure 5.1D, Supplemental Figure E1). Pretreatment with the 

SFK inhibitor PP2 also significantly reduced TGF- β1-induced DNA damage response, 

shown by a decrease of γH2AX staining (Figure 5.1E). Hence, SFKs contribute importantly 

to TGF-β1-induced epithelial responses that promote fibrosis. 

The SRC family of protein tyrosine kinases includes nine members, of which SRC, FYN, and 

YES are ubiquitously expressed (31). All three are also expressed in HBE1 cells 

(Supplemental Figure E5.2), but their expression was not altered after TGF-β1 stimulation 

(Supplemental Figure E5.3). To determine the involvement of individual SFKs in TGF-β-

mediated profibrotic responses, we used specific small interference RNA to silence them 

individually. Surprisingly (32), TGF-β1-induced SFK activity, measured as phosphorylation 

of Tyr4161, was not affected by knockdown of SRC but was significantly reduced upon 

silencing FYN (Figures 5.2A-D). Hence, SFK-mediated profibrotic responses to TGF-β1 may 

be primarily mediated by FYN. Accordingly, siRNA silencing of FYN also significantly 

attenuated the TGF-β-induced DNA damage response, assessed as γH2AX (Figures 5.2E 

and F). 
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Figure 5.1: TGF-β1 induces SFK-mediated profibrotic gene expression and DNA damage response. (A) 

Representative western blots indicating phosphorylation of SRC kinases at tyrosine 416 and 527 after stimulation 

with TGF-β1 (10 ng/mL). (B) Densitometry analysis of 4 replicates from 2 independent experiments. (C) Gene 

expression of profibrotic genes after stimulation with TGF-β1 (10 ng/mL) for 24 hrs, in the absence or presence 

of PP2, determined by RT-PCR (n=6). (D) Representative immunofluorescence imaging of γH2AX (red) and 4′-6-

diamidino-2-phenylindole dihydrochloride (DAPI; blue) in unstimulated or TGF-β1-stimulated (4 hrs) HBE1 cells. 

(E) Quantitative analysis of nuclear γH2AX intensity in HBE1 cells in the absence or presence of PP2 (1 µM) with 

and without TGF-β1 (10 ng/mL) stimulation for 4 hrs. For each experimental condition, a minimum of 200 cells 

from in total 2 independent experiments with 2 replicates were analyzed. Results are expressed as mean ± SEM 

(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 5.2: TGF-β1-induced SFK activation and profibrotic responses depend on FYN. (A) Knockdown of SRC does 

not reduce phosphorylation at Tyr416 after stimulation with TGF-β1 (10 ng/mL). (B) Densitometry analysis of 3 

independent experiments (n=6). (C) Phosphorylation at Tyr416 is decreased in FYN-silenced cells after 30 min of 

TGF-β1 (10 ng/mL) stimulation. (D) Densitometry analysis of 3 independent experiments (n=6). (E) Representive 

image of γH2AX (red) and DAPI (blue) stained control and FYN-silenced HBE1 cells stimulated with TGF-β1 for 4 

hrs. (F) Analysis of nuclear γH2AX intensity in HBE1 cells in Ctrl and FYN-silenced cells with and without TGF-β1 

stimulation for 4 hrs. For each experimental condition, a minimum of 200 cells from in total 2 independent 

experiments with 2 replicates were analyzed. Results are expressed as mean ± SEM (*P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001). 
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3.2 TGF-β1 activates FYN by a NOX4-dependent redox mechanism 

SFKs are activated primarily by (de)phosphorylation events, but are also subject to redox 

regulation through reversible oxidation of conserved cysteines (31, 39). To assess redox-

based mechanisms, we first determined whether TGF-β1 induced extracellular or 

intracellular production of ROS in HBE1 cells. Indeed, TGF-β1 significantly enhanced 

intracellular but not extracellular ROS (Figures 5.3A and B). To determine the possible 

source of TGF-β1-induced intracellular ROS production, we assessed potential changes in 

expression of diverse NOX isoforms. As expected (12, 14, 19), TGF-β1 stimulation of HBE1 

cells for 4 hrs induced expression of NOX4 but did not affect expression of other NOX 

isoforms (Supplemental Figure E5.4). To examine the contribution of NOX4 to FYN 

activation, it was silenced by siRNA approaches (Supplemental Figure E5.5), which indeed 

markedly reduced TGF-β1-induced (auto)phosphorylation of FYN, compared to control-

transfected cells (Figures 5.3C and D). To determine whether such NOX4-mediated FYN 

activation was associated with cysteine oxidation within FYN, we used a dimedone 

trapping strategy to detect formation of intermediate sulfenic acids within. Indeed, TGF-

β1 stimulation was found to induce cysteine sulfenylation of FYN, at time points 

corresponding with its autophosphorylation (Figures 5.3E and F). Moreover, TGF-β1-

induced sulfenylation of FYN was suppressed in NOX4-silenced cells compared to controls 

(Figure 5.3G and H), indicating a critical role for NOX4. Collectively, our findings indicate 

that TGF-β1-induced activation of FYN and subsequent profibrotic responses are initiated 

by NOX4-mediated redox signaling and sulfenylation of FYN. 
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Figure 5.3: TGF-β1 activates FYN by NOX4-dependent redox signaling. (A) Effect of TGF-β1 (10ng/mL; 30 min) on 

extracellular H2O2 production, measured using Amplex Red (n=6). (B) Analysis of intracellular ROS production 

using H2DCF-DA, in the absence or presence of TGF-β1 (10 ng/mL; 30 min). Fluorescence intensity is expressed 

relative to unstimulated controls (n=6). (C) Phosphorylation of SFKs (Tyr416) in NOX4 silenced cells compared to 

controls after 30 min of stimulation with TGF-β1 (10 ng/mL). (D) Densitometry analysis of 3 independent 

experiments (n=6). (E) Sulfenylation of FYN and total FYN analyzed by Western blotting. (F) Quantification of 

sulfenylated cysteine levels of FYN in 3 independent experiments (n=6). (G) FYN sulfenylation in NOX4 silenced 
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cells. (H) Quantification of sulfenylated cysteine levels of FYN in 2 independent experiments (n=3). Results are 

expressed as mean ± SEM (***P<0.001, ****P<0.0001).  

3.3 TGF-β1-mediated profibrotic responses involve FYN-mediated 

mitochondrial ROS production  

A number of studies indicate that IPF development is associated with mitochondrial 

dysfunction and mitochondrial ROS (mtROS) production (40, 41), but it is unclear how 

mtROS are regulated. To investigate whether TGF-β1-induced SFK activation promotes 

generation of mtROS, we evaluated mtROS formation using live-cell imaging analysis with 

the mtROS indicator MitoSOX. Indeed, stimulation with TGF-β1 markedly enhanced 

mtROS production within 20 min, which was dramatically attenuated by the SFK inhibitor 

PP2 (Figures 5.4A and B). Similarly, TGF-β1-induced mtROS production was also 

attenuated after silencing of FYN (Figure 5.4C, Supplemental Figure E5.6). We next 

determined whether mtROS production was involved in TGF-β1-induced profibrotic 

responses, by cell pretreatment with the mitochondria-targeted antioxidant MitoQ. 

Indeed, MitoQ pretreatment attenuated TGF-β1-induced expression of the profibrotic 

gene FN1 (Figure 5.4D) as well as the presence of γH2AX foci (Figures 5.4E). MitoQ did not 

affect TGF-β1-induced SFK activation (Supplemental Figure E5.7), consistent with the 

notion that SFKs are involved in the upstream regulation of mtROS production. 

Collectively, these results indicate that NOX4-induced activation of the SRC kinase FYN is 

required to facilitate TGF-β1-induced mtROS production, which subsequently contributes 

to profibrotic responses.  
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Figure 5.4: Mitochondrial ROS production mediates TGF-β1-mediated fibrotic responses. (A) Representative 

image of mtROS analysis using MitoSOX in unstimulated or TGF-β1-stimulated (10 ng/mL; 20 min) HBE1 cells. (B) 

Quantification of MitoSOX fluorescence increase over 20 minutes following TGF-β1 stimulation in the absence or 

presence of PP2 (1 µM). Fluorescence increase was quantified in 10-15 individual cells from 3 independent 

experiments (n=3) and expressed as mean ± SEM. (C) Quantification of TGF-β1-stimulated MitoSOX fluorescence 

increase in siCtrl and siFYN cells. Increase in fluorescence was analyzed in 10-15 individual cells from 4 

independent experiments (n=4), and expressed as mean ± SEM. (D) FN1 expression after 24 hrs stimulation with 

TGF-β1 with or without pretreatment with the mitochondrial antioxidant MitoQ (n=4). Results are expressed as 

mean ± SEM. (E) Analysis of nuclear γH2AX immunofluorescence in TGF-β1-stimulated HBE1 cells (4 hrs) 

pretreated with MitoQ. For each experimental condition, a minimum of 200 cells from in total 2 independent 

experiments with 2 replicates were analyzed. Results are expressed as mean ± SEM (**P<0.01, ***P<0.001, 

****P<0.0001).  
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3.4 Gene expression of NOX4 and FYN is altered in IPF in association 

with disease severity 

To assess the importance of NOX4 and FYN in human IPF, we examined their expression 

profiles in lung tissues from patients with IPF available through the Lung Tissue Research 

Consortium. Somewhat surprisingly, NOX4 gene expression was not significantly altered 

between control subjects and IPF patients (Figure 5.5A), although NOX4 expression levels 

correlated inversely with the predicted diffusion capacity for carbon monoxide (DLCO) 

indicating that NOX4 expression is associated with disease severity (Figure 5.5B). 

Interestingly, lung tissue expression FYN was found to be significantly decreased in 

patients with IPF (Figure 5.5C), although FYN expression levels did not correlate with 

disease severity (Figure 5.5D). These observations suggest that dysregulation NOX4/FYN 

expression in IPF may lead to altered regulation of these signaling pathways and 

contribute to disease severity.  

Figure 5.5: NOX4 and FYN mRNA expression in controls (n=105) and IPF patients (n=159). (A) NOX4 expression 

levels in lung tissues from IPF patients and controls. (B) Correlation of NOX4 expression with DLCO (%). (C) FYN 

expression in lungs of control subject and IPF patients. (D) Correlation of FYN expression with DLCO (%). Results 

are expressed as mean ± SD. Differences between IPF patients and controls were determined by student’s t-test 

and correlation between NOX4/FYN and DLCO was analyzed by Pearson’s correlation (***P<0.001).  
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4 Discussion 

The present studies addressed the mechanisms by which the growth factor TGF-β1 

induces fibrotic responses within the lung epithelium and demonstrate that TGF-β1 

induces both DNA damage responses and profibrotic gene expression in human epithelial 

cells. Both features were found to be mediated by NOX4-dependent activation of the SRC 

kinase FYN, which in turn causes increased production of mtROS and subsequent 

profibrotic responses. Recent studies have implicated SRC kinases in the pathophysiology 

of IPF, as they are capable of promoting myofibroblast differentiation and inducing 

features of EMT (21, 22). However, these observations were largely based on 

pharmacological SFK inhibitors such as saracatinib or dasatinib, which lack isoform 

specificity and also inhibit other tyrosine kinases. TGF-β1 also induces SFK activation in 

lung epithelial cells (32), and our studies indicate that this primarily involves the FYN 

kinase rather than SRC.  

Activation of SFKs is regulated by dephosphorylation of Tyr527 and autophosphorylation 

at Tyr416 within the kinase domain, which help unclamp the kinase and render the 

protein fully active (36). Additionally, redox-based mechanisms can also contribute to the 

activation of SFK due to oxidation of one or more conserved cysteine residues within its 

SH2 or kinase domains (32, 39, 42, 43). Indeed, our observation that TGF-β1 enhances SFK 

phosphorylation at Tyr416 without significant dephosphorylation at Tyr527 suggests an 

alternative redox-dependent mechanism, as suggested previously (32). Furhermore, 

activation of FYN by TGF-β1 was temporally associated with sulfenylation of one or more 

of its cysteine residues, and both were found to be mediated by initial activation of NOX4. 

We recently reported that redox-dependent activation of SRC primarily involves 

sulfenylation of two cysteine residues within SRC (Cys185 and Cys277) (42). Curiously, 

these cysteines are not present within FYN, which indicates that oxidation of alternative 

cysteines must be mediating FYN activation. The most likely candidate is Cys488 as it is 

conserved among all SFKs and is homologous to C487 in SRC, which has been implicated in 

its redox-dependent activation (39). More detailed future studies will be needed to clarify 

the significance of FYN sulfenylation for regulating its activity. NOX4 has been strongly 

implicated in IPF pathology, due to its involvement in fibroblast differentiation and 

myofibroblast proliferation (12, 14). Moreover, NOX4 was also found to contribute to 

bleomycin-induced alveolar epithelial cell death in mice, thus representing an alternative 

mechanism by which NOX4 activation promotes pulmonary fibrosis (15). Indeed, NOX4-

deficient mice are protected from developing bleomycin-induced pulmonary fibrosis 

indicating a key role for NOX4 in the development of IPF (12, 44). Our findings indicate 

that NOX4 may promote fibrosis, at least in part, by redox-dependent activation of FYN.  

Our observations implicating NOX4 in acute cell responses to TGF-β1, such as activation of 

FYN, would suggest that TGF-β1 causes activation of NOX4, which contrasts with the 
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common notion that NOX4 function is primarily regulated transcriptionally and is 

constitutively active (45). Indeed, we observed increased NOX4 mRNA at 4 hrs after TGF-

β1 but not within the time-scale required for FYN activation (15-30 min). An intriguing 

recent study indicated that NOX4 is subject to negative allosteric regulation by ATP (46) 

and its activity could therefore be enhanced by localized ATP degradation in response to 

TGF-β. Induction of NOX4 expression during chronic TGF-β1 stimulation or in IPF, 

combined with metabolic alterations and ATP degradation (47), could therefore lead to 

augmented NOX4 activation and enhanced disease pathology.  

Age-related lung diseases such as IPF are also characterized by mitochondrial dysfunction 

and enhanced mtROS production, which contributes to epithelial cell death as well as 

profibrotic gene expression (48, 49). Here, we demonstrate that both NOX4 and FYN are 

required for TGF-β1-mediated mtROS production. Intriguingly, both NOX4 (11) and FYN 

may be present in mitochondria, as it has been shown before that NOX4 and FYN were 

found to colocalize in mitochondria of e.g. cardiomyocytes (50). It has been reported that 

NOX4 is able to interact with mitochondrial complex I, thereby negatively regulating its 

activity (51). Overexpression of NOX4 might have a role in mediating mitochondrial 

dysfunction in lung fibroblasts (52). SRC family kinases are also recognized as important 

metabolic regulators in mitochondria (53). For example, mitochondrial localized FYN can 

promote phosphorylation of complex I, II and IV subunits as well as pyruvate 

dehydrogenase, thereby regulating their function (54, 55). Moreover, FYN is also involved 

in the regulation of mitochondrial protein synthesis and oxidative phosphorylation 

indicating its importance in regulating mitochondrial function as well as mtROS production 

(56). Our findings indicate that TGF-β1-induced production of mtROS is important for 

induction of DNA damage and profibrotic cytokine expression. In addition, TGF-β1 

signaling also results in induction of NOX4 expression, thus resulting in amplified redox 

alterations and profibrotic responses in the context of chronic TGF-β1 activation as seen in 

IPF. 

In conclusion, we demonstrate that TGF-β1-induced fibrotic responses in lung epithelial 

cells are mediated by NOX4-induced activation of the SRC kinase FYN, which in turn 

induces mtROS production and epithelial DNA damage responses as well as induction of 

profibrotic genes. It is important to note that our studies concentrated on acute TGF-β1 

signaling in epithelial cells, whereas biological effects of TGF-β may be altered in chronic 

conditions such as IPF. As discussed above, this involves induction of NOX4 expression and 

mitochondrial dysfunction, but could also involve altered expression or activation of FYN. 

With respect to the latter, it is interesting to note that FYN can negatively regulate NOX4 

activity by phosphorylating Tyr566 in its C-terminus (50). Hence, NOX4 and FYN show a 

reciprocal relationship, with NOX4 being able to activate FYN, whereas FYN can in turn 

inhibit NOX4 through a negative feedback mechanism. Our findings indicating significant 

downregulation of FYN in IPF lung tissues may suggest that such negative feedback is 
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impaired in the context of IPF, thereby allowing for prolonged or enhanced NOX4 

activation and downstream profibrotic effects. The fact that NOX4 expression correlates 

with disease severity in IPF patients, even though its overall expression levels were not 

enhanced in IPF lungs compared to controls, may be related to such impaired FYN-

mediated regulation of NOX4 function. In this case, inhibition of FYN by SFK inhibitors may 

not necessarily be beneficial in IPF as it could potentially amplify NOX4 function and 

enhance NOX4-mediated profibrotic phenomena independent of FYN.   
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Supplemental Figures 

Figure E5.1: TGF-β1 induces γH2AX. H2AX phosphorylation at Ser139 after TGF-β1 (10 

ng/mL) stimulation for various time points determined by Western blotting.  

 

 

Figure E5.2: Analysis of SFK mRNA expression in HBE1 cells. Gene expression of c-SRC, FYN 

and YES analyzed by qRT-PCT (n=4). Results are expressed as mean ± SEM. 

 

Figure E5.3: TGF-β1 does not affect SFK transcriptionally. Gene expression the SRC kinases 

c-SRC, FYN and YES relative to GAPDH after stimulation with TGF-β1 (10 ng/mL) for 4 h 

analyzed by qRT-PCR (n=4). Results are expressed as mean ± SEM. 
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Figure E5.4: Effect of TGF-β1 stimulation on NOX gene expression in HBE1 cells. Gene 

expression of NOX1, NOX2, NOX4, DUOX1 and DUOX2 relative to GAPDH after stimulation 

with TGF-β1 (10 ng/mL) for 4 h (n=4). Results are expressed as mean ± SEM (*P<0.05). 

 

Figure E5.5: Evaluation of siRNA-mediated silencing of NOX4 mRNA in HBE1 cells. Gene 

expression of NOX4 relative to GAPDH in HBE1 cells transfected with siCtrl or siNOX4, 

determined using qRT-PCR (n=4). Results are expressed as mean ± SEM (***P<0.001). 
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Figure E5.6: TGF-β1 induced mitochondrial ROS production is dependent on FYN. 

Representative image of mtROS analysis using MitoSOX in TGF-β1-stimulated (10 ng/mL; 

20 min) control or FYN transfected HBE1 cells. 

 

Figure E5.7: TGF-β1-mediated SFK activation does not require mitochondrial ROS. SFK 

phosphorylation at Tyr416 after TGF-β1 (10 ng/mL) stimulation for 30 min with or without 

pretreatment with MitoQ (1 µM).  
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Abstract 

Idiopathic pulmonary fibrosis (IPF) is a progressive age-related lung disease with a median 

survival of only 2-4 years after diagnosis. The pathogenic mechanisms behind IPF are still 

not completely understood and current therapeutic approaches have not been successful 

in improving disease outcomes. IPF is characterized by continuous injury to the alveolar 

epithelium leading to overactivation of repair pathways causing excessive collagen 

deposition by myofibroblasts. Recently, the inhibition of SRC family kinases (SFK) have 

been suggested as treatment strategy and general inhibitors of SFK reduce profibrotic 

outcomes in vitro and in vivo. SFKs are involved in various signaling pathways important 

for cellular homeostasis, which are often dysregulated in lung diseases and become 

activated in response to transforming growth factor-β (TGF-β). However, it is still not clear 

how SFK are activated and contribute to fibroblast activation and which member of the 

SRC family is involved. Here, we demonstrate that SFK are activated in response to TGF-β 

and inhibition by the general SFK AZD reduces fibroblast proliferation and activation. 

Silencing of the SFK member YES reduces expression of the matrix genes fibronectin and 

collagen as well as expression of NADPH oxidase (NOX) 4. Consequently, our findings 

suggest the SFK member YES is promoting fibroblast activation potentially through the 

upregulation of NOX4.  

 

Keywords: IPF, fibroblasts, SRC family kinases, YES, NOX4  
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1 Introduction 

Idiopathic pulmonary fibrosis (IPF) is the end stage of several diffuse parenchymal lung 

diseases and defined as a chronic fibrotic lung-limited disease primarily occurring in the 

alveoli and their surrounding tissue (1). 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 (2, 3). Common 

features include continuous epithelial injury by various triggers resulting in aberrant 

wound healing responses and eventually causing excessive collagen deposition in the 

alveolar epithelium by myofibroblasts (2). The differentiation of fibroblasts into 

myofibroblasts is essential in normal wound healing but also promotes fibrotic lesions 

during abnormal fibrotic repair (4). Key hallmarks of the differentiation of fibroblasts into 

myofibroblasts include increased proliferative capacity as well as enhanced generation 

and secretion of extracellular matrix proteins including collagen and fibronectin (5). In 

addition to remodeling of the lung structure, fibroblasts participate in the regulation of 

inflammation through the secretion of pro-inflammatory cytokines (6).  

Intriguingly, oxidative stress, e.g. the overproduction of oxidants compared to 

antioxidants, has been suggested to promote a fibrotic milieu in the lung (7). The main 

cellular sources of reactive oxygen species (ROS) are NADPH oxidases (NOX) and 

mitochondria (8). Upregulation of NOX4, one of the pulmonary members of the NOX 

family has been shown in the lungs of IPF patients (9) and , upon activation by 

transforming-growth-factor (TGF)-β1 (10), promotes (myo)fibroblast activation leading to 

collagen deposition (9, 11). Inhibition of NOX4/NOX1 has shown promising results in 

mouse models of pulmonary fibrosis, but it is difficult to specifically target NOX4-induced 

ROS without disturbing physiological ROS signaling in patients with IPF.  

Treatment strategies targeting the occurring oxidative stress in IPF have not been 

completely successful until now. Recently, SRC family kinases (SFK) have been suggested 

as possible treatment targets as they are activated in response to TGF-β and important 

players in the development of lung fibrosis (12-14). SFK are a family of non-receptor 

tyrosine kinases with nine known members, namely SRC, YES, FYN, FGR, LCK, HCK, BLK, 

FRK and LYN. SFK are important in cell homeostasis and regulate a spectrum of cellular 

activities such as cell growth, migration and differentiation (15-17). The activity of SFK is 

regulated through their phosphorylation status (18, 19), but can also through redox-

dependent mechanisms (18, 20) and in response to TGF-β (12, 14). Intriguingly, inhibition 

of SRC kinases by AZD0530 in an experimental model of pulmonary fibrosis reduced the 

fibrotic area as well as collagen deposition in the lung (12, 21).  

Taken together, various studies have indicated that SFK play an important role in IPF, 

however, it is still unclear how exactly SFK promote profibrotic responses and which SFK 

member is involved. Earlier studies from our lab have indicated that TGF-β1 is activating 
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the SFK member FYN in epithelial cells but the involvement of FYN in fibroblasts is still 

unknown. Therefore, the aim of the present study was to explore the importance of SFK in 

human fibroblasts. More specifically, we investigated the role of SFK in the activation of 

fibroblasts as well as collagen deposition and inflammatory cytokine secretion. 

Additionally, the SFK members SRC, FYN and YES were targeted to determine their specific 

role in fibroblast activation upon stimulation with TGF-β1.  
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2 Material and Methods 

2.1 Cell culture and treatments 

The human fetal lung fibroblast cell line HFL-1 was purchased from the American Type 

Culture Collection (ATCC, Rockville, MD) and grown in Ham's F-12K Kaighn's Medium 

(GIBCO/Life Technologies, Bleiswijk, the Netherlands) supplemented with 10% fetal 

bovine serum (FBS, Gibco) at 5% CO2, 95% air and at 37 °C. Cells were starved in serum-

free media overnight before stimulation with 5 ng/mL TGF-β1 (R&D Systems, Inc., 

Minneapolis, MN). Where indicated, the pharmacological inhibitor AZD0530 (2 µM, Sigma 

Aldrich, St. Lois, MO) was administered 30 min before cell stimulation.  

2.2 Western blotting 

Cell lysates were prepared using Western solubilization buffer (50 mmol/L HEPES, 

250 mmol/L NaCl, 1.5 mmol/L MgCl2, 1% Triton-X100, 10% glycerol, 1 mmol/L 

ethyleneglycol-bis-(β-aminoethylether)-N,N,N′,N′-tetraacetic acid, 1 mmol/L 

phenylmethylsulfonyl fluoride, 2 mmol/L Na3VO4, 10 μg/mL aprotinin, and 10 μg/mL 

leupeptin; pH 7.4), and protein concentration was measured by BCA protein assay kit 

(Thermo Scientific, Waltham, MA). Aliquots of cell lysates (containing 20 µg protein) were 

separated on 10% precast gels (Biorad), transferred to nitrocellulose membranes and 

probed with antibodies against phospho-SRC family Tyr416 (1:1000) or β-ACTIN (1:5000; 

all from Cell Signaling, Danvers, MA). Primary antibodies were probed with rabbit-specific 

secondary antibodies conjugated with horseradish peroxidase (Cell Signaling) and 

detected by means of chemiluminescence with SuperSignal West Pico or Femto 

Chemiluminescent Substrate (Thermo Scientific). Integrated density of pixels in each 

membrane was determined using Amersham Imager 600 (GE Healthcare Life Sciences, 

Hillerød, Iceland) and quantified using ImageJ software 1.47v (W. Rasband, National 

Institutes of Health, Bethesda, MD). 

2.3 MTT assay  

Cell proliferation was monitored using dimethylthiazol diphenyltetrazolium bromide (MTT, 

Sigma-Aldrich, St. Louis, MO) colorimetric assay. Plated cells were gently washed with 

Hank’s balanced salt solution (HBSS, GIBCO) and incubated for 1 h in 0.5 mg/mL MTT 

solution in HBSS. Thereafter, the formed formazan crystals were dissolved in dimethyl 

sulfoxide (DMSO) and the optical density (OD) was measured at 540 nm. The OD 

percentage of treated wells to untreated control wells was considered the percentage of 

viable cells relative to controls. 

2.4 Small interfering RNA silencing 
At 60% confluency, HFL-1 cells were transfected with ON-TARGETplus SMARTpool small 

interfering RNAs (siRNAs) targeted against FYN, SRC, YES, NOX4 or non-targeting siRNA 
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Pool#1 as a control with DharmaFECT transfection reagent (Dharmacon, Lafayette, CO), 

according to the manufacturer's instructions, 72 hrs before experimentation.  

2.5 RNA isolation and semi quantitative Reverse Transcription (RT)-PCR 

RNA was isolated using the RNeasy mini kit (Qiagen, Valencia, CA) according to the 

manufacturer’s instructions. IScript cDNA Synthesis kit (Biorad, Veenendaal, the 

Netherlands) was used to produce cDNA from 500 ng extracted RNA according to the 

manufacturer’s protocol. PCR amplifications were carried out at 95°C for 10 sec for 

denaturation and 45 cycles of annealing and elongation (60°C, 20 sec) for selected genes 

(Table 6.1). Data were retrieved using LightCycler® 480 software release 1.5.1.62 SP1 

(Roche Diagnostics, Mannheim, Germany), “LC480 Conversion to LinRegPCR” software 

release 2014.1 and LinRegPCR version 2017.1. Quantification cycles (Cq) values were used 

according to the 2−∆∆Ct method to quantify the relative expression of our genes of interest.  

Table 6.1. Applied human RT-PCR forward and reverse primer sequences. 

Gene of 

interest 

Forward primer sequence Reverse primer sequence 

COL1A1 AAGAGGAAGGCCAAGTCGAG CACACGTCTCGGTCATGG 

FN1-1 CCATAAAGGGCAACCAAGAG ACCTCGGTGTTGTAAGGTGG 

NOX4 TGGCAAGAGAACAGACCTGA TGGGTCCACAACAGAAAACA 

YES AGGGGTAACGCCTTTTGGAG ACACCACCTGTTAAACCAGCA 

FYN TCGTCTCATACGGGGACCTT CCAATCTCCTTCCGAGCTGT 

SRC TTGGCAAGATCACCAGACGG AGAGGCAGTAGGCACCTTTC 

RPL13A CCTGGAGGAGAAGAGGAAAGAGA TTGAGGACCTCTGTGTATTTGTCAA 

2.6 Enzyme-Linked Immunosorbent Assay (ELISA) 

Collagen (COL) 1A1, Interleukin (IL)-6 and IL-8 secretion in supernatants was measured 

using human ELISA DuoSet® kits (R&D Systems, Inc., Minneapolis, MN) according to the 

protocol provided by the manufacturer.  

2.7 Statistical Analysis 

All quantitative data are shown as mean ± SD. Means between 2 groups were analyzed by 

unpaired t-test whereas one-way ANOVA followed by Bonferroni comparison test was 

used to analyze differences among more than 2 groups using GraphPad Prism software 

(version 7.3; GraphPad Software, La Jolla, CA). Differences were considered significant at a 

P value of less than 0.05. 
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3 Results 

3.1 SFK were activated in response to TGF-β1 and their inhibition 

reduced fibroblast proliferation and activation 

TGF-β1 induced an increase of SFK activation, shown by enhanced phosphorylation at 

Tyr416 in fibroblasts. To determine the effect of SFK inhibition, cells were stimulated in 

the presence of the SFK inhibitor AZD (2 µM) for 30 min before stimulation with TGF-β1 (5 

ng/mL) which reduced SFK phosphorylation (Figure 6.1).  

 

 

 

 

 

 
Figure 6.1: TGF-induced fibroblast proliferation and activation is dependent on SFK activation. Phosphorylation 

of SFK at tyrosine 416 after stimulation with TGF-β1 (5 ng/mL) for 1 hr in the presence or absence of AZD (2µM) 

determined by Western blotting of whole cell lysates (n=2).  

As expected, TGF-β1 stimulation increased the metabolic activity of fibroblasts, which is 

an indicator for cell proliferation (Figure 6.2A). Furthermore, TGF-β1 induced fibroblast 

activation, shown by enhanced gene expression of the matrix proteins fibronectin (FN1) 

and collagen (COL) 1A1 (Figure 6.2B and C) as well as COL1A1 secretion (Figure 6.2D). 

Inhibition of SFK by AZD reduced these TGF-β1-mediated responses indicating that SFK 

contribute to TGF-β1-dependent activation of fibroblasts.  
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Figure 6.2: TGF-induced fibroblast proliferation and activation is dependent on SFK activation. (A) Cell 

proliferation measured after stimulation with TGF-β1 (5 ng/mL) for 24 hrs, in the absence or presence of AZD (2 

µM) by MTT assay (n=6). Gene expression of FN1 (B) and COL1A1 (C) after stimulation with TGF-β1 (5 ng/mL) for 

24 hrs, in the absence or presence of AZD (2 µM), determined by qRT-PCR (n=6). (D) Collagen secretion in 

supernatant after stimulation with TGF-β1 (5 ng/mL) for 24 hrs, in the absence or presence of AZD (2 µM) 

measured by ELISA (n=6). Results are expressed as mean ± SD from 2-3 independent experiments (*P < 0.05, **P 

< 0.01, ****P < 0.0001). 

3.2 Pro-inflammatory cytokine release was dependent on SFK activation  

To determine if SFK are involved in TGF-induced pro-inflammatory cytokine release, we 

determined the secretion of interleukin (IL)-6 and IL-8. TGF-β1 significantly enhanced IL-6 

as well as IL-8 release which was decreased upon inhibition of SFK by AZD (Figure 6.3A and 

B).  

Figure 6.3: TGF-induced pro-inflammatory cytokine secretion is dependent on SFK activation. (A) IL-8 and (B) IL-6 

secretion in cell supernatant (n=6) after stimulation with TGF-β1 (5 ng/mL) for 24 hrs in the presence or absence 

of AZD (2 µM). (*P < 0.05, ***P < 0.001). 
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3.3 TGF-β1 induced phosphorylation of the SFK member YES which 

promoted expression of extracellular matrix genes but not secretion 

of inflammatory cytokines 

From the 9 different members of the SRC family of protein tyrosine kinases SRC, FYN and 

YES are ubiquitously expressed in fibroblasts (22), but their expression is not increased 

upon TGF-β1 stimulation (Supplemental Figure E6.1). 

To determine the individual involvement of these SFK in TGF-β-mediated fibroblast 

activation, YES, FYN and SRC were separately silenced using small interference RNA 

(siRNA) (Supplemental Figure E6.2-4). Knockdown of the SFK member YES significantly 

reduced the TGF-mediated upregulation of FN1 and COL1A1 whereas silencing FYN or SRC 

did not affect these responses (Figure 6.4A and B). Moreover, the TGF-induced 

phosphorylation of SFK was reduced upon silencing of YES (Figure 6.4 C and D). Hence, 

SFK-mediated profibrotic responses to TGF-β1 may be primarily mediated by YES. 

Figure 6.4: TGF-β1 induced SFK activation and fibroblast activation is dependent on YES. (A) Gene expression of 

FN1 (B) and COL1A1 (D) after stimulation with TGF-β1 (5 ng/mL) for 24 hrs, in control and YES-silenced cells, 

determined by qRT-PCR (n=6). (C) Knockdown of YES reduces phosphorylation at Tyr416 after stimulation with 

TGF-β1 (5 ng/mL) for 1hr determined by Western blotting of whole cell lysates. (D) Densitometry analysis of 2 

independent experiments (n=3). Results are expressed as mean ± SD from 2-3 independent experiments (*P < 

0.05, **P < 0.01, ***P < 0.001 ****P < 0.0001). 

Intriguingly, silencing of YES could not rescue the TGF-induced enhanced secretion of the 

pro-inflammatory cytokines IL-6 and IL-8 (Figure 6.5A and B).  



Chapter 6 

178 

Figure 6.5: TGF-induced pro-inflammatory cytokine secretion is not dependent on YES activation. (A) IL-8 and (B) 

IL-6 secretion after stimulation with TGF-β1 (5 ng/mL) for 24 hrs in cell supernatant (n=2) in control and YES-

transfected cells.  

3.4 YES silencing reduced fibroblast activation by inhibiting NOX4 

expression 

NOX4 is an important mediator of fibrotic responses and is known to be involved in TGF-

induced fibroblast activation (9). Indeed, COL1A1 expression was reduced in NOX4 

silenced cells (Supplemental Figure E6.5), suggesting that NOX4 contributes to collagen 

secretion (Figure 6.6A). NOX4 expression was increased upon TGF-β1 stimulation, which 

was reduced in YES-transfected cells indicating that YES promotes NOX4 expression 

(Figure 6.6B).  

Figure 6.6: TGF-β1 induced NOX4 activation is dependent on YES. (A) Knockdown of NOX4 reduced COL1A1 

expression after stimulation with TGF-β1 (5 ng/mL) for 24 hrs (n=2). (B) Knockdown of YES reduces NOX4 

expression after stimulation with TGF-β1 (5 ng/mL) for 24 hrs (n=4). Results are expressed as mean ± SD from 2-3 

independent experiments (*P < 0.05, ***P < 0.001, ****P < 0.0001). 
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4 Discussion  

We here demonstrate that SRC family kinases are mediating fibroblast activation and pro-

inflammatory cytokine secretion. Inhibition of SFK by the pharmacological inhibitor AZD 

reduces TGF-β1 induced increase in fibroblast proliferation and expression of collagen and 

fibronectin as well as the secretion of collagen, indicating that SFK are crucial in fibroblast 

proliferation and activation. Moreover, we show that TGF-β1 induced the activation of the 

SFK member YES in fibroblasts as supported by the fact that phosphorylation at tyrosine 

416 was abrogated in YES-silenced cells although gene expression was not changed upon 

TGF-β1 stimulation. Additionally, silencing of YES reduced the increased expression of the 

matrix genes FN1 and COL1A1 in response to TGF-β1 but was not involved in the release 

of the pro-inflammatory cytokines IL-6 and IL-8. Furthermore, YES knockdown reduced 

NOX4 expression which was shown to be involved in COL1A1 gene expression. Taken 

together, these data indicate that SFK member YES plays an important role in the 

activation of fibroblasts, suggesting that this kinase may provide a potential target for IPF 

treatment to abrogate fibroblast dependent extracellular matrix secretion.  

Currently, there are two FDA-approved treatment strategies, pirfenidone and nintedanib, 

which can slow down the progression of the disease (23), although they cannot reverse 

the already induced pulmonary damage. Nintedanib mainly inhibits the platelet-derived 

growth factor receptor (PDGFR), fibroblast growth factor receptor (FGFR) and vascular 

growth factor receptor (VEGFR) (23). Interestingly, it has been indicated that nintedanib 

reduces ventilation-augmented bleomycin induced pulmonary fibrosis partly via the 

inhibition of SFK (24). Hence, it might be more beneficial to target SFK directly to prevent 

unwanted side-effects associated with nintedanib. Previous studies have indeed 

suggested a role for SFK in the development of pulmonary fibrosis as inhibition of SFK by 

pharmacological inhibitors reduced the fibrotic area in bleomycin induced pulmonary 

fibrosis in mice (12, 21). Furthermore, these studies have demonstrated that inhibition of 

SFK reduced myofibroblast activation (12, 21) and our results are consistent with previous 

findings that pharmacological inhibition of SFK reduces TGF-β induced collagen secretion 

in lung fibroblasts. However, the contribution of specific SFK to fibrotic responses has not 

been addressed thus far. Our findings indicate that TGF-β1 induced activation of 

fibroblasts is mediated by the SFK member YES. However, this finding is not excluding that 

other SFK are also involved as it has been suggested previously that different members 

have overlapping functions and that other SFK are also involved in in vivo fibrotic 

remodeling. For instance, FYN has been shown to contribute to epithelial-to-mesenchymal 

transition in mouse hepatic cells (25). It has also been shown that FYN is activated in a 

mice renal fibrosis model (26) and silencing of this kinase ameliorated renal fibrosis (26). 

Furthermore, recent studies from our lab have indicated that FYN is activated in response 
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to TGF-β1 and mediated the induction of DNA damage as well as mitochondrial ROS 

production in human bronchial epithelial cells (chapter 5, unpublished data).  

However, it is still not completely clear how SFK specifically promote fibroblast activation. 

It has been suggested that SFK regulate myofibroblast differentiation through 

phosphorylation of focal adhesion kinase (FAK) at tyrosine 397 (12). Other studies have 

indicated that SFK induce SMAD signaling which in turn promotes fibrotic gene expression 

which was assessed in SRC, YES, FYN triple silenced mouse fibroblasts (27). Furthermore, it 

has been demonstrated that the SRC inhibitor KX2-391 reduces collagen and 

myofibroblast activation as well as pro-inflammatory cytokine secretion in a rat model of 

chlorhexidine gluconate induced peritoneal fibrosis (28). This study also indicated that SRC 

is inducing TGF-mediated SMAD3 activation (28). All these various lines of evidence 

support a role for SFK in fibrotic signaling but different members of the SFK may mediate 

different aspects of TGF-β induced responses.  

Our results show that SFK are involved in pro-inflammatory cytokine secretion, however, 

the increase in pro-inflammatory cytokines release in response to TGF-β1 is not mediated 

by YES. These observations suggest that the secretion of IL-6 and IL-8 is mediated by a 

different member of the family of SRC kinases. Previous studies have indicated that the 

activation of the SFK member Hck is associated with inflammatory cell infiltration and mild 

emphysema after systemic administration of lipopolysaccharide in a model of 

endotoxemia in mice (29). Furthermore, SRC has been identified to contribute to 

inflammatory cytokine secretion in acute lung injury via the induction of SMAD3 (30). 

However, more studies need to be performed to identify SFK members(s) involved in pro-

inflammatory cytokine secretion in pulmonary fibrosis.  

NOX4-dependent H2O2 production has been implicated in the activation of fibroblasts (31) 

and NOX4 knockout mice are protected from bleomycin-induced pulmonary fibrosis (9). 

Furthermore, since SFK can be activated through redox-dependent mechanisms (32), SFK-

dependent regulation of NOX4 could be an important target for IPF treatment. It has been 

suggested before that SFK can regulate the activity of NOX4 (33). A previous study has 

shown that the SFK member FYN can negatively regulate the activity of NOX4 through 

phosphorylation at tyrosine 566 in cardiomyocytes (33). Our data indicate that SFK, in 

specific, YES regulates the expression of NOX4. This finding suggests that a different 

mechanism of action might be involved as SFK activation is also increased in HBE cells 

from IPF patients (C Veith, unpublished data) but NOX4 is highly upregulated in fibroblasts 

from IPF patients (31). Interestingly, it has been shown that SFK can phosphorylate the 

NOX co-activator p47phox resulting in enhanced NOX activity in human endothelial cells 

and inhibition of SFK by PP2 attenuated activation of SFK as well as ROS production (34). 

This finding suggests that other cofactors, for instance p22phox which mediates the 

activation of NOX4 (35), can be phosphorylated as well. Indeed, p22phox can be 

phosphorylated at tyrosine residues which also correlates with NOX activation in 
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neutrophils (36), however, the role of SFK in p22phox phosphorylation is unclear. 

Furthermore, SFK can also phosphorylate promotor regions thereby regulating the 

transcription of genes. Consequently, it would be of interest to further explore the role of 

YES in the activation of NOX4 (37) to reduce NOX4-dependent ROS production.  

Taken together, our study supports a role for SFK in fibroblast proliferation and activation. 

Furthermore, we have identified that the SFK member is phosphorylated in response to 

the pro-fibrotic trigger TGF-β1 and induces the expression of FN1 and COL1A1 in human 

fibroblasts. Interestingly, YES does not promote pro-inflammatory cytokine secretion, 

suggesting that it might be more beneficial to inhibit various SFK members instead of 

specifically targeting one member to counteract fibroblast-mediated remodeling in the 

lungs of IPF patients. 
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Supplemental data 

Figure E6.1: YES, FYN and SRC expression in HFL-1 cells. Gene expression of YES, FYN and 

SRC relative to RPL13 in HFL-1 cells stimulated with TGF-β1 for 24h, determined using qRT-

PCR (n=4). 

 

Figure E6.2: Evaluation of siRNA-mediated silencing of YES mRNA in HFL-1 cells. Gene 

expression of YES relative to RPL13 in HFL-1 cells transfected with siCtrl or siYES, 

determined using qRT-PCR (n=4). Results are expressed as mean ± SD (****P<0.0001). 

 

Figure E6.3: Evaluation of siRNA-mediated silencing of FYN mRNA in HFL-1 cells. Gene 

expression of FYN relative to RPL13 in HFL-1 cells transfected with siCtrl or siFYN, 

determined using qRT-PCR (n=4). Results are expressed as mean ± SD (****P<0.0001). 
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Figure E6.4: Evaluation of siRNA-mediated silencing of SRC mRNA in HFL-1 cells. Gene 

expression of SRC relative to RPL13 in HFL-1 cells transfected with siCtrl or siSRC, 

determined using qRT-PCR (n=4). Results are expressed as mean ± SD (***P<0.001). 

 

Figure E6.5: Evaluation of siRNA-mediated silencing of NOX4 mRNA in HFL-1 cells. Gene 

expression of NOX4 relative to RPL13 in HFL-1 cells transfected with siCtrl or siNOX4, 

determined using qRT-PCR (n=3-4). Results are expressed as mean ± SD (***P<0.001). 
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Abstract 

Rationale: Mitochondria are critical for cellular homeostasis and when dysfunctional they 

can contribute to cellular stress and apoptosis. Idiopathic pulmonary fibrosis (IPF) is 

characterized by increased production of reactive oxygen species, also by the NADPH 

oxidase NOX4, that among others promote mitochondrial dysfunction. Recently, SRC 

family kinases (SFK) have been suggested as treatment strategy for IPF. However, it is still 

unclear whether SFK activation is increased in IPF patients and if so, whether they are 

involved in IPF pathology. In this study we investigated whether SFK are activated in 

human bronchial epithelial (HBE) cells derived from IPF patients and if modulation of SFK 

interferes with molecular pathways controlling mitochondrial function. Additionally, the 

role of NOX4 herein will be explored.  

Methods: In our study, HBE cells were obtained from epithelial lining fluid from controls 

(n=3) and IPF patients (n=4) by bronchoscopic microsampling. Afterwards, HBE cells were 

expanded and SFK activation, key regulators of mitochondrial biogenesis and mitophagy 

as well as NOX4 expression and cell damage were evaluated in the presence or absence of 

the SFK inhibitor AZD.  

Results: Here, we demonstrate that HBE cells derived from IPF patients have an increased 

activation of SFK compared to HBE cells from non-IPF patients which was reduced upon 

treatment with AZD in both the IPF and non-IPF derived HBE cells. Inhibition of SFK in HBE 

cells from IPF patients increased the mitochondrial biogenesis markers NRF2, PGC-1β and 

ERRα and the mitophagy marker PINK1 which were decreased in HBE cells from IPF 

patients. Inhibition of SFK also rescued the increased NOX4 expression in HBE cells from 

IPF patients. Moreover, AZD reduced the increased lactate dehydrogenase (LDH) release 

and expression of the pro-apoptotic BAX in HBE cells derived from IPF patients. 

Conclusion: Our results suggest that SFK activation is increased in bronchial epithelial cells 

from IPF patients and that this activation is associated with reduced expression levels of 

key regulators of mitochondrial biogenesis. Inhibition of SFK can restore expression of 

these mitochondrial biogenesis and mitophagy regulators, suggesting that SFK might be a 

therapeutic target to improve mitochondria health in IPF. 

 

Keywords: IPF, primary bronchial epithelial cells, NOX4, SRC family kinases, mitochondrial 

dysfunction 

  



Inhibition of SFK alleviates expression of mitochondrial biogenesis and mitophagy regulators in IPF 

189 

1 Introduction 

Idiopathic pulmonary fibrosis (IPF) is a progressive and irreversible lung disease of 

unknown etiology with a median survival of 2-4 years after diagnosis due to respiratory 

failure (1). IPF is driven by recurrent injury to the lung epithelium, leading to aberrant 

wound healing responses that eventually cause over-activation of myofibroblasts and lead 

to epithelial cell apoptosis (2). Indeed, injury to the lung epithelium is now seen as an 

early event in IPF development (3).  

Recently, SRC family kinases (SFK) have been implicated in the development of IPF and 

inhibition of SFK by general pharmacological inhibitors improves markers of bleomycin-

induced pulmonary fibrosis in vivo (4, 5). There are 11 known members of the SRC family, 

i.e. cSRC, FYN, YES, BLK, BRK, FGR, FRK, HCK, LCK, LYN, SRM (6) that regulate various 

physiological functions including cell proliferation and survival (7). SFK are mainly 

activated via their phosphorylation status (8), but oxidation of their cysteine residues can 

also be involved (9, 10). Although SFK are mainly located in the cytoplasm, it has been 

shown that several SFK including c-SRC, FYN, LYN and LCK are also either present in or 

translocate into the mitochondria through specific adaptor proteins (11-13). 

Mitochondrial proteins can be phosphorylated by SFK, which will regulate their activity, as 

it has already shown that over 100 mitochondrial proteins indeed undergo tyrosine-

phosphorylation (14). More specifically, the SFK members such as cSRC and FYN can 

phosphorylate subunits of mitochondrial complex I, II and IV of the electron transport 

chain (ETC) as well as pyruvate dehydrogenase thereby regulating oxidative 

phosphorylation (OXPHOS) (11, 12) and consequently mitochondrial function.  

Under normal conditions, mitochondrial mass and function is tightly regulated through a 

balance between mitochondrial biogenesis and mitophagy, respectively the production 

and breakdown of mitochondria. Mitochondrial biogenesis is regulated by peroxisome 

proliferator-activated receptor (PPAR) ꝩ, coactivator-1α (PGC-1α) and PGC-1β which 

activate nuclear respiratory factor (NRF) 1 and NRF2. NRF1 and NRF2 regulate the 

expression of various nuclear and mitochondrial genes such as the mitochondrial 

transcription factor A (TFAM) which is responsible for mitochondrial DNA replication 

during mitochondrial biogenesis. PGC-1 also interacts with other transcription factors 

including PPARα and PPARδ as well as estrogen-related receptor (ERR)α (15). ERRα is a 

nuclear receptor that is involved in mitochondrial biogenesis as well as regulation of fatty 

acid oxidation and oxidative phosphorylation (16). Normally, dysfunctional mitochondria 

are broken down by a process called mitophagy, which is regulated through PTEN/induced 

putative kinase 1 (PINK1) and the E3 ubiquitin ligase PARK2/Parkin, which prime the 

mitochondria for breakdown (17). Interestingly, it has been shown that PINK1 

expression is decreased in AECs of IPF patients, thereby impairing mitochondrial 

homeostasis (18). Additionally, PINK1 deficient mice are more prone to develop 
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pulmonary fibrosis while displaying increased apoptosis of AECs (19). Mitophagy can 

also be regulated through mitophagy-receptors on the outer membrane of the 

mitochondria like BCL2/Adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3) 

and BNIP3-like (BNIP3L) (20). Furthermore, mitophagy also regulates mtROS production 

indirectly by removing dysfunctional mitochondria with high mtROS production (21).  

Dysbalance of these regulatory mechanisms disrupts adaption to cellular stress, making 

epithelial cells more vulnerable to injury and thus promoting cell death which is regulated 

through the extrinsic pathway, mainly involving cell surface receptors, and the intrinsic, 

mitochondria-regulated pathway. Mitochondria-regulated apoptosis involves the balance 

between pro-apoptotic and anti-apoptotic proteins, the B-cell lymphoma (BCL)-2 proteins 

(22). BCL-2 promotes cell survival whereas BCL-2 associated X protein (BAX) promotes cell 

death through the permeabilization of the outer membrane of mitochondria causing the 

release of cytochrome c into the cytoplasm thereby activating caspases (23). 

Additionally, the ROS-producing NADPH oxidase (NOX) 4, which is upregulated in IPF 

patients, has been shown to be present in mitochondria (24) and represses mitochondrial 

biogenesis through inhibition of NRF2 and TFAM (25). Impaired biogenesis results in an 

imbalance between cellular energy demand and production capacity, leading to the 

accumulation of dysfunctional mitochondria. Mitochondrial dysfunction, characterized by 

an increased production of mitochondrial reactive oxygen species (ROS) and altered 

mitochondrial dynamics, may represent an important mechanism of AEC apoptosis (26). 

Indeed, IPF patients have more dysfunctional and dysmorphic mitochondria in type II AEC 

compared to non-IPF patients (18).  

The potential activation of SFKs in IPF epithelial cells as well as its alleged involvement in 

mitochondrial homeostasis, and the possible role of NOX4 herein, are not yet fully 

elucidated. Therefore, the aim of this study was to first investigate whether SFK are 

activated in human bronchial epithelial (HBE) cells derived from IPF patients. With respect 

to mitochondrial funtion, the expression of markers of mitochondrial biogenesis (NRF1, 

NRF2, PGC1β, ERRα, PPARα, PPARδ and TFAM), mitophagy (PINK1, PARK2, BNIP3, 

BNIP3L) as well as mitochondrial apoptosis protein (BAX and BCL2) were compared 

between HBE cells from IPF patients and controls. Furthermore, we explored the role 

of NOX4.  
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2 Material and Methods 

2.1 Bronchoscopic microsampling 

Human bronchial epithelial (HBE) cells were obtained from endobronchial lining fluid (ELF) 

of IPF patients and controls by minimally invasive bronchoscopic microsampling (BMS) 

during bronchoscopy from subsegmental airways as previously described (27). All 

participants gave written informed consent, and the study was approved by the ethics 

committee of the University of Heidelberg, Germany. 

2.2 Patient’s characteristics  

In total 7 patients were enrolled in this study via recruitment at the Center for interstitial 

and rare lung diseases, Thoraxklinik, University of Heidelberg (see Table 7.1 for their 

characteristics). All patients gave their written informed consent.  

Lung fibrosis patients  

IPF was diagnosed according to the ATS-ERS consensus criteria (28) in 4 male patients (see 

Table 7.1 for their characteristics). Two were ex-smokers, 1 never smoked and 1 was an 

active smoker. At the time of sampling, none of the patient received treatment yet.  

Control patients (non-IPF) 

For the control group, 3 patients (2 males, 1 female) undergoing bronchoscopy for further 

investigation of indeterminate pulmonary nodules were included of whom the main 

characteristics are shown in Table 8.1. ELF was obtained from a noninvolved segment, 

from the contralateral lung, opposite the solitary lesion to minimize possible influences of 

the suspected malignancy. Two patients were smokers and 1 was an ex-smoker.  

Table 7.1: Patient characteristics. Age is expressed in years, DLCO (diffuse capacity of the lung for carbon 

monoxide), FEV1 (forced expiratory volume in 1 s) and FVC (forced vital capacity) in percentage of the predicted 

value based on age and gender. Data are expressed as range (mean ± SD). (* P < 0.05, *** P < 0.001) 

 IPF patients 
(n = 4) 

Controls, non-IPF 
patients (n = 3) 

Gender (m/f) 4 (4 / 0) 3 (2 / 1) 

Age (years) 67-73 (72 ± 3.9) *** 53-55 (54 ± 1.2) 

DLCO (% predicted) 36.5-48.4 (41 ± 5.3) *** 81.9-101.8 (94 ± 11) 

FVC (% predicted) 60.9-89.7 (80 ± 14) * 93-113.3 (106 ± 12) 

Smoking status 
(never, ex, current) 

1,2,1 0,2,1 
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2.3 Cell culturing and cell treatment 

Primary HBE cells were centrifuged for 5 min at room temperature and 300 x g to elute 

sampled cells from sponges. Afterwards, cells were resuspended and expanded in 

DMEM/F12 media (Gibco, Carlsbad, CA) supplemented with bovine pituitary extract 

(0.004 mL/mL), epidermal growth factor (10 ng/mL), insulin (5 µg/mL), hydrocortisone (0.5 

µg/mL), triiodo-L-thyronine (6.7 ng/mL) and transferrin (10 µg/mL) (PromoCell, 

Heidelberg, Germany), sodium selenite (30 nM, Sigma), ethanolamine (10 µM, Sigma), 

phosphorylethanolamine (10 µM, Sigma), sodium pyruvate (0.5 µM, Gibco), adenine (0.18 

mM, Sigma), hepes (15 mM, Gibco), 1x GlutaMAX (Gibco) and in the presence of 10 µM 

Rock-inhibitor (StemCell, Cologne, Germany), as described previously (29). Cells were 

seeded in 24-well plates and after reaching 90 % confluency, starved in EGF-free media for 

24 hrs prior to experiments. Cells were stimulated with the pharmacological SFK inhibitor 

AZD0530 (1 µM, Selleck Chemicals, Houston, TX) and harvested at appropriate time points 

for analysis of SFK expression and activation, oxidative and mitochondrial biogenesis gene 

expression.  

2.4 LDH assay 

Lactate dehydrogenase (LDH) cell death assay was used according to the instructions of 

the manufacturer (Thermo Scientific, Waltham, MA). 

2.5 RNA isolation and RT-PCR 

RNA was isolated and purified using the RNeasy mini kit (Qiagen, Venlo, the Netherlands) 

according to the manufacturer’s instructions. The RNA concentration was determined 

using a Nanodrop spectrophotometer (Thermo Scientific) after which cDNA was 

synthesized from 1 mg isolated RNA using IScript (Biorad, Hercules, CA) according to the 

manufacturer’s instructions. RT-PCR was performed using Sensimix SYBR (Bioline, 

Waddinxveen, the Netherlands) with 4.4 μL of 50 times diluted cDNA and 0.5 μmol/L 

predesigned primers (Table 7.2). PCR amplifications were carried out for up to 55 cycles of 

denaturation (95°C, 10 sec) and annealing/elongation (60°C, 60 sec) using a LightCycler480 

system (Roche, Almere, the Netherlands). The gene expression was normalized to the 

house keeping genes GAPDH, B2M, RPL13A and CycloA using GeNorm correction factor.  
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Table 7.2.: Human RT-PCR forward and reverse primer sequences. 

Gene of 
interest 

Forward primer sequence Reverse primer sequence 

GAPDH GCACCACCAACTGCTTAGCA TGGCAGTGATGGCATGGA 

B2M CTGTGCTCGCGCTACTCTCTCTT TGAGTAAACCTGAATCTTTGGAGTAC

GC 

RLP13A CCTGGAGGAGAAGAGGAAAGAGA TTGAGGACCTCTGTGTATTTGTCAA 

CycloA CATCTGCACTGCCAAGACTGA TTCATGCCTTCTTTCACTTTGC 

PGC1-α AAGCCACTACAGACACCGC TCGTAGCTGTCATACCTGGG 

PGC1-β GGCGCTTTGAAGTGTTTGGTGA TGATGAAGCCGTACTTCTCGCCT 

NRF1 GCACCTTTGGAGAATGTGGT CTGGGATAAATGCCCGAAG 

NRF2α/GABP

A 

CTCACCTGGGAACAGAACAGGAA ACCCAAGAAATGCAGTCTCGAGC 

TFAM GAAAGATTCCAAGAAGCTAAGGGTG

ATT 

TCCAGTTTTCCTTTACAGTCTTCAGCT

TTT 

ERRα TGCTGCTCACGCTACCGCTC TCGAGCATCTCCAAGAACAGC 

PPARα CAGAACAAGGAGGCGGAGGTC AGGTCCAAGTTTGCGAAGC 

PPARδ TGACCAAAAAGAAGGCCCGC GTCGTGGATCACAAAGGGCG 

PINK1 GAAAGCCGCAGCTACCAAGA AGCACATTTGCGGCTACTCG 

PARK2 GGTTTGCCTTCTGCCGGGAATG CTTTCATCGACTCTGTAGGCCTG 

BNIP3 AGCGCCCGGGATGCA CCCGTTCCCATTATTGCTGAA 

BNIP3L CTGCGAGGAAAATGAGCAGTCTCT GCCCCCCATTTTTCCCATTG 

FUNDC1 GAAACGAGCGAACAAAGCAG GCAAAAAGCCTCCCACAAAT 

NOX4 GGTAAGCCAAGAGTGTTCGG ACCAAGGGCCAGAGTATCAC 

BAX GGTCTTTTTCCGAGTGGCAG CACAGGGCCTTGAGCAC 

BCL2 GTCTTTTTCCGAGTGGCAGC GTAGAAAAGGGCGACAACCC 

 

 



Chapter 7 

194 

2.6 Protein extraction and Western blotting 

Cell lysates were prepared using RIPA buffer (Thermo Scientific) containing 1x 

phosphatase and protease inhibitors (Thermo Scientific) and 1 mmol/L 

phenylmethylsulfonyl fluoride (PMSF). Protein concentration was measured with BCA 

protein assay kit (Thermo Scientific). Aliquots of cell lysates containing 10 µg protein were 

separated on 10% SDS-PAGE gels (Biorad), transferred to nitrocellulose membranes and 

probed with antibodies against pSFK (1:1000) or β-ACTIN (1:5000; all from Cell Signaling, 

Danvers, MA). Primary antibodies were probed with anti-rabbit HRP-linked secondary 

antibody (Cell Signaling, Danvers, MA) and detected by means of chemiluminescence with 

SuperSignal™ West Pico PLUS or SuperSignal™ West Femto Maximum Sensitivity Substrate 

(Thermo Scientific) using Amersham Imager 600 (GE Healthcare Life Sciences, Hillerød, 

Iceland). Integrated density of pixels in each membrane was quantified using ImageJ 

software 1.47v (W. Rasband, National Institutes of Health, Bethesda, MD). 

2.7 Statistical Analysis 

All quantitative data are represented as means ± SD. Statistical differences between 

groups were evaluated by means of Student’s t-test for normal distributed variables and 

Mann-Whitney test for non-normal distributed variables in GraphPad Prism software 

(version 7.3; GraphPad Software, La Jolla, CA). Differences were considered significant at 

a P value equal to or less than 0.05. 

  



Inhibition of SFK alleviates expression of mitochondrial biogenesis and mitophagy regulators in IPF 

195 

3 Results 

3.1 SFK are activated in bronchial epithelial cells from IPF patients 

HBE cells from IPF patients display an increased activation of SFK, shown by increased 

phosphorylation at Tyr416 (Figure 7.1), which can be inhibited by treating HBE cells with 

AZD for 24 hrs (Figure 7.1).  

 
Figure 7.1: Increased activation of SFK in HBE cells from IPF patients. Phosphorylation of tyrosine 416 in the 

absence (-) and presence (+) of AZD (1 µM) for 24 hrs in HBE cells derived from non-IPF and IPF patients.  

3.2 HBE cells from IPF patients express low levels of regulators of 

mitochondrial function  

It has been suggested that SFK can locate to mitochondria (12) where they regulate 

mitochondrial function through protein phosphorylation (30, 31). As it is already known 

that AECII of IPF patients display features indicative of mitochondrial dysfunction (18), we 

examined the effects of SFK inhibition on key regulators of mitochondrial function in HBE 

cells derived from IPF patients and controls. With respect to markers of mitochondrial 

biogenesis, the expression of the master regulator PGC1-α was decreased in HBE cells 

derived from IPF patients (p=0.0052) (Figure 7.2A). PGC1-β expression was only slightly 

but not significantly (p=0.09) downregulated in HBE cells from IPF patients compared to 

those of controls while SFK inhibition restored this expression to significantly higher levels 

again (Figure 7.2B). No change in NRF1 expression could be observed between HBE cells 

from IPF patients and controls (Figure 7.2C) whereas NRF2 was significantly decreased in 

epithelial cells derived from IPF patients compared to control epithelial cells (p < 0.001). 

After treatment with AZD, NRF2 expression in IPF derived HBE cells was upregulated again 

to control expression levels (Figure 7.2D). No difference in TFAM expression could be 

observed between control and IPF-derived epithelial cells (p = 0.99) (Figure 7.2E). Figure 

7.2F depicts ERRα expression which was downregulated (p=0.0037) and upregulated after 

AZD treatment (p = 0.0043) in IPF-derived HBE cells compared to those from controls. 

Both PPARα and PPARδ expression levels were downregulated in HBE cells from IPF 

patients compared to those of controls (p=0.057 and p=0.0426) and unaffected by SFK 

inhibition (Figure 7.2G and H).  
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Figure 7.2: AZD increases expression levels of key regulators of mitochondrial biogenesis in IPF patients. Gene 

expression of (A) PGC1α (#), (B) PGC1β (#), (C) NRF1 (##), (D) NRF2 (#), (E) TFAM (#), (F) ERRα (#), (G) PPARα (#), 

(H) PPARδ (#) and in the presence or absence of AZD (1 µM) for 24 hrs in HBE cells derived from non-IPF (n = 3) 

and IPF patients (n = 4). Results are expressed as mean ± SD. Variables were normal (#) or non-normal (##) 

distributed and significance of (non)parametric tests is depicted as *P<0.05, **P<0.01, ****P<0.0001 
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Next, we assessed the mitophagy markers PINK1 and PARK2, which were slightly 

decreased in epithelial cells from IPF patients, although this decrease did not reach 

statistical significance (p = 0.057 and 0.056 respectively) (Figure 7.3A and B). SFK inhibition 

increased PINK1 expression in IPF-derived HBE cells (p = 0.02) but did not affect the 

expression of PARK2. The expression of BNIP, BNIP3L as well as FUNDC1, involved in 

receptor-mediated mitophagy, was not differentially affected in HBE cells derived from 

controls or IPF patients nor by the presence or absence of AZD (Figure 7.3C, D and E).  

Figure 7.3: Expression of mitophagy-associated genes in HBE cells derived from non-IPF and IPF patients. Gene 

expression of (A) PINK1 (##), (B) PARK2 (#), (C) BNIP3 (#), (D) BNIP3L (##) and (E) FUNDC1 (#) in the presence or 

absence of AZD (1 µM) for 24 hrs in HBE cells derived from non-IPF (n = 3) and IPF patients (n = 4). Results are 

expressed as mean ± SD. Variables were normal d (#) or non-normal (##) distribute and significance of 

(non)parametric tests is depicted as *P<0.05. 
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3.3 Inhibition of SFK reduces NOX4 expression 

In concordance with previous studies (32), epithelial cells from IPF patients have an 

increased expression of NOX4 compared to control HBE cells (p = 0.02) which was reduced 

upon SFK inhibition (p = 0.02) (Figure 7.4). 

 
Figure 7.4: Expression of NOX4 in HBE cells derived from non-IPF and IPF patients. Gene expression in the 

presence or absence of AZD (1 µM) for 24 hrs in HBE cells derived from non-IPF (n = 3) and IPF patients (n = 4). 

Results are expressed as mean ± SD. Variables were normal distributed and significance of parametric test is 

depicted as *P<0.05, **P<0.01. 

3.4 SFK are involved in cell damage and cell death 

When mitochondrial biogenesis decreases and mitophagy is impaired, dysfunctional 

mitochondria can accumulate leading to cellular apoptosis due to the impaired production 

of new mitochondria and decreased removal of dysfunctional mitochondria. As 

permeabilization of the plasma membrane is a key event in cell death, LDH release was 

determined. Epithelial cells from IPF patients have an increased LDH release compared to 

HBE cells from controls (p = 0.0043), which was prevented by AZD treatment (p = 0.007) 

(Figure 7.5A). As apoptosis can be regulated through the release of apoptotic proteins 

from the mitochondria, the next step was to evaluate the expression levels of various 

members of this intrinsic regulated apoptosis pathway. We found that HBE cells from IPF 

patients have an increased expression of the pro-apoptotic protein BAX (Figure 7.5B) 

which causes the additional release of pro-apoptotic proteins from the mitochondria and 

consequently the activation of caspases and cell death. Interestingly, these enhanced BAX 

levels in HBE cells from IPF patients were decreased again upon inhibition of SFK by AZD 

pretreatment (Figure 7.5B). No difference in the expression of the anti-apoptotic protein 

BCL2 was found between epithelial cells from IPF patients and controls irrespective of SFK 

inhibition (Figure 7.5C).  
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Figure 7.5: AZD reduces markers of cell death in IPF patients. (A) LDH release expressed relative to positive 

control. (B) Gene expression of BAX and (C) BCL-2 in the presence or absence of AZD (1 µM) for 24 hrs in HBE 

cells derived from non-IPF (n = 3) and IPF patients (n = 4). Results are expressed as mean ± SD. Variables were 

normal distributed and significance of parametric test is depicted as *P<0.05. 
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4 Discussion 

The regulation of mitochondrial biogenesis and mitophagy is an important adaptive 

response of cells to cope with stress responses. Mitochondria from IPF patients are 

dysfunctional and contribute to enhanced apoptosis of AECs in response to injury to the 

lung epithelium (18).  

Our results show that HBE cells from IPF patients have an increased activation of SFK 

which was accompanied by decreased expression levels of regulators of mitochondrial 

biogenesis and increased levels of mitophagy-associated genes. SFK inhibition restores the 

observed alterations in mitochondrial biogenesis and mitophagy, thereby increasing cell 

survival as shown by decreased release of LDH. Besides improving epithelial cell survival, 

our data imply that SFK inhibition also reduces NOX4 expression in IPF patients.  

Currently, only two FDA-approved drugs are available for IPF patients, e.g. pirfenidone and 

nintedanib, which only demonstrate modest effects on the progression of the disease and 

are not effective in all IPF patients (33). Although the exact modes of action of both drugs 

are still unknown, the receptor tyrosine kinase inhibitor nintedanib (34) also inhibits non-

receptor tyrosine kinases such as the SRC kinase family (35). Pharmacological inhibitors 

such as PP2 and AZD that target SFK more specifically could serve as alternative treatment 

strategy for IPF as they have shown to attenuate pulmonary collagen deposition in a 

mouse model of bleomycin-induced pulmonary fibrosis (4, 5). Here we show that IPF 

patients have an increased activation of SFK. It has been demonstrated before that various 

growth factors, for instance transforming growth factor (TGF)-β (36) and platelet-derived 

growth factor (PDGF) (5) enhance SFK activation in lung cells and fibroblasts respectively. 

TGF-β1 as well PDGF have been implicated in the development of IPF (37, 38) and could 

therefore contribute to the increased activation of SFK.  

Our data indicate that inhibition of SFK by AZD reduced cell damage and potentially cell 

death in HBE cells from patients with IPF, possibly through downregulation of the pro-

apoptotic protein BAX. Additionally, AZD stimulation enhanced the expression of key 

regulators of mitochondrial biogenesis and mitophagy in IPF-derived HBE cells, which 

might play a role in increasing cell survival through the removal of dysfunctional 

mitochondria. Indeed, it has been shown before that the removal of damaged 

mitochondria through upregulation of mitophagy might improve epithelial cell survival 

(18).  

Studies have indicated before that SFK including cSRC, FYN and LYN can reside in the 

mitochondria (12) and not only directly modulates the activity of the OXPHOS machine 

but can also regulate mitophagy (39, 40). Other studies suggest that cSRC phosphorylates 

cytochrome c oxidase (COX) (41) as well as complex I, III, IV and V (42). When the OXPHOS 

machinery is impaired, less ATP is produced leading to energy deprivation, oxidative stress 

and eventually mitochondrial dysfunction (43). Interestingly, ATP is an allosteric inhibitor 



Inhibition of SFK alleviates expression of mitochondrial biogenesis and mitophagy regulators in IPF 

201 

of NOX4 (44) and IPF patients have decreased levels of intracellular levels of ATP (45), 

indicating malfunctioning of mitochondria that might be linked to the increased NOX4 

expression shown in this disease as well (46). 

NOX4-dependent ROS production is crucial in mediating epithelial cell death in response 

to the profibrotic cytokine TGF-β1 (32). It has been shown that TGF-β mediated NOX4 

expression is also regulated by mitochondrial ROS in lung fibroblasts from IPF patients (47) 

indicating the important role of mitochondria in NOX4 regulation. Interestingly, it was 

suggested that NOX4 might also be present in mitochondria as it contains a 73-amino acid 

long mitochondrial localization signal in its N-terminus (24). Furthermore, NOX4 has been 

implicated in the regulation of mitochondrial biogenesis and bioenergetics (25) as lung 

fibroblasts from NOX4 knockout mice display enhanced mitochondrial respiration and 

increased production of mitochondria which was mediated by TFAM as well as NRF2 but 

independent of PGC1-α (25). Furthermore, studies in 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 dysfunction (48), although the specific subcellular 

localization of NOX4 was not determined in this study. The effect of SFK inhibition on 

regulators of mitochondrial biogenesis and mitophagy could be mediated through the 

inhibition of NOX4 as NOX4 expression is dependent on SFK activation. It has been 

suggested before that the SFK member FYN and NOX4 colocalize in mitochondria and that 

FYN is phosphorylating NOX4 at tyrosine 566 in the C-terminus thereby regulating its 

activity (49). However, in this study FYN was negatively affecting the activity of NOX4, 

suggesting that a different mechanism or a different SFK member might be involved in our 

study as through inhibition of SFK, NOX4 expression was attenuated. Interestingly, it has 

been shown that SFK can phosphorylate the NOX co-activator p47phox resulting in 

enhanced NOX activity in human endothelial cells (50) as well as in smooth muscle cells 

(51). Inhibition of SFK by PP2 attenuated activation of SFK as well as ROS production (50). 

This finding suggests that other cofactors, for instance p22phox which mediates the 

activation of NOX4 (52), may be phosphorylated as well. Indeed, p22phox can be 

phosphorylated at tyrosine residues which also correlated with NOX activation in 

neutrophils (53), however, the role of SFK in p22phox phosphorylation is unclear. It would 

be of interest to address the role of SFK inhibition on p22phox phosphorylation and the 

effects on NOX4 activity herein.  

This study was associated with some limitations of which the very small sample size is the 

most prominent one, indicating that our results need to be repeated in a larger cohort in 

the future to draw definitive conclusions. Additionally, the localization of both residing 

and activated SFK in the mitochondria needs to be confirmed. It would also be of interest 

to identify specific SFK that are involved in the regulation of mitochondrial biogenesis and 

mitophagy. The observation that NOX4 expression is up in IPF and can be normalized by 
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inhibiting SFK suggests that the effect these kinases have on mitochondrial homeostasis 

could be partly due to the involvement of NOX4. Consequently, new research should be 

focused on whether this increased NOX4 expression is accompanied by enhanced NOX4 

activation and localization to the mitochondria. Moreover, it would be of interest to check 

if SFK inhibition would affect the activity of NOX4 in the mitochondria and thus affect 

mitochondrial homeostasis via the enzyme instead of directly via SFK.  

In conclusion, this study shows for the first time that HBE cells from IPF patients display an 

increased activation of SFK kinases and that their inhibition attenuates NOX4 expression 

and reduces LDH release. This latter finding might be associated with increased 

mitochondrial turnover as SFK inhibition also increased expression of various regulators of 

mitochondrial biogenesis and mitophagy.  
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Abstract 

Rationale: Idiopathic pulmonary fibrosis (IPF) is a chronic progressive interstitial lung 

disease with a detrimental prognosis. While antifibrotic therapies ameliorate the course of 

the disease in IPF, this disease is still uncurable. Moreover, individual responses to 

antifibrotics varies substantially. IPF is mainly driven by continuous epithelial injuries, 

associated with oxidative stress, profibrotic processes and inflammation. Additionally, SRC 

family kinases (SFK) contribute to fibrotic remodeling, although the effect of SFK inhibition 

on IPF progression is not known. Aim of our study was to differentiate bronchial epithelial 

cells (HBE) into a complete bronchial epithelium and to evaluate the individual responses 

towards pirfenidone, nintedanib and SFK inhibitor saracatinib on markers of the redox and 

inflammatory status herein. 

Methods: In this pilot study, HBE cells were collected from epithelial lining fluid (ELF) from 

IPF patients (n = 4) and controls (n = 3) by bronchoscopic microsampling (BMS) from 

subsegmental bronchi. HBE cells were then expanded and differentiated into a complete 

bronchial epithelium in which NOX4 expression, antioxidant gene expression and pro-

inflammatory cytokine secretion were evaluated in the absence or presence of 

pirfenidone, nintedanib or SFK inhibitor saracatinib.  

Results: HBE cells from ELF differentiated into a complete bronchial epithelium consisted 

of ciliated epithelial, basal, goblet and club cells. NOX4 expression was slightly increased in 

HBE cells from IPF patients compared to control epithelial cells but differed on individual 

level. In patients with higher NOX4 expression, pirfenidone induced antioxidant genes 

such as NRF2, HO-1, yGCS, SOD1, SOD2 and CAT. NOX4 expression was decreased by 

treating HBE cells from IPF patients with nintedanib (p = 0.07). Furthermore, IL-6 (p =0.09) 

and IL-8 secretion (p = 0.014) were increased in HBE cells derived from IPF patients and 

treatment with saracatinib reduced this elevated IL-8 secretion significantly (p = 0.02).  

Conclusion: Our results show that responsiveness to treatment may vary substantially 

between individual IPF patients, thereby indicating that IPF patients might benefit from 

personalized treatment.  

 

Keywords: IPF, primary bronchial epithelial cells, nintedanib, pirfenidone, saracatinib, 

personalized medicine 
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1 Introduction 

Idiopathic pulmonary fibrosis (IPF) is a progressive and irreversible lung disease of 

unknown etiology, characterized by scarring of the lung tissue which causes symptoms 

such as non-productive cough and breathlessness. IPF has a median survival of only 3.8 

years (1) and affects approximately 5 million people worldwide although its overall 

incidence is increasing (2, 3). Next to the exposure to environmental factors, e.g. cigarette 

smoke and asbestos, aging is the most well-known risk factor as can also be deducted 

from the fact that two thirds of IPF patients are older than 60 years at time of diagnosis (4, 

5). The pathogenic mechanisms underlying IPF are still mainly unclear, but the current 

paradigm is that a disrupted homeostasis of epithelial cells upon damage by various 

triggers (6, 7) plays an important role in the development of the disease. Recurrent 

epithelial injury leads to aberrant wound healing responses and eventually causes the 

remodeling of the lung structure by promoting epithelial cell apoptosis and excessive 

collagen deposition in the alveolar space (6). Furthermore, IPF is associated with an 

increased oxidant burden and diminished expression of antioxidants and detoxification 

enzymes, including heme oxygenase-1 (HO-1), superoxide dismutase (SOD), catalase (CAT) 

and glutamate cysteine synthase (γGCS, the rate-limiting enzyme in glutathione synthesis) 

(8-13) which is thought to further enhance epithelial injury. An important source of 

reactive oxygen species (ROS) in the lungs is the family of NADPH oxidases (NOXes). The 

family member NOX4 is highly upregulated in the lungs of IPF patients (14) and expressed 

by epithelial cells as well as (myo)fibroblasts promoting alveolar epithelial cell (AEC) 

death, (myo)fibroblast differentiation and collagen deposition (15). 

Recently, the antifibrotic drugs pirfenidone and nintedanib were shown to ameliorate the 

course of the disease by slowing down the progression of the disease (16). Yet, there is 

still no cure or reversibility of the disease Pirfenidone is suggested to have antioxidative, 

anti-inflammatory and antifibrotic effects although its exact working mechanisms and 

targets remain to be elucidated (16, 17). In vitro and in bleomycin-induced murine 

pulmonary fibrosis, pirfenidone mainly reduces markers of oxidative stress (18, 19), 

decreases the secretion of pro-inflammatory cytokines (e.g. TNF-α, IL-1β, IL-6) (20) and 

inhibits the proliferation of fibroblasts as well as their differentiation into myofibroblasts 

thereby reducing secretion of collagen (21). Nintedanib, originally developed as an 

anticancer drug, is an intracellular receptor tyrosine kinase inhibitor which mainly inhibits 

the platelet-derived growth factor receptor (PDGFR), fibroblast growth factor receptor 

(FGFR) and vascular growth factor receptor (VEGFR) (16). Nintedanib possesses 

antifibrotic effects as it inhibits the actions of fibroblasts (22), but its exact working 

mechanisms still remain to be elucidated as well. Additionally, the effect of both of these 

drugs on the lung epithelium is not clear yet as most studies thus far have investigated 

their influences only on (myo)fibroblasts (21, 23-25). Recently, a study has demonstrated 
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that low concentrations of pirfenidone (250 µM) and nintedanib (1 µM) also reduce 

fibrotic gene expression in isolated murine alveolar epithelial cells (26). This little 

knowledge regarding their mode of action, combined with the fact that IPF is a very 

heterogeneous disease, makes it very difficult to predict the effects of either pirfenidone 

or nintedanib in individual patients.  

Recently, it has been suggested that the non-receptor tyrosine inhibitor saracatinib 

(AZD0530, AstraZeneca), which inhibits SRC family kinases (SFK) and BCR-ABL kinases, 

could be a potential treatment strategy in IPF (27). SFK are involved in various signaling 

pathways important for cellular homeostasis, including cell differentiation and 

proliferation (28, 29), pathways that are often dysregulated in IPF (30). It has been shown 

that SFK are activated in response to TGF-β and inhibiting SRC kinases by AZD0530 in an 

experimental model of pulmonary fibrosis reduced the fibrotic area as well as collagen 

deposition in the lung (27, 31).  

The paradigm regarding IPF pathology has shifted and the disease is now considered an 

epithelial-driven and fibroblast-activated process with mild inflammation (32). Therefore, 

to effectively treat IPF not only fibroblasts but also epithelial cells need to be targeted (33) 

which makes it pivotal to investigate the effects of antifibrotic drugs on the lung 

epithelium as well. This pilot study was designed to setup methodology for a larger scale 

study, ultimately designed to identify predictors for treatment efficiency. More 

specifically, we evaluated the antioxidative and anti-inflammatory effects of SFK inhibitor 

AZD0530 in differentiated bronchial epithelial cells (HBE) from IPF patients and compare 

them to those of pirfenidone and nintedanib. To this end, primary HBE cells isolated from 

non-treated IPF patients were treated with pirfenidone, nintedanib or saracatinib after 

which NOX4 expression, antioxidant gene expression and pro-inflammatory cytokine 

secretion were evaluated.  
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2 Material and Methods 

2.1 Bronchoscopic microsampling 

Human bronchial epithelial (HBE) cells were obtained from endobronchial lining fluid (ELF) 

of IPF patients and controls by minimally invasive bronchoscopic microsampling (BMS) 

during bronchoscopy from subsegmental airways as previously described (34). All 

participants gave written informed consent, and the study was approved by the ethics 

committee of the University of Heidelberg, Germany. 

2.2 Patient’s characteristics  

In total 7 patients were enrolled in this study via recruitment at the Center for interstitial 

and rare lung diseases, Thoraxklinik, University of Heidelberg (see Table 8.1 for their 

characteristics). All patients gave their written informed consent.  

Lung fibrosis patients  

IPF was diagnosed according to the ATS-ERS consensus criteria (35) in 4 male patients. 

Two were ex-smokers, 1 never smoked and 1 was an active smoker. At the time of 

sampling, none of the patient received treatment yet.  

Control patients (non-ILD) 

For the control group, 3 patients (2 males, 1 female) undergoing bronchoscopy for further 

investigation of indeterminate pulmonary nodules were included of whom the main 

characteristics are shown in Table 8.1. ELF was obtained from a noninvolved segment, 

from the contralateral lung, opposite the solitary lesion to minimize possible influences of 

the suspected malignancy. Two patients were smokers and 1 was an ex-smoker.  

Table 8.1: Patient characteristics. Age is expressed in years, DLCO (diffuse capacity of the lung for carbon 

monoxide), FEV1 (forced expiratory volume in 1 s) and FVC (forced vital capacity) in percentage of the predicted 

value based on age and gender. Data are expressed as range (mean ± SD). (* P < 0.05, *** P < 0.001) 

 IPF patients  
(n=4) 

Controls, non-IPF 
patients (n=3) 

Gender (m/f) 4 (4 / 0) 3 (2 / 1) 

Age (years) 67-73 (72 ± 3.9) *** 53-55 (54 ± 1.2)  

DLCO (% predicted) 36.5-48.4 (41 ± 5.3) 
*** 

81.9-101.8 (94 ± 11)  

FVC (% predicted) 60.9-89.7 (80 ± 14) * 93-113.3 (106 ± 12)  

Smoking status  
(never, ex, current) 

1,2,1 0,2,1 
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2.3 Cell culturing and cell treatment 

Primary HBE cells were centrifuged for 5 min at room temperature and 300 x g to elute 

sampled cells from sponges. Afterwards, cells were resuspended and expanded in 

DMEM/F12 media (Gibco, Carlsbad, CA) supplemented with bovine pituitary extract 

(0.004 mL/mL), epidermal growth factor (10 ng/mL), insulin (5 µg/mL), hydrocortisone (0.5 

µg/mL), triiodo-L-thyronine (6.7 ng/mL) and transferrin (10 µg/mL) (PromoCell, 

Heidelberg, Germany), sodium selenite (30 nM, Sigma), ethanolamine (10 µM, Sigma), 

phosphorylethanolamine (10 µM, Sigma), sodium pyruvate (0.5 µM, Gibco), adenine (0.18 

mM, Sigma), hepes (15 mM, Gibco), 1x GlutaMAX (Gibco) and in the presence of 10 µM 

Rock-inhibitor (StemCell, Cologne, Germany), as described previously (36). After reaching 

confluency, cells were treansferred to 12-well plates and plated at 90.000 cells/insert 

(ThinCert™, 0.4 µm pores, Greiner BioOne, Frickenhausen). After 2-3 days, cells were 

airlifted by removing the medium from the apical chamber and PneumaCult-ALI media 

(StemCell, Cologne, Germany) was added to the basal chamber only. Differentiation into a 

pseudostratified mucociliary epithelium was achieved after approximately 24-27 days. At 

day 28, cells were stimulated with different concentrations of pirfenidone (1 mM, 500 µM, 

100 µM), nintedanib (1 µM, 0.1 µM, 0.01 µM) or saracatinib (10 µM, 1 µM, 0.1 µM) (all 

Selleck Chemicals, Houston, TX) for 24 hrs after which RNA, proteins and supernatants 

were collected (see Figure 8.1).  
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Figure 8.1: Culture method of HBE obtained by BMS. HBE cells were obtained from ELF by BMS and afterwards 

expanded in submerged cultures. After approximately 14-28 days, cells were transferred to an air-liquid interface 

culture in a submerged condition. After reaching confluency after 2-4 days, cells were airlifted and maintained 

until a pseudostratified epithelium has developed. At day 28, cells were stimulated with pirfenidone, nintedanib 

or saracatinib and RNA, proteins and supernatants were collected.  

2.4 Confocal imaging 

To validate differentiation of the pseudostratified mucociliary epithelium, cells were 

stained with specific antibodies 28 days after plating on inserts. Treated cells on inserts 

were washed with PBS, fixed on slides with 4 % paraformaldehyde for 20 min at 4°C. 

Afterwards, mounted slides were rinsed with PBS and incubated in PBS containing 0.2 % 

Triton X-100 for 2 min. Slides were then cut in 4 pieces and washed with PBS, blocked in 

PBS containing 1 % bovine serum albumin (BSA) for 30 minutes and stained with 
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antibodies targeted against keratin 5 (1:50, #HPA059479, Sigma-Aldrich, St. Louis, 

Missouri, U.S.), tubulin-β4 (1:100, #T7941, Sigma-Aldrich), CC10 (1:300, #RD181022220-

01, BioVendor, Heidelberg, Germany) and mucin 5B (1:300, abcam, #ab3649, Berlin, 

Germany) overnight at 4 °C. The next day, slides were washed with PBS and blocked for 10 

min in PBS/1 % BSA. Alexa Fluor secondary antibodies 488 and 594 (1:300, Invitrogen, 

Carlsbad, California, U.S.) were added and slides were incubated for 45 min at 37°C 

followed by Hoechst staining (1:10000, #H1399, Invitrogen) for 10 min at room 

temperature. Images were obtained with confocal microscopy (Leica TCS SP5) and Leica 

Application Suite X software.  

2.5 ELISA 

Secretion of interleukin (IL)-8 and IL-6 in cell culture supernatants was determined using 

human ELISA DuoSet kits (R&D Systems, Minneapolis, MN) according to the 

manufacturer’s instructions.  

2.6 LDH assay 

LDH cell death assay was used according to the instructions of the manufacturer (Thermo 

Scientific, Waltham, MA). 

2.7 RNA isolation and RT-PCR 

RNA was isolated and purified using the RNeasy mini kit (Qiagen, Venlo, the Netherlands) 

according to the manufacturer’s instructions. The RNA concentration was determined 

using a Nanodrop spectrophotometer (Thermo Scientific) after which cDNA was 

synthesized from 500 ng isolated RNA using IScript (Biorad, Hercules, CA) according to the 

manufacturer’s instructions. RT-PCR was performed using SYBR Green PCR Supermix 

(BioRad) with 4.4 μL of 50 times diluted cDNA and 0.5 μmol/L predesigned primers. PCR 

amplifications were carried out for up to 55 cycles of denaturation (95°C, 10 sec) and 

annealing/elongation (60°C, 60 sec) for selected genes (Table 8.2). The gene expression 

was normalized to the house keeping gene β-actin and quantified according to the 

2−∆∆Ct method to relatively quantify the expression of genes of interest. These genes 

include the ROS-producing enzyme NOX4 as well as a selection of important endogenous 

antioxidants (Table 8.2).  
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Table 8.2: Human RT-PCR forward and reverse primer sequences. 

Gene of interest Forward primer sequence Reverse primer sequence 

Actin CCTGGCACCCAGCACAAT GCCGATCCACACGGAGTACT 

NOX4 TGGCAAGAGAACAGACCTGA TGGGTCCACAACAGAAAACA 

Nrf2 ACACGGTCCACAGCTCATC TCTTGCCTCCAAAGTATGTCAA 

HO-1 CTTCTTCACCTTCCCCAACA GCTCTGGTCCTTGGTGTCAT 

γGCS CGACCAATGGAGGTGCAGTTA ACCCTAGTGAGCAGTACCACGAA 

CAT GATGTGCATGCAGGACAATCAG GCTTCTCAGCATTGTACTTGTCC 

SOD1 CCACACCTTCACTGGTCCAT CTAGCGAGTTATGGCGACG 

SOD2 TGGACAAACCTCAGCCCTAACG TGATGGCTTCCAGCAACTCCC 

2.8 Protein extraction and Western blotting 

Cell lysates were prepared using RIPA buffer (Thermo Scientific) containing 1x 

phosphatase and protease inhibitors (Thermo Scientific) and 1 mmol/L 

phenylmethylsulfonyl fluoride (PMSF). Protein concentration was measured with BCA 

protein assay kit (Thermo Scientific). Aliquots of cell lysates containing 20 µg proteins 

were separated on 10% SDS-PAGE gels (Invitrogen), transferred to nitrocellulose 

membranes and probed with antibodies against NOX4 (1:1000) or β-ACTIN (1:5000; all 

from Cell Signaling, Danvers, MA). Primary antibodies were probed with rabbit or mouse 

respectively (Cell Signaling, Danvers, MA) and detected by means of chemiluminescence 

with SuperSignal™ West Pico PLUS or SuperSignal™ West Femto Maximum Sensitivity 

Substrate (Thermo Scientific) using Amersham Imager 600 (GE Healthcare Life Sciences, 

Hillerød, Iceland). Integrated density of pixels in each membrane was quantified using 

ImageJ software 1.47v (W. Rasband, National Institutes of Health, Bethesda, MD). 

2.9 Statistical Analysis 

All quantitative data are represented as means ± SEM. Statistical differences between 

groups were evaluated by means of 1-ANOVA analysis corrected with Bonferroni’s 

postanalysis or by means of Student’s t-test in GraphPad Prism software (version 7.3; 

GraphPad Software, La Jolla, CA) and considered significant at a P value less than 0.05. 
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3 Results 

Human bronchial epithelial (HBE) cells were isolated from endobronchial lining fluid (ELF) 

of IPF patients and controls by bronchoscopic microsampling and grown in an air-liquid-

interphase culture. After 28 days of expansion, a complete bronchial airway epithelium 

consisting of ciliated epithelial, goblet, club and basal cells has developed. HBE cells were 

stained with specific antibodies and confocal microscopy was performed showing this 

successful differentiation of BMS-derived cultures (Figure 8.2). The keratin 5 staining, 

indicating basal cells, appeared mostly at the bottom of the culture whereas tubulin-β4 

staining, indicating ciliated epithelial cells, was distributed on the top of the cells (Figure 

8.2A and C). The CC10 (Club cells) and mucin 5B staining were evenly distributed 

throughout the culture (Figure 8.2B and D).  
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Figure 8.2: Differentiated HBE cells. (A) Top view and side view of BMS-derived patient ALI cell cultures stained 

with Tubulin-β4 (red, ciliated cells) and Keratin 5 (green, basal cells). (B) Top view and side view of staining with 

Mucin 5B (red, Goblet cells) and CC10 (green, Club cells) of BMS derived patient ALI cell cultures.  
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Previous studies have indicated that epithelial cells from IPF patients have an increased 

expression of the NADPH oxidase NOX4 that enhances epithelial oxidant production (37) 

whereas cellular antioxidant systems are decreased (8-13), thereby causing a redox 

imbalance. Therefore, we assessed NOX4 expression as well as the expression of various 

antioxidants in HBE cells from both controls and IPF patients. NOX4 was upregulated in 

epithelial cells derived from patients with IPF in comparison to control cells (3.98 ± 3.22 vs 

1.26 ± 1.07) (Figure 8.3A), although not significantly (p = 0.23) and not correlated with 

disease severity as indicated by the diffusing capacity for carbon monoxide (DLCO) (Figure 

8.3B). Interestingly, NOX4 expression differs notable between individual IPF patients. 

Gene expression of antioxidant genes was not significantly different between IPF patients 

and controls, although the oxidant-sensitive transcription factor NRF2 as well as CAT and 

SOD2 were slightly downregulated in IPF patients whereas HO-1 and SOD1 were slightly 

upregulated (Figure 8.3).  

 

Figure 8.3: HBE cells derived from IPF patients have different gene expression levels of NOX4 and endogenous 

antioxidants. (A) NOX4 expression levels in HBE cells from IPF patients (n = 4) and controls (n = 3). Data are 

presented as mean ± SD. (B) Correlation of NOX4 expression with DLCO (%). (C) Antioxidant gene expression in 

HBE cells from IPF patients (n = 4) and controls (n = 3). Data are presented as mean ± SD.  

To assess the effects of the drugs, cells were treated for 24 hours with a range of doses 

similar to those previously applied (22, 23, 38) in published studies. Notably, others have 

used pirfenidone in concentrations up to 10 mM (39), however, to adhere to 

physiologically relevant concentrations we stimulated cells with maximal 1 mM. Initially, 
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the effects of different dose ranges of pirfenidone (1 mM - 100 µM), nintedanib (1 µM - 

0.01 µM) and saracatinib (10 µM - 0.1 µM) on cell viability were analyzed using MTT 

cytotoxicity assay to determine mitochondrial metabolic activity (Figure 8.4A). Since the 

highest concentration of both nintedanib and saracatinib reduced the cell viability below 

90 % (Figure 8.4A), these doses were excluded. Next, cells were treated with the highest 

non-cytotoxic concentrations of the drugs (i.e. 1 mM pirfenidone, 0.1 µM nintedanib and 

1 µM saracatinib) and LDH release, an indication of cell damage, was measured. No 

significant LDH release was determined after stimulation for 24 hours (Figure 8.4B), 

indicating that the concentrations applied were well tolerated for the chosen treatment 

period. 

Figure 8.4: Pirfenidone, nintedanib and saracatinib do not influence cell viability. (A) MTT assay and (B) LDH 

assay after treatment with different doses of pirfenidone (P1: 1 mM, P2: 500 µM, P3: 100 µM), nintedanib (N1:1 

µM, N2: 0.1 µM, N3: 0.01 µM) and saracatinib (S1: 10 µM, S2: 1 µM, S3: 0.1 µM) for 24 hrs in IPF patients (n = 4) 

and controls (n = 3). Data are presented as mean ± SD.  

Next, we examined the effect of the selected concentrations pirfenidone, nintedanib and 

saracatinib on NOX4 and antioxidant gene expression. nintedanib reduced NOX4 

expression in IPF patients (0.68 ± 0.16), although this effect was not statistically significant 

(p = 0.07) (Figure 8.5A). NRF2, HO-1, γGCS, SOD1, SOD2 and CAT expression did not 

change after treatment with pirfenidone, nintedanib or saracatinib (Figure 8.5B-G) 

Notably, in two patients who had higher expression of NOX4 (2.73 and 1.19 respectively) 

and lower expression of NRF2 (0.73 and 1.34 respectively), pirfenidone was more effective 

and did induce the gene expression of various antioxidant genes (see supplemental data 

E8.1).  
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Figure 8.5: NOX4 and antioxidant gene expression in HBE cells from IPF patients are not significantly affected by 

stimulation with pirfenidone (P), nintedanib (N) and saracatinib (S) for 24 hours. (A) NOX4 expression, (B) NRF2 

expression, (C) HO-1 expression, (D) γGCS expression, (E) CAT expression, (F) SOD1 and (G) SOD2 expression in 

HBE cells from IPF patients (n = 4) after stimulation with pirfenidone (1 mM), nintedanib (0.1 µM) and saracatinib 

(1 µM) for 24 hrs. The change in gene expression was calculated for every individual IPF patient. Data are 

presented as mean ± SD.  
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IPF patients often suffer from chronic inflammation and therefore the secretion of 

interleukin (IL)-6 and IL-8 was determined using ELISA. Intriguingly, most HBE cells isolated 

from IPF patients already secreted increased levels of IL-6 and IL-8 compared to HBE cells 

from non-IPF patients, 197.2 pg/mL ± 145.3 pg/mL vs 20.62 pg/mL ± 23.62 pg/mL (p = 

0.09) and 1321 pg/mL ± 355.3 pg/mL vs 396.7 pg/mL ± 278.8 pg/mL (p = 0.014) 

respectively (Figure 8.6A and B). Twenty four hours of stimulation with pirfenidone, 

nintedanib and saracatinib had various effects on HBE cells of IPF patients as IL-6 

production was mostly unaffected (Figure 8.6C), whereas IL-8 release was significantly 

reduced (p = 0.02) after treatment with saracatinib but unaltered by the two anti-fibrotic 

drugs (Figure 8.6D). 

Figure 8.6: IL-6 (A) and IL-8 (B) secretion by HBE cells from IPF patients is increased and IL-8 can be reduced after 

incubation with saracatinib for 24 hours. (A) IL-6 and (B) IL-8 secretion in HBE cells from IPF patients (n = 4) and 

controls (n = 3). (C) IL-6 and (D) IL-8 secretion in HBE cells from IPF patients after stimulation with pirfenidone (1 

mM), nintedanib (0.1 µM) or saracatinib (1 µM) for 24 hrs (n = 4). Data are presented as mean ± SD. (* P < 0.05). 
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4 Discussion 

IPF is a progressive chronic interstitial lung disease, which leads to the remodeling of the 

lung architecture causing loss of lung function, subsequent respiratory failure and 

ultimately death. Repetitive injury to the lung epithelium and dysregulated repair 

represent important features of the development of IPF as they lead to increased 

apoptosis and abnormal regeneration of the lung epithelium (40). Recently, two drugs 

have been approved for IPF treatment, pirfenidone and nintedanib, which have shown to 

slow down the progression of the disease (41, 42). Moreover, SFK inhibition has been 

suggested as alternative treatment strategy for IPF (27) but its effect on IPF pathology 

remains to be elucidated.  

In this pilot study, we demonstrated that cells from the ELF can be differentiated into a 

complete bronchial epithelium, consisting of ciliated epithelial, basal, goblet and club 

cells. Our preliminary results indicate that responses of important redox readouts to 

pirfenidone and nintedanib largely differ between individual IPF patients. Additionally, our 

data suggest that nintedanib as well as saracatinib can reduce NOX4 expression, although 

not significantly. Saracatinib also reduces inflammatory cytokine release in HBE cells from 

3 of the 4 included IPF patients. This pilot study was designed to setup methodology for a 

larger scale study, ultimately designed to identify predictors for treatment efficacy, 

thereby supporting the prediction of treatment outcome in IPF patients in the future.  

IPF is a complex heterogeneous disease and although there are two new drugs available, 

they are not fully effective in every patient. Recently, it has been suggested that a shift 

towards a personalized treatment approach in IPF could be a realistic goal to improve 

treatment of the affected patients (43-45). However, to make use of personalized 

medicine, subgroups of IPF patients have to be identified first to develop targeted 

therapies and maximize the outcome of treatment strategies. A possible trait for defining 

such subgroups is the redox status as oxidative stress has been implicated in the 

pathogenesis of IPF and various studies have demonstrated increased markers of 

oxidative damage in patients suffering from this disease (46-48). Moreover, antioxidants 

and detoxification enzymes show a diminished expression in patients with IPF (8-13). 

However, not all patients might have an increased oxidant burden, as can also be 

deducted from the spread in NOX4 and AOX expression observed in the present study, 

which might explain why antioxidant therapy has failed to be generally effective in IPF 

thus far. Instead, patients with increased NOX4 expression might benefit from antioxidant 

treatment whereas patients without an altered redox balance might rather benefit from a 

different treatment approach with for example one of the two antifibrotic drugs. An 

alternative way of phenotyping IPF patients could be by inflammatory status as this study 

has once more showed that some but not all patients present significantly elevated levels 

of pro-inflammatory cytokines. Anti-inflammatory treatment strategies failed and it is still 
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not clear what function inflammation plays in the progression of the disease (49), but it 

can be anticipated that immunosuppressants may be helpful in a special subgroup of IPF 

patients with increased pulmonary proinflammatory cytokine production. 

Our study is the first study that uses pulmonary bronchial epithelial cells obtained from 

yet untreated IPF patients to evaluate treatment effects on markers of antioxidant genes 

and pro-inflammatory cytokine release. One limitation associated with this study is the 

use of bronchial epithelial cells as IPF primarily impacts the alveolar epithelium (50). 

However, it has recently been suggested that injury to the bronchial epithelium also 

promotes the development of pulmonary fibrosis (51).  

Our study has some limitations: as this was only a pilot study, the sample size was rather 

limited and needs to be enlarged in the future. Additionally, the working mechanisms of 

pirfenidone and nintedanib in epithelial cells remain to be elucidated. Combined with the 

fact that nintedanib also inhibits non-receptor tyrosine kinases including SFK (52) suggests 

that part of the working mechanism of this antifibrotic drug is indeed via SFK inhibition.  

Since saracatinib is not yet approved for fibrotic diseases, its mechanism of action still 

needs to be investigated as well. We did not observe an effect of the drugs in every 

patient, which could be associated with adjusting concentrations and time points of 

stimulation. Most performed studies have used concentrations of nintedanib and 

pirfenidone which would not be achievable in humans as the concentrations found in the 

plasma of patients are approximately 0.1 µM for nintedanib (53) and 100 µM (54) for 

pirfenidone. We used the same concentration for nintedanib but chose a higher 

concentration (1 mM) for pirfenidone as this has commonly been used in in vitro studies 

thus far and did not induce cell death in the HBE cells applied in the present study (38, 55). 

However, the variable responses to the drugs could also indicate that individual patients 

have different responses to different drugs and further strengthen the call for patient 

stratifying, followed by tailored treatment based on specific disease progression 

characteristics.  

In conclusion, there are still many open questions regarding the best treatment strategies 

for IPF patients. This pilot study suggests that responsiveness to treatment varies 

significantly between individual IPF patients, presumably due to a differently affected 

redox status, and that treatment should be personalized to maximize its benefit, thereby 

decreasing the burden of disease and mortality associated with the disease.  
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Supplemental data 

Table E8.1: Gene expression of NOX4, NRF2, HO-1, γGCS, SOD1, SOD2 and CAT for individual IPF 

patients (P) without and with treatment with pirfenidone (1mM), nintedanib (0.1 µM) and 

saracatinib (1 µM) for 24 hrs.  

 NOX4 NRF2 HO-1 yGCS SOD1 SOD2 CAT 

P1 

P 

N 

S 

 

2.73 

0.79 

0.46 

0.48 

 

0.73 

1.49 

0.92 

1.40 

 

0.55 

2.36 

1.15 

2.10 

 

0.28 

1.36 

0.78 

1.75 

 

0.75 

1.11 

0.74 

1.34 

 

2.01 

0.98 

0.86 

1.35 

 

0.78 

1.47 

0.71 

1.37 

 

P2 

P 

N 

S 

 

0.71 

0.85 

0.39 

0.26 

 

1.59 

0.87 

0.80 

0.89 

 

1.27 

0.85 

0.57 

0.12 

 

2.44 

0.42 

0.36 

0.37 

 

1.83 

0.57 

0.56 

0.74 

 

0.76 

0.68 

1.02 

1.06 

 

2.59 

0.50 

0.53 

0.65 

 

P3 

P 

N 

S 

 

1.19 

0.10 

0.09 

0.46 

 

1.35 

1.62 

1.03 

1.11 

 

0.71 

4.59 

2.04 

1.05 

 

1.02 

1.92 

1.58 

1.16 

 

1.31 

1.35 

1.54 

1.11 

 

0.86 

0.64 

0.60 

0.57 

 

1.30 

1.38 

1.71 

0.76 

 

P4 

P 

N 

S 

 

0.44 

0.43 

0.34 

0.45 

 

0.64 

0.97 

1.10 

1.33 

 

2.03 

0.87 

0.17 

0.40 

 

1.44 

0.68 

0.64 

0.48 

 

0.56 

0.89 

0.85 

1.09 

 

0.76 

1.15 

1.55 

0.99 

 

0.38 

1.16 

1.27 

1.08 
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Main findings: Just scavenging oxidants is not the solution in 

IPF 

Idiopathic pulmonary fibrosis (IPF) is characterized by the presence of oxidative stress and 

IPF patients demonstrate increased markers of oxidative damage (1, 2). Despite this, 

antioxidant therapies have not been proven effective in treating IPF and the role of 

oxidative stress is still not completely clear. The aim of this thesis was to explore the 

importance of oxidant regulation in pulmonary fibrosis. To this end, 1) the role of 

reactive oxygen species (ROS) was studied by scavenging ROS with the dietary antioxidant 

quercetin, 2) the role of oxidants specifically produced by the NADPH oxidase NOX4 in the 

activation of SRC family kinases was investigated and 3) the effect of SRC family kinase 

(SFK) inhibition was evaluated to mitigate specific features of IPF.  

In Chapter 3 we examined the potentially protective effects of the antioxidant quercetin 

on oxidant production and pro-inflammatory cytokine secretion in human bronchial 

epithelial cells as well as ex vivo in blood of IPF patients. Quercetin reduced bleomycin-

induced ROS production, while also boosting Nrf2 activity, and the release of 

inflammatory cytokines in vitro and ex vivo in blood of IPF patients. One-week of dietary 

quercetin supplementation in mice increased the quercetin concentration in the plasma, 

however, not in the lungs, and slightly enhanced the pulmonary expression of Nrf2-

responsive genes (chapter 4). Upon bleomycin exposure, Nrf2+/+ quercetin-fed mice 

displayed reduced expression of collagen and fibronectin and as well as reduced 

pulmonary inflammatory lesions. Furthermore, quercetin reduced pulmonary gene 

expression of TNFα and KC, but not their plasma levels, and diminished malondialdehyde-

dG DNA adducts. In Nrf2-/- animals, no effect of the dietary antioxidant on either histology 

or inflammatory lesions was observed upon exposure to bleomycin suggesting that 

quercetin protects against bleomycin-induced pulmonary damage via the induction of 

Nrf2. However, quercetin supplementation could not reverse the bleomycin-induced 

damage indicating that quercetin is not sufficient to abrogate the development of 

pulmonary fibrosis.  

One major pulmonary source of oxidants is the NADPH oxidase (NOX) 4, however, targets 

of NOX4-dependent ROS are largely unknown. We identified in chapter 5 that NOX4 

oxidized the SFK member FYN thereby activating it in response to TGF-β1 in human 

bronchial epithelial cells. When FYN was inhibited, it reduced mitochondrial ROS 

production leading to reduction of DNA damage and expression of fibronectin. Inhibition 

of SFK by saracatinib reduced fibroblast activation, ROS production as well as 

inflammatory cytokine release, as presented in chapter 6. Intriguingly, in fibroblasts TGF-

β1 activated the SFK member YES which contributed to the expression of extracellular 

matrix genes in fibroblasts. Furthermore, the TGF-induced increase in NOX4 expression 
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was diminished in YES-silenced cells indicating that the SFK member YES promoted 

fibroblast activation potentially through the induction of NOX4. 

In chapter 7, we demonstrated that bronchial epithelial cells from IPF patients depict an 

increased activation of SFK, and inhibition of SFK by AZD reduced markers of 

mitochondrial dysfunction by increasing the expression of genes associated with 

mitochondrial biogenesis and mitophagy. Additionally, SFK inhibition reduced LDH release, 

indicating cell damage and expression of the pro-apoptotic gene BAX as well as NOX4. In 

differentiated bronchial epithelial cells, NOX4 expression is slightly increased in IPF 

patients compared to control epithelial cells but differs on individual level (chapter 8). 

Intriguingly, in patients with higher NOX4 expression, pirfenidone induced antioxidant 

genes. Furthermore, IL-8 was significantly increased in HBE cells derived from IPF patients 

and treatment with saracatinib reduced this elevated IL-8 secretion significantly. After 

comparing the effects of the FDA-approved drugs pirfenidone and nintedanib to the SFK 

inhibitor saracatinib in differentiated bronchial epithelial cells, we propose that IPF 

patients might benefit from personalized treatment as responsiveness to the different 

drugs varied between individual patients and was dependent on their redox and 

inflammatory status.   
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1 Discussion: targeting oxidative stress or redox signaling? 

Reactive oxygen species  

The oxidative stress theory  

ROS are involved in the regulation of cellular homeostasis by controlling cell proliferation 

as well as differentiation. Additionally, ROS have various physiological functions in host 

defense and immune regulation. They are produced as by-products of cellular metabolism 

during oxidative phosphorylation in the electron transport chain in the mitochondria or by 

several enzyme systems such as the NADPH oxidases (NOX) (3). Furthermore, the lungs 

are also exposed to exogenous sources of ROS such as asbestos and cigarette smoke. To 

effectively regulate the biological actions of exogenous and endogenous ROS, various non-

enzymatic and enzymatic antioxidant defense systems are present in lung cells to provide 

protection and to regulate cell signaling. 

However, when oxidants are produced in excess, a condition called oxidative stress 

occurs. Oxidative stress is defined as ROS production exceeding the capacity of the 

antioxidant systems to scavenge ROS, resulting from either an increased ROS generation 

or a decrease in antioxidant systems. Oxidative stress can damage DNA, proteins and 

lipids thereby promoting cell death (4). In 1956, the “free radical theory of aging” was 

formulated suggesting that aging (and possibly age-related disease) develop because of 

oxidant-induced damage (5).  

Oxidative stress and IPF 

Oxidative stress is thought to be implicated in a variety of chronic lung diseases including 

idiopathic pulmonary fibrosis (IPF). IPF is associated with an increased oxidative burden 

and pulmonary inflammatory cells from of IPF patients generate higher levels of ROS 

compared to those of healthy controls (6) and IPF patients have increased levels of 

H2O2 within their exhaled breath condensates (EBC) (7) and increased markers of oxidative 

damage including enhanced 8-isoprostane (2), oxidized proteins (8-10) and 8-hydroxy-

deoxyguanosine (11). Next to damaging macromolecules, extracellular H2O2 may also 

mediate additional fibrogenic effects by inducing apoptosis of adjacent lung epithelial cells 

(12). Yet, the association between oxidative stress and IPF remains controversial mostly 

due to the lack of our understanding how and if oxidative stress promotes the 

development and progression of IPF.  

Studies have shown that IPF patients not only have an oxidant-imbalance due to 

enhanced levels of ROS, but also have a compromised antioxidant system as lung tissue 

from IPF patients shows decreased levels of antioxidants such as glutathione (GSH) (13, 

14), superoxide dismutase 3 (15) and catalase (16). Our data further indicate that the 

redox-balance is disturbed in IPF as GSH as well as the total antioxidant capacity are 

reduced in the blood of IPF patients (chapter 3). Since various lines of evidence support 



Summary & Discussion 

237 

these data, antioxidant therapy to reduce the oxidative burden oxidative stress in IPF, has 

been suggested as a therapy option. Antioxidants that also activate the redox sensitive 

transcription factor nuclear factor erythroid 2 related factor 2 (Nrf2) are of special 

interest, since they also induce various Nrf2-responsive antioxidant enzymes (17) to 

further protect against oxidative damage.  

Based on our studies with the dietary antioxidant quercetin (chapter 3, 4) it can be 

concluded that quercetin demonstrated antioxidant capacities in vitro and reduced 

fibrotic gene expression as well as inflammatory cytokine expression in the blood of IPF 

patients (chapter 3). However, its effects in a mouse model of bleomycin-induced 

pulmonary fibrosis were only moderate. Furthermore, our results indicated that the 

effects of quercetin are partly mediated through the induction of Nrf2 as Nrf2 knockout 

mice had more pulmonary damage in response to bleomycin compared to Nrf2+/+ after 

dietary quercetin supplementation (chapter 4).  

It has been suggested before that polyphenols such as quercetin not only scavenge ROS 

but also form electrophilic quinones (18) that can induce Nrf2 by alkylation of critical 

cysteine residues of the Nrf2-regulator Kelch-like ECH-associated protein 1, also called 

Keap1 (19, 20). When Keap1 is modified through oxidation or alkylation, Nrf2 can 

dissociate and translocate to the nucleus leading to the activation of Nrf2-responsive 

genes through the antioxidant response element. As a result, a lot of studies have been 

focused on oxidant scavengers that are also Nrf2 activators to treat diseases with an 

increased oxidant burden. Interestingly, a phase 3 clinical trial with the Nrf2 activator 

bardoxolone in patients with stage 4 chronic kidney disease was terminated because it 

was not associated with beneficial health effects (21).  

There are various reasons why antioxidant supplementations has not been successful until 

now. The biggest limitation is the physiological concentration of an antioxidant to 

scavenge a significant amount of ROS. Unfortunately, no antioxidant has been developed 

so far that reacts faster with ROS than ROS react with biomolecules to induce oxidative 

damage (22). Consequently, it is suggested that quercetin does not exert its beneficial 

effects via the scavenging of oxidants but rather through the formation of quercetin 

quinones. However, in high concentrations, which can luckily not be archived in vivo, 

quinones are toxic (23, 24) as they can form adducts with proteins containing thiol groups 

(25) thereby changing their activity. Furthermore, only because an antioxidant 

demonstrates oxidant scavenging abilities in vitro, it does not necessarily protect against 

ROS-induced damage in vivo. One of the biggest drawbacks is that we still don’t know 

where exactly oxidants are being produced inside the cells in patients with IPF. 

Consequently, “overloading” the patients with antioxidants might also interfere with 

physiological oxidant signaling without scavenging oxidants in the right places.  
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It is also important to recognize that Nrf2 translocation to the nucleus does not 

necessarily lead to Nrf2 activation and induction of antioxidant gene expression. A study 

has shown that quercetin supplementation in older mice (> 12 months) does not affect 

Nrf2 activation (26) underlining the fact that quercetin alone cannot upregulate Nrf2 in 

this model. Studies have suggested that Nrf2-induced antioxidant responses are declined 

with increasing age (27, 28), which is associated with simultaneous upregulation of 

negative Nrf2 regulators such as c-MYC and BACH-1 (29). This finding highlights the fact 

that inducing Nrf2 might not be enough to treat IPF as negative Nrf2 regulators might also 

be increased in age-related diseases. It has been shown that bleomycin-induced 

pulmonary fibrosis in young mice (2 months) results in the resolution of fibrosis after a 

peak around 14-21 days which is impaired in old mice (18 months) which has been linked 

to impaired Nrf2 signaling (30).  

A deficiency in Nrf2 induction combined with upregulation of the oxidant-generating 

NADPH oxidase (NOX)4 has been shown to result in a redox-imbalance thereby driving 

pulmonary fibrosis in elderly mice (30). Various NOXes are upregulated in IPF including 

NOX1 (31), NOX2 (32) and NOX4 (33). NOX4 is highly upregulated in IPF, and NOX4 

deficient mice are protected from bleomycin-induced pulmonary fibrosis (33) indicating 

that NOX4 plays an important role in the development of IPF. Indeed, it has been shown 

that NOX4 promotes alveolar epithelial cell death (34) and myofibroblast activation (35), 

thereby promoting a fibrotic environment in the lungs. Although NOX4 expression 

correlated with IPF disease progression (Chapter 5), it can be deducted from our results 

that NOX4 expression varies between IPF patients. Noticeable, not every patient had an 

increased expression of NOX4 (Chapter 8) indicating that also other mechanisms drive the 

disease. Therefore, it should be evaluated beforehand if the patient has an increased 

NOX4 activity. Otherwise NOX4 inhibition might not be a beneficial target for treatment 

and it might even interfere with physiological cell signaling.  

Oxidative stress versus redox regulation: a role for oxidant crosstalk? 

Over the past decade, it has become clear that simply inhibiting ROS sources or 

scavenging ROS might not be the solution for treating IPF as its pathology may be 

mediated by dysregulated redox processes rather than oxidative stress (36). Redox-

dependent signaling processes include alterations of the intracellular redox state and 

reversible redox-mediated post-translational modifications of redox-sensitive proteins 

(37, 38). A major target of ROS is the thiol side chain of cysteine residues which is 

important for the regulation of protein function and serves as redox sensor. However, the 

molecular mechanisms by which such dysregulated redox processes contribute to IPF 

pathology are not fully elucidated yet. 

Our results demonstrate that NOX4 can oxidize the SRC family kinase (SFK) member FYN 

through oxidation of one or more of its cysteine residues in a time-dependent manner in 
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response to TGF-β1 contributing to its full activity (chapter 5). This NOX4-induced 

activation of FYN promoted mtROS production and epithelial DNA damage responses as 

well as induction of profibrotic genes in bronchial epithelial cells. This finding indicates 

that NOX4 may promote fibrosis, at least partly, by redox-dependent activation of FYN. 

Other studies have also shown that oxidation of cysteine residues promotes the activity of 

SRC (39). However, we still need to evaluate the exact cysteine that is oxidized by NOX4 to 

target it directly. The most likely candidate is Cys488 as it is conserved among all SFKs and 

is homologous to C487 in SRC, which has been implicated in its redox-dependent 

activation (40). More detailed future studies will be needed to clarify the significance of 

FYN sulfenylation for regulating its activity. 

Another source of intracellular oxidants are the mitochondria, and IPF is characterized by 

mitochondrial dysfunction. Mitochondrial dysfunction is thought to enhance pathological 

features of IPF, in part by increasing mitochondrial ROS production and altering cellular 

metabolism contributing to epithelial cell death as well as profibrotic gene expression (41, 

42). IPF patient derived bronchial epithelial cells have a decreased expression of genes 

regulating mitochondrial biogenesis as well as mitophagy (chapter 7) which might 

contribute to increased mtROS generation through the accumulation of dysfunctional 

mitochondria. Our data show that TGF-β1 enhances mtROS which is dependent on both 

NOX4 and FYN (chapter 5). Intriguingly, both NOX4 (43) and FYN may be present in 

mitochondria, as it has been shown before that NOX4 and FYN were found to colocalize in 

mitochondria of cardiomyocytes (44). 

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, as 

reviewed in (chapter 2). It has been reported that NOX4 is able to interact with 

mitochondrial complex I, thereby negatively regulating its activity (45). Furthermore, 

studies have suggested that mtROS regulate NOX4 expression in fibroblasts of IPF patients 

(42). Overexpression of NOX4 might have a role in mediating mitochondrial dysfunction in 

lung fibroblasts as NOX4 inhibition results in a decrease if mitochondrial biogenesis (46). 

It is possible that targeting one oxidant source might not have a beneficial outcome, as 

this could result in an increase of oxidant generation from the source as a compensatory 

mechanism as we still don’t fully understand the impact on disease progression. 

Furthermore, based on the idea that low levels of ROS are actually beneficial and high 

levels are harmful, it is almost impossible to find the right dose of an antioxidant or ROS 

source inhibitor to only scavenge harmful ROS. Therefore, it might be more beneficial to 

target redox-sensitive proteins that have been found to be involved in downstream 

signaling pathways, such as the SRC family kinases.  
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Targeting redox-sensitive proteins: the SRC family  

Since we have shown that NOX4-induced activation of the SFK member FYN is involved in 

fibrotic responses, we evaluated the role of SFK further. SFK have been indicated to play a 

role in the development of pulmonary fibrosis before and studies have shown that 

inhibition of SFK attenuates fibrotic lesions in experimental models of IPF (47, 48).  

In agreement with previous studies (47, 49), our data show that SFK play an important 

role in fibroblast proliferation and activation and inhibition of SFK by saractinib reduced 

collagen secretion by fibroblasts (chapter 6). Bronchial epithelial cells from IPF patients 

demonstrated higher levels of SFK activation compared to controls, shown by 

phosphorylation at tyrosine 416 (chapter 7). As inhibition of SFK also reduced NOX4 

expression in fibroblasts (chapter 6) as well as in epithelial cells from IPF patients (chapter 

7), it can be concluded that SFK and NOX4 influence the activity of one another. However, 

although NOX4 correlated with IPF disease severity, the expression of the SFK member 

FYN was found to be significantly downregulated in lung tissue of IPF patients (chapter 5). 

Interestingly, it has been suggested that FYN can negatively regulate NOX4 activity 

through phosphorylating of Tyrosine566 in its C-terminus (44). Hence, NOX4 and FYN 

show a reciprocal relationship, with NOX4 being able to activate FYN, whereas FYN can in 

turn inhibit NOX4 through a negative feedback mechanism. Since, our findings indicate 

significant downregulation of FYN in IPF this might suggest that such a negative feedback 

is impaired in the context of IPF, thereby promoting NOX4 activation and downstream 

profibrotic effects. Yet, FYN might not the only SFK that is involved in IPF, since 

knockdown of the SFK member YES reduced TGF-β1 induced activation of SFK as well as 

gene expression of COL1A1 and FN1 in fibroblasts (chapter 6). These findings emphasize 

the idea that different members of the SRC family mediate different aspects of IPF and 

might be involved in different fibrotic pathways. The SFK member YES might regulate the 

expression of NOX4 whereas FYN is involved in the activation of NOX4 in response to TGF-

β1. Consequently, it is of interest to further evaluate the role of individual SFK members in 

IPF, especially since inhibition of SFK also resulted in a decreased NOX4 expression which 

might be independent of FYN.  

Interestingly, it has been suggested that quercetin also exerts its effect by interfering with 

cellular signaling through the inhibition of protein kinases (50) including SFK (51, 52). 

Studies have demonstrated that flavonoids, such as quercetin, can interact with SFK on a 

molecular level. It has been shown that quercetin can directly inhibit the kinase activity of 

FYN, HCK and LYN whereas other flavonoids only elicited minor effects on SFK inhibition 

(53, 54). The inhibitory effects of quercetin on SFK are probably due to the planar C-ring 

allowing contact between the hydrogen bonds of quercetin with residues within the 

catalytic side of SFK (53). These findings suggest that the effects of quercetin are possible 

due to the inhibition of SFK. Quercetin reduced release of pro-inflammatory cytokines in 
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vitro and in vivo (Chapter 3 and 4) which was also observed after inhibition of SFK in 

fibroblasts (Chapter 6) as well as in primary human bronchial epithelial cells (Chapter 7 

and 8).  

SRC family kinases are also recognized as important metabolic regulators in mitochondria 

(55). Our data suggest that inhibition of SFK increases gene expression of markers 

involved in mitochondrial biogenesis including NRF2, PGC1β and ERRα and the mitophagy 

marker PINK1. Furthermore, Inhibition of SFK also increased mitochondrial biogenesis 

markers which was accompanied by a decrease in LDH release and BAX expression in IPF 

patients (chapter 7) indicating that SFK are present in the mitochondria and involved in 

regulating mitochondrial dynamics. Intriguingly, NOX4 has also been suggested to play a 

crucial role in mitochondrial biogenesis and metabolism (56) and regulating NOX4 

expression through inhibition of SFK could help increase mitochondrial health in IPF 

patients. In conclusion, our findings suggest that targeting SFK is a promising treatment 

option for pulmonary fibrosis.  

Redox-modulatory therapy only for IPF patients with increased NOX4 

expression? 

Although the paradigm of IPF has shifted from a fibroblast-activated to an epithelial-

driven disease during the last decade (56), most studies are still performed only in 

fibroblasts. However, to investigate dysregulated pathways and effectively treat patients 

with IPF, it is crucial to investigate the effects of anti-fibrotic drugs on the lung epithelium 

as well. Therefore, we studied the current FDA-approved IPF drugs pirfenidone and 

nintedanib in differentiated bronchial epithelial cells of IPF patients and compared their 

responses to the SFK inhibitor saracatinib. In this pilot study, we demonstrated that 

bronchial epithelial cells from the epithelial lining fluid can be differentiated into a 

complete bronchial epithelium, consisting of ciliated epithelial, basal, goblet and club 

cells. Recently, it has been suggested that a shift towards a more personalized approach in 

IPF could be a realistic goal to improve treatment of affected patients (57-59). Indeed, our 

pilot data support that individual IPF patients responded differently to the antifibrotic 

drugs, even only a small number of IPF patients was included in our study (n=4) 

highlighting how heterogeneous the disease is. 

To maximize the outcome of personalized medicine, subgroups of IPF patients have to be 

identified first to develop targeted therapies as IPF is a very heterogeneous disease. 

Possible traits for defining such subgroups could be the redox status and or the 

inflammatory status of patients with IPF. The redox status plays an important role in the 

disease, however, not all patients might have an increased oxidant burden, which can also 

be deducted from the spread in NOX4 and AOX expression observed in the present study. 

This might also explain why antioxidant therapy has failed to be generally effective in IPF 
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thus far. Instead, patients with increased NOX4 expression might benefit from treatment 

redox-modulatory therapy whereas patients without an altered redox balance might 

rather benefit from an alternative treatment approach. Another way of phenotyping IPF 

patients could be by inflammatory status as our data have indicated that some but not all 

patients demonstrate significantly elevated levels of pro-inflammatory cytokines and that 

saracatinib can reduces IL-8 secretion in those patients. 

In conclusion, this pilot study indicates that responsiveness to treatment varies 

considerably between individual IPF patients and that IPF patients would benefit from 

personalized treatment to maximize the therapy response (chapter 8). To achieve this 

goal, markers for the prediction of treatment need to be developed and such markers 

could include NOX4 activity, antioxidant gene expression, inflammatory status but also 

SRC family kinase activation.  
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Directions for further research 

The evidence for the involvement of ROS in IPF is growing, however, it is still unclear 

whether ROS actively promote the progression of the disease and/or dysregulate cellular 

signaling through oxidative protein modifications. It is not known which specific 

downstream targets are oxidized by NOX4 and mitochondrial ROS and if these contribute 

to AEC apoptosis and fibroblast activation. Future research should therefore focus on 

redox signaling, e.g. reversible modifications of proteins, instead of solely targeting the 

redox-balance by inhibiting ROS sources or enhancing antioxidant scavenging potential. 

We have already identified that reversible oxidation of thiol groups is involved in TGF-β1 

induced oxidant production. However, we only focused on oxidation of thiol groups within 

cysteine residues, and it would also be of interest to investigate other modifications such 

as disulfide bonds and glutathionylation.  

To this end, the location of oxidant sources has to be identified as well. For instance, it has 

been indicated that NOX4 may be localized to mitochondria (60) and that mitochondria 

and NOX4 exert reciprocal interactions (61). However, studies addressing these questions 

are limited mainly because no crystal structure of NOX4 exists and therefore specific 

antibodies targeting NOX4 are not commercially available. Secondly, it is still generally 

thought that NOX4 is constitutively active and regulated through its gene expression. 

Emerging evidence, however, suggests that NOX4 expression can be inhibited through 

scavenging of mitochondrial ROS (42), indicating crosstalk between these oxidant sources. 

Furthermore, our results indicate that NOX4 expression can be reduced by inhibiting SFK. 

Indeed, it has been suggested before that kinases can phosphorylate NOX subunits 

thereby affecting their activity (62). Therefore, future studies should also aim to unravel 

the molecular redox mechanisms underlying such interactions. 

Furthermore, we have described that NOX4 plays an important role in the activation of 

SFK and that SFK are central in the induction of fibrotic genes in epithelial cells as well as 

fibroblasts. Inhibition of SFK in bronchial epithelial cells of IPF patients reduced NOX4 

expression and inflammation indicating that SFK are a potential target in the treatment of 

pulmonary fibrosis but also suggesting a feed-forward-loop between NOX4 and SFK. For 

this purpose, research should also focus on finding specific targets of saracatinib. Our data 

also suggest that saracatinib targets different members in different cell types therefore it 

might be more effective to target one specific members of the SFK family in one cell type 

instead of targeting a class of proteins. However, on the other hand, an inhibitor of the 

whole family might be also beneficial as it targets various members but can thereby also 

exert unwanted side effects. Intriguingly, recently a preclinical and phase 1b/2a clinical 

trial investigating the benefits of saracatinib as treatment strategy for IPF, has been 

funded by the NIH (#1UG3TR002445-01). 
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Lastly, it is of importance to study pulmonary fibrosis in the right models. Most of our in 

vitro studies have been performed in bronchial epithelial cells but IPF primarily impacts 

the alveolar epithelium (63). However, primary alveolar epithelial cell lines are more 

difficult to obtain compared to bronchial epithelial cells. It is not yet achievable to obtain 

alveolar epithelial cells from patients with lung diseases in a non-invasive way. 

Furthermore, bronchial epithelial cells have also been indicated in fibrotic remodeling as it 

has been suggested that injury to the bronchial epithelium also promotes the 

development of pulmonary fibrosis (64) but studies are limited. A better way to study 

fibrotic responses would be by using three-dimensional tissue cultures which also allow 

cellular crosstalk. The use of organoids might provide a new way to study IPF and predict 

treatment responses in individual IPF patients. Bronchiolar and alveolar organoids grown 

from pluripotent stem cells isolated from blood of patients (65, 66) mimic the lung 

structure very accurately and might be used to identify changes to specific cell types early 

in the progression of IPF. Additionally, such specific organoid systems could be used to 

understand how antifibrotic drugs work and to identify new targets for personalized 

treatment.  

In conclusion, new treatment strategies for IPF are desperately needed. Although the 

evidence regarding NOX4-mediated pathways is growing, we still know relatively little 

about the precise molecular mechanisms and its targets. Therefore, future research 

should mainly focus on the identification of such molecular redox mechanisms to develop 

more targeted redox-based therapies, especially for IPF patients with an increased 

oxidative burden.  
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Implications 

IPF is generally diagnosed in the sixth decade of life, and aging is now recognized as one of 

the strongest risk factors for IPF (67). It is suggested that the incidence of IPF is increasing 

every year by 11% (68) probably due to the increase of elderly people in our society as 

well as the improvements in diagnosis. IPF dramatically reduces the quality of life for the 

patients as the breathlessness they are experiencing limits their daily activities. Moreover, 

the oxygen shortage often leads to lethargy, concentration problems and sometimes 

depressive moods. However, only minimal advances have been made in the last years to 

improve IPF outcome and treatment. IPF is still a fatal disease with a median survival of 

less than 4 years (69). Currently, there are two IPF drugs available, but these drugs are not 

effective in all patients and there is limited information available regarding which patients 

should be treated with which drug. The only cure for IPF is lung transplantation. 

Consequently, there is an urgent need to improve the current and develop new therapy 

strategies.  

Since IPF is such a devastating disease, more effort must be made towards the 

understanding of the underlying mechanisms of IPF and their contribution to disease 

pathogenesis. IPF has been associated with an increase in protein oxidation (70, 71). 

However, only a few studies have addressed the role of protein oxidation in fibrotic 

signaling, although the disease is associated with an increased oxidative burden. Our 

studies support the idea that reversible oxidation of proteins is important for fibrotic 

signaling which could provide a way for more targeted therapies that do not interfere with 

physiological oxidant signaling as oxidant sources are not being inhibited. Our data also 

highlight that IPF is a very heterogeneous disease and that not every IPF patient suffers 

from an increased oxidative burden associated with increased NOX4 expression.  

In conclusion, this thesis contributes to the understanding of the importance of redox 

regulation in IPF. Our findings indicate that inhibition of redox-sensitive proteins such as 

the SRC family kinases could provide new directions for treatment for patients with IPF. 

Additionally, our data indicate the urge to work more towards personalized approaches as 

IPF is such a heterogeneous disease that the idea that one drugs fits all will not decrease 

the high mortality associated with the disease. To achieve this next step, we need 

stratification of patient subgroups as well as markers to predict therapy outcome in these 

different groups. Since biomarkers are difficult to obtain for such a heterogeneous 

disease, an alternative approach would be the testing of different drugs on e.g. 3-D cell 

cultures that can be obtained through isolation of pluripotent stem cells from blood of 

patients before therapy to maximize the treatment response through personalized 

medicine.  
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Idiopathische longfibrose (IPF) is een chronische longziekte met een gemiddelde 

levensverwachting van slechts drie jaar na diganose. Longfibroe wordt gekarakteriseerd 

door de vorming van littekenweefsel in de longen dat tot zogeheten long falen leidt. In 

Nederland wordt bij gemiddeld 1000 mensen per jaar longfibrose ontdekt. De ziekte 

wordt gekenmerkt door een overproductie van schadelijke reactieve zuurstof radicalen 

(RZS) en verhoogde markers van oxidatieve schade zijn aangetoond in de longen van IPF 

patienten. Desondanks zijn antioxidant-therapieën niet bewezen effectief bij de 

behandeling van IPF en de rol van oxidatieve stress in de ontwikkeling van de ziekte is nog 

steeds niet helemaal duidelijk. Het doel van dit proefschrift was om het belang van 

oxidant regulatie bij pulmonale fibrose te onderzoeken. Hiertoe werd 1) de rol van RZS 

bestudeerd door RZS  weg te vangen met het antioxidant quercetine, 2) de rol van RZS 

geproduceerd door het enzym NADPH-oxidase NOX4 bij de activatie van SRC kinasen 

onderzocht en 3 ) het effect van SRC kinasen (SFK) inhibitie om specifieke kenmerken van 

IPF te verminderen geëvalueerd. 

Hoofdstuk 2 omvat een literatuuroverzicht over oxidant regulatie in longfibrose. IPF wordt 

gekenmerkt door terugkerende beschadigingen van de epitheliale long cellen die 

resulteren in afwijkende wondgenezingreacties en uiteindelijk tot overmatige afzetting 

van collageen  in de long. In dit hoffdstuk is de huidige kennis met betrekking tot 

verschillende aspecten van RZS-disbalans in de ontwikkeling van IPF samengevat. Speciale 

nadruk is gelegd op het belang van disregulatie van NOX-activering, mitochondriale 

disfunctie en de communicatie tussen NOX4 en mitochondriën. Wij concluderen dat 

selectieve remming van specifieke NOX-isovormen aangrijpspunt kan zijn voor de 

behandeling van IPF. Deze conclusie is met name relevant in het licht van recente studies 

die aantonen dat redoxveranderingen geïnduceerd kunnen worden door mitochondriale 

interacties met NOX enzymen. 

In Hoofdstuk 3 hebben we de mogelijk beschermende effecten van het antioxidant 

quercetine op oxidant productie en pro-inflammatoire cytokine secretie in humane 

bronchiale epitheel cellen en ex vivo in het bloed van IPF patiënten onderzocht. 

Quercetine verlaagde de door bleomycine-geïnduceerde RZS-productie, terwijl dit 

antioxidant een verhoging veroorzaakte van de Nrf2 activiteit en de afgifte van 

inflammatoire cytokines in vitro en ex vivo in het bloed van IPF patiënten werd 

verminderd. Eén week met quercetine suppletie bij muizen verhoogdede concentratie van 

quercetine in het bloedplasma, maar niet in de longen, en verhoogde enigszins de 

pulmonale expressie van Nrf2-responsieve genen (hoofdstuk 4). Na blootstelling aan 

bleomycine vertoonden quercetine gevoede wildtype muizen verminderde expressie van 

collageen en fibronectine evenals verminderde pulmonaire inflammatoire laesies. 

Bovendien verminderde quercetine de pulmonaire genexpressie van TNFa en KC, maar 

niet hun plasma levels, en verminderde malondialdehyde-dG DNA-adducten in de long. In 
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Nrf2 knockout dieren werd geen verbetering van quercetine op ontstekingslaesies in de 

long waargenomen bij blootstelling aan bleomycine, dat suggereert dat quercetine 

beschermt tegen bleomycine-geïnduceerde longschade in de wildtype muizen biedt via 

Nrf2. Quercetine suppletie kon de bleomycine-geïnduceerde schade echter niet volledig 

ongedaan maken, hetgeen erop wijst dat quercetine toevoeging aan het dieet niet 

voldoende is om de ontwikkeling van pulmonaire fibrosee tegen te gaan. 

Een belangrijke bron van RZS in de longen is het enzym NADPH-oxidase (NOX) 4. De 

eiwitten die door de RZS geproduceerd door NOX4 worden gemodificeerd zijn grotendeels 

nog onbekend alsook het effect hiervan. In hoofdstuk 5 is de reactie van TGF-β1 op 

humane bronchiale epitheelcelen bestudeerd en het bleek dat NOX4 het SFK-familielid 

FYN oxideerde en daardoor activeerde. Deze actiavie leidt tot een verhoodge RZS 

production, fibrotische gene expressie en DNA schade. Wanneer FYN werd geremd door 

de pharmacologische remmer PP2 of door het gebruik van siRNA, verminderde het de 

mitochondriale RZS-productie, wat leidde tot vermindering van DNA-schade en expressie 

van fibronectine. Inhibitie van SFK door de farmacologische remmer saracatinib 

verminderde de activatie van fibroblasten en de productie van RZS-en inflammatoire 

cytokines door deze cellen, zoals gepresenteerd in hoofdstuk 6. Opvallend is dat TGF-β1 

blootstelling in fibroblasten een ander SFK-familielid, te weten YES, activeerde dat 

bijdroeg aan de expressie van extracellulaire matrixgenen. Verder was de TGF-

geïnduceerde toename in NOX4-expressie verminderd in cellen waarin YES was 

geblokkeerd. Deze observatie geeft aan dit SFK-familielid fibroblasten activatie bevordert, 

vermoedelijk via inductie van NOX4. 

In hoofdstuk 7 hebben we aangetoond dat bronchiale epitheelcellen van IPF-patiënten 

een verhoogde activatie van SFK vertonen. Remming van deze SFK door saracatinib 

verlaagde markers van mitochondriale dysfunctie door het verhogen van de expressie van 

genen geassocieerd met mitochondriale biogenese en mitofagie. Bovendien verminderde 

SFK remming de afgifte van LDH, wat wijst op celbeschadiging, en de genexpressie van het 

pro-apoptotische BAX alsook het enzym NOX4. In gedifferentieerde bronchiale 

epitheelcellen van IPF-patienten was de expressie van NOX4 licht verhoogd in vergelijking 

met epitheelcellen van controles, maar deze verschillen op individueel niveau (hoofdstuk 

8). Op dit moment zijn er geen volledig effectieve behandelingsmogelijkheden voor IPF. Er 

zijn wel twee medicijnen die de achteruitgang van de ziekte kunnen remmen, te weten 

pirfenidone en nintedanib, maar deze werken niet bij alle patiënten. Een intrigerende 

bevinding was dat bij patiënten die een hogere NOX4-expressie hadden in hun 

epitheelcellen, pirfenidon een verhoogde expressie van antioxidant genen induceerde. 

Een andere interessante vondst was de significante verhoging van het pro-inflammatoire 

IL-8 in bronchiale epitheel cellen afkomstig van IPF patiënten die significant verlaagd werd 

doorbehandeling met de farmacologische SFK remmer saracatinib. Na vergelijking van de 
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effecten van de reguliere IPF geneesmiddelen pirfenidon en nintedanib met die van de 

SFK remmer saracatinib in gedifferentieerde bronchiale epitheelcellen van IPF patienten 

stellen we voor dat deze patiënten zouden kunnen profiteren van een gepersonaliseerde 

behandeling. Deze aanbeveling is gebaseerd op de bevinding dat de respons op de 

verschillende geneesmiddelen sterk varieerde tussen individuele patiënten en afhankelijk 

was van onder meer hun redox en inflammatoire status. 

In het laatste hoofdstuk van dit proefschrift (hoofdstuk 9) worden de belangrijkste 

bevindingen samengevat en besproken. Concluderend kan er gesteld worden dat dit 

proefschrift bijdraagt aan meerbegrip van redox-regulatie in long fibrose. Onze 

bevindingen geven aan dat modulatie van redox-gevoelige eiwitten zoals de SRC kinasen 

nieuwe aanwijzingen kan geven voor de behandeling van patiënten met IPF. Bovendien 

geven onze resultaten aan dat er meer aandacht moet worden besteed aan 

gepersonaliseerde behandeling. Dit past bij het beelddat IPF een erg heterogene ziekte is 

waarbij één medicijn voor iedereen niet afdoende zal zijn om de hoge sterfte als gevolg 

van deze ziekte te verminderen. Om deze volgende stap te bereiken hebben we 

stratificatie van patiëntensubgroepen nodig als ook specifieke markers om vervolgens de 

therapieresultaten in deze verschillende groepen te voorspellen en op te volgen. Omdat 

algemeen voorspellende biomarkers moeilijk te verkrijgen zijn voor een dergelijke 

heterogene ziekte, zijn alternatieve benaderingen nodig. Een dergelijke beandering zou 

het testen van verschillende geneesmiddelen op bronchiale epitheelcellen van IPF 

patienten zijn., verkegen tijdens bronchoscopie, zodat vóór aanvang van de therapie de 

uitkomst van de behandeling geoptimalisserd kan worden.  
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Idiopathische Lungenfibrose (IPF) ist eine chronische Lungenerkrankung mit einer 

Lebenserwartung von nur drei Jahren nach der Diagnose. In den Niederlanden wird eine 

Lungenfibrose bei durchschnittlich 1.000 Menschen pro Jahr diagnostiziert. 

Wissenschaftler haben herausgefunden, dass Lungenfibrose durch eine Schädigung der 

Epithelzellen in der Lunge entsteht. Diese Schädigung sorgt für eine vermehrte Freisetzung 

von Entzündungsmediatoren und der Bildung von Bindegewebe durch Fibroblasten, was 

die Sauerstoffaufnahme zwischen den Lungenbläschen ins Blut erschwert. Diese 

Narbenbildung in der Lunge führt langfristig zu einer Verschlechterung der 

Lungenfunktion und letztendich zu Lungenversagen. Dieser Prozess ist durch eine 

Überproduktion von schädlichen freien Sauerstoffradikalen gekennzeichnet und 

IPF-Patienten weisen erhöhte Marker für oxidative Schäden in der Lunge auf. Reaktive 

Sauerstoffradikale entstehen in den Mitochondrien als Nebenprodukt der Zellatmung, 

werden aber auch von speziellen Enzymen im Körper, den sogenannten NADPH Oxidasen 

(NOX), produziert. Sauerstoffradikale regulieren wichtige Prozesse im Körper, können 

jedoch in zu hohen Konzentrationen die Zelle schädigen und zu „oxidativem Stress“ 

führen. Deshalb haben Antioxidantien eine große Bedeutung als Radikalfänger in der 

Lunge und regulieren die Konzentration von Sauerstoffradikalen. Trotz der Schlüsselrolle 

von Sauerstoffradikalen haben sich Therapien mit Antioxidantien bei der Behandlung von 

IPF nicht als wirksam erwiesen. Das hängt damit zusammen, dass die Rolle von oxidativem 

Stress bei der Entstehung der Krankheit noch nicht klar definiert und die Regulierung von 

Sauerstoffradikalen sehr schwierig ist, da sie im Körper auch eine wichtige Rolle als 

Signalmoleküle einnehmen.  

Ziel dieser Doktorarbeit ist es, die Bedeutung von Sauerstoffradikalen bei der Entstehung 

von Lungenfibrose genauer zu untersuchen. Zu diesem Zweck wird 1) die Rolle von 

reaktiven Sauerstoffspezies (ROS) in einem Zell- und Mäusemodell für Lungenfibrose 

bestimmt, indem ROS mit dem Antioxidanten Quercetin neutralisiert wird. 2) Danach wird 

die Rolle von Sauerstoffradikalen, die spezifisch durch die NADPH-Oxidase NOX4 

entstehen, und deren Rolle bei der Aktivierung von SRC-Kinasen in einem Zellmodell 

untersucht. 3) Die Rolle von SRC-Kinasen Inhibitoren wird ausgewertet, um spezifische 

Merkmale von IPF in primären Zellen von IPF-Patienten zu reduzieren. 

Wie in Kapitel 2 beschrieben, zeichnet sich IPF durch eine wiederkehrende Verletzung der 

Lungen-Epithelzellen aus, die zu einer abnormalen Wundheilungsreaktionen führt und 

schließlich eine übermäßige Bindegewebeablagerung in der Lunge bewirkt. Darüber 

hinaus wird das aktuelle Wissen in Bezug auf die verschiedenen Aspekte des 

ROS-Ungleichgewichts in Zusammenhang mit IPF und den potentiellen Rollen bei der 

Krankheitsentwicklung zusammengefasst. Der Schwerpunkt dieser Literaturübersicht liegt 

jedoch auf der Bedeutung von unangemessener NOX-Aktivierung, dem Effekt von einer 

mitochondrialen Dysfunktion und der Rolle von Oxidantenkommunikation zwischen NOX4 
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und den Mitochondrien. Insgesamt deuten viele Studien darauf hin, dass das selektive 

Targeting spezifischer NOX-Isoformen und/oder die Produktion von mitochondrialen ROS 

für die Bekämpfung von IPF vorteilhaft sein können.  

In Kapitel 3 werden die möglichen schützenden Wirkungen des Antioxidanten Quercetin 

auf die Produktion von Sauerstoffradikalen und Entzündungsmediatoren in humanen 

bronchialen Epithelzellen und im Blut von IPF-Patienten untersucht. Quercetin gehört zur 

Familie der Polyphenole und Flavaniode, welche in hohen Konzentrationen in Obst und 

Gemüse gefunden werden können. In Zellen reduziert Quercetin die durch Bleomycin, ein 

häufig genutztes Modell für die Initiierung von Fibrose, induzierte ROS-Produktion und 

erhöht gleichzeitig die Nrf2-Aktivität. Nrf2 ist ein wichtiger Transkriptionsfaktor, der durch 

ROS sowie durch Quercetin aktiviert wird. Diese Aktivierung fördert die Abschreibung von 

Genen die zur Synthese von Enzymen, welche ROS neutralisieren, beitragen und daher 

auch ROS-induzierte Zellschäden reduzieren. Quercetin verringert auch die Freisetzung 

von Entzündungsmediatoren in den Zellen und im Blut von IPF-Patienten. Kapitel 4 

beschreibt den Effekt von Quercetin in einem Bleomycin-induzierten Fibrose-Modell in 

Mäusen. Eine Woche nach der Quercetin-Einnahme durch die Nahrung erhöht sich die 

Quercetinkonzentration im Plasma, nicht aber in der Lunge, und die pulmonale Expression 

von Nrf2-abhängigen Genen erhöht sich (Kapitel 4). In wildtype Nrf2 Quercetin-

gefütterten Mäusen zeigt sich eine verminderte Expression von Bindegewebeproteinen 

und es verringert entzündliche Läsionen in der Lunge. Zudem reduziert Quercetin die 

pulmonale Genexpression der Entzündungsproteine TNFα und KC, nicht jedoch deren 

Plasmakonzentration, und reduziert Malondialdehyd-dG-DNA-Addukte (oxidative DNA-

Schädigung). Bei Mäusen ohne funktionierendem Nrf2 wird bei Einwirkung von Bleomycin 

kein positiver Effekt von Quercetin auf die entzündlichen Lungenläsionen beobachtet, was 

darauf schließen lässt, dass Quercetin durch die Induktion von Nrf2 vor Bleomycin-

induzierten Lungenschäden schützt. Die Quercetin-Supplementierung kann jedoch die 

durch Bleomycin verursachten Schäden nicht erheblich reduzieren, was darauf hindeutet, 

dass Quercetin nicht ausreicht, um die Entwicklung einer Lungenfibrose zu verhindern. 

Die NADPH-Oxidase NOX4 ist eine wichtige Quelle für reaktive Sauerstoffradikale in der 

Lunge. Unter den NADPH-Oxidasen ist NOX4 einzigartig, da diese konstitutiv aktiv ist und 

Wasserstoffperoxid (H2O2) produziert. NOX4 hat einen großen Einfluss auf eine Vielzahl 

von zellulären Prozessen und kann die Aktivität von Proteinen durch deren Oxidation 

beeinflussen. Jedoch sind Proteine, die durch NOX4 modifiziert werden können, 

weitgehend unbekannt. In Kapitel 5 wird erläutert, dass NOX4 das SRC-Kinase Mitglied 

FYN oxidiert und dadurch aktiviert in humanen bronchialen Epithelzellen. Die SRC-Familie 

der Tyrosinkinasen sind Proteine, deren Aktivität hauptsächlich durch Phosphorylierung 

und Dephosphorylierung reguliert werden. Diese Aktivierung von SRC-Kinasen spielt eine 

wichtige Rolle in der intrazellulären Signaltransduktion. Wissenschaftler haben 
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herausgefunden, dass die Deaktivierung von SRC-Kinasen eine wichtige Rolle in der 

Entwicklung von Lungenfibrose spielt, es ist jedoch nicht bekannt wie sie dazu beitragen. 

Wenn FYN inhibiert wird, reduziert es die ROS-Produktion durch die Mitochondrien, was 

auch zu einer Verringerung von oxidativem DNA-Schaden und Expression von 

Bindegewebeproteinen führt. Der SRC-Inhibitor Saracatinib verringert die Aktivierung von 

Fibroblasten, die ROS-Produktion sowie die Freisetzung von Entzündungsmediatoren, wie 

in Kapitel 6 dargestellt wird. Interessanterweise aktiviert TGF-β1 das SFK-Mitglied YES in 

Fibroblasten, was zur Expression von Bindegewebeproteinen in Fibroblasten beiträgt. 

Darüber hinaus ist der TGF-induzierte Anstieg der NOX4-Expression in YES-negativen 

Zellen reduziert, was darauf hindeutet, dass die Aktivierung von YES in Fibroblasten 

potentiell für die Induktion von NOX4 verantwortlich ist. 

In Kapitel 7 wird gezeigt, dass bronchiale Epithelzellen von IPF-Patienten eine erhöhte 

Aktivierung von SRC-Kinasen aufweisen. Die Hemmung dieser Kinasen mit dem Inhibitor 

Saracatinib, reduziert Markers der mitochondrialen Dysfunktion, indem die Expression von 

Genen verstärkt wird, die mit der mitochondrialen Biogenese und Mitophagie assoziiert 

sind. Darüber hinaus verringert die SFK-Hemmung die Freisetzung von LDH, was auf eine 

Zellschädigung hinweist, und die Expression des pro-apoptotischen Gens BAX sowie das 

ROS-produzierende Enzym NOX4. In differenzierten bronchialen Epithelzellen ist die 

Expression von NOX4 bei IPF-Patienten im Vergleich zu Epithelzellen von 

Kontroll-Patienten leicht erhöht, unterscheidet sich jedoch erheblich zwischen 

individuellen IPF-Patienten (Kapitel 8). Derzeit gibt es keine voll wirksamen 

Behandlungsmöglichkeiten für IPF. Es gibt zwei Medikamente, die der Verschlechterung 

der Erkrankung entgegenwirken: Pirfenidon und Nintedanib. Diese wirken jedoch nicht bei 

allen Patienten. Interessanterweise induziert Pirfenidon bei Patienten mit höherer 

NOX4-Expression die Expression von antioxidanten Genen. Zusätzlich ist der 

Entzündungsmediator IL-8 in HBE-Zellen von IPF-Patienten signifikant erhöht und die 

Behandlung mit Saracatinib reduziert diese erhöhte IL-8-Sekretion. Nachdem die 

Wirkungen der zugelassenen Arzneimittel Pirfenidon und Nintedanib mit dem 

SFK-Inhibitor Saracatinib in differenzierten bronchialen Epithelzellen verglichen wurden, 

wird eine personalisierte Behandlung von IPF-Patienten empfohlen, da die Reaktion auf 

verschiedene Arzneimittel zwischen IPF Patienten sehr unterschiedlich ist und zusätzlich 

von ihrem Redox- und Entzündungsstatus abhängt. 

Im letzten Kapitel dieser Arbeit (Kapitel 9) werden die wichtigsten Ergebnisse 

zusammengefasst und diskutiert. Zusammenfassend trägt diese Arbeit zum Verständnis 

der Bedeutung von Redoxregulation bei der Entstehung von Lungenfibrose bei. Die 

Ergebnisse zeigen, dass die Modulation von Redox-empfindlichen Proteinen, wie den 

SRC-Kinasen, neue Hinweise für die Behandlung von Patienten mit IPF liefern kann. 

Darüber hinaus deuten die Ergebnisse darauf hin, dass mehr Arbeit an der 
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personalisierten Behandlung geleistet werden muss. Da IPF eine sehr heterogene 

Krankheit ist, werden neue Therapiemethoden benötigt, die speziell auf die Patienten 

angepasst werden. Um diesen nächsten Schritt zu erreichen, wird eine Stratifizierung von 

Patienten-Subgruppen und -Markern benötigt, um die Therapieergebnisse in diesen 

verschiedenen Gruppen besser vorherzusagen. Da Biomarker für solch eine heterogene 

Erkrankung nur schwer zu erhalten sind, besteht ein alternativer Ansatz darin, 

verschiedene Arzneimittel vor dem Behandlungsbeginn an bronchialen Epithelzellen von 

Patienten zu testen, um die individuelle Therapie für die Patienten zu verbessern und die 

hohe Sterblichkeit einzudämmen.  
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The incidence of age-related lung diseases, including idiopathic pulmonary fibrosis (IPF), 

lung cancer and chronic obstructive pulmonary disease, is increasing worldwide, 

warranting more treatment strategies to counteract the high morbidity and mortality 

associated with these diseases. The work presented in this thesis focused on different 

redox-modulatory strategies to alleviate features of the age-related disease pulmonary 

fibrosis.  

The next pages will provide an overview of the valorization of the research described in 

this thesis. Knowledge valorization is “the process of creating value from knowledge by 

making knowledge suitable and/or societal useful and by translating that knowledge into 

products, services, processes and entrepreneurial activity” (1). The valorization potential 

of the work described in this thesis will be discussed with focus on social and economic 

relevance, the implications for specific target groups outside of academia and possible 

innovations that can be created from this research as well as their potential implantation.  

Social and economic relevance 

Since the research performed in this thesis aimed at identifying novel pathways involved 

in the development of pulmonary fibrosis, the relevance and impact for the society may 

not be seen immediately but rather in the near future.  

During the last years, the average life expectancy increased worldwide. It is estimated that 

the number of people over 60 years of age will increase by almost 50% between 2015 and 

2050, thereby accounting for 22% of the total world population (2). Due to this increase, it 

is expected that the incidence of age-related lung diseases such as IPF will also increase at 

a rapid pace. However, the incidence of IPF is also increasing because of better options for 

diagnosis as well as the increased social awareness. The disease develops 

asymptomatically for months to years and normally the disease is diagnosed when the 

patient has already problems breathing which means that there is already significant 

damage to the lung tissue. Therefore, the survival of patients with IPF after diagnosis is 

estimated to be only 2-4 years (3). A diagnosis of IPF requires the exclusion of other forms 

of interstitial lung diseases such asbestos- or bleomycin-induced pulmonary fibrosis since 

the cause of the disease is not clear, leading to the diagnosis idiopathic pulmonary 

fibrosis. Therefore, no strategies for disease prevention can be developed. 

Currently, there are approximately at least 5 million patient with IPF worldwide but 

studies have already suggested that the prevalence of IPF is increasing every year by 11% 

(4). Therefore, the socioeconomic burden related to IPF will also increase in the nearby 

feature. It has been indicated that once a patient is diagnosed with IPF,  the health costs 

increase from approximately €2.700 to €21.000 per year without the cost of antifibrotic 

treatment (5). These costs derive from the fact that patients with IPF are often 

hospitalized also due to comorbidities such as pulmonary arterial hypertension, heart 

failure, pneumonia and lung cancer. Patients with IPF are admitted twice as often to the 
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hospital compared to aged matched controls associated with an average cost per IPF-

related hospitalization of $16.812 (6). Additionally, patients with IPF need continuous 

oxygen supply to increase the low levels of oxygen in the blood in a more severe stage due 

to the significant lung damage.  

The impact of IPF is not only limited to a decline in lung function but is also strongly 

associated with a decrease in health associated quality of life because of the daily 

limitations in regard to everyday physical and social activities.  

Although IPF is such a devastating disease, there are currently only two FDA-approved 

therapies available for its treatment which will not cure the already induced pulmonary 

damage. Pirfenidone and nintedanib each cost approximately $100.000 per patient per 

year in the US (7) and they are not equally effective in all patients. The other costly 

therapy option is lung transplantation, which is not available for every individual patient. 

Consequently, there is an urgent need to perform more studies to identify novel leads for 

the development of new treatment options for pulmonary fibrosis. Our studies have 

indicated that the oxidant producing enzyme NOX4 oxidizes members of the SRC family 

kinases, thereby promoting features of pulmonary fibrosis. These observations suggest 

that targeting redox-sensitive proteins might be a lead for the treatment of pulmonary 

fibrosis. Moreover, our findings suggest that inhibition of SRC family kinases by their 

pharmacological inhibitor saracatinib might provide an alternative approach to reduce the 

progression of IPF.  

Every individual is different in terms of their physiological and genetic makeup, which can 

also be deducted from our studies that show that the responsiveness to different drugs 

varies in epithelial cells derived from patients with IPF. Furthermore, these results have 

suggested that not all patient with IPF suffer from an increased oxidant burden, indicating 

even more the need to implement personalized treatment strategies to maximize the 

treatment benefits. One way of achieving personalized treatment could include the 

identification of lung damage biomarkers which would also improve diagnostics as IPF is 

usually diagnosed when it is already too late, and the lung is already severely damaged. 

Another way of achieving a more personalized treatment approach, could be testing 

individual responses to treatments in pulmonary epithelial cells of IPF patients isolated by 

non-invasive bronchoscopic microsampling directly upon diagnosis. In that way, treatment 

responses can be predicted on forehand, thereby personalizing and thus optimizing 

treatment. By using such an approach, costs can also be reduced as the treatment 

response is evaluated beforehand so that the patient does not have to be switched to a 

different drug in case of non-responsiveness. Altogether, the studies presented in this 

thesis may give rise to new therapy strategies to decrease the economic and health care 

burden associated with IPF.  
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Target groups 

The findings presented in this thesis are especially of interest to the academic community 

as well as the pharmaceutical industry. The results described in this thesis have been 

presented at various national and international meetings to discuss them with peers 

inside the research field. For instance, the work presented in this thesis has been 

presented at the annual meetings of the European Respiratory Society and the ERS Lung 

Science Conference as well as at the NOX NADPH Oxidases Gordon meetings. Moreover, 

the results described in this thesis are published or will be published in peer-reviewed 

journals to make it available to the community and to increase knowledge transfer. 

However, it is also of great importance to present scientific work outside the field to the 

general public to increase social awareness of IPF. Scientific research is the basis for all 

progress and without research, treatment developments stand still. Research gives lung 

patients the prospect of improvement of their health status. Within the scientific 

community, we have teamed up with a specialized lung hospital to work with primary 

human lung cells directly derived from IPF patients. Part of this work was sponsored by 

the Longfonds which is a Dutch organization that promotes the communication form the 

lab bench to the general community and in specific to patients with a lung disease. 

Consequently, some results presented in chapter 7 and 8 have also been published in the 

newspaper and the homepage of this organization, making them accessible for everyone. 

During the last decade, the pharmaceutical industry has become very interested in 

studying rare diseases and as a result, various new rare-disease treatments have entered 

the market. Since there are only two drugs available for IPF treatment and novel 

therapeutic interventions are necessary, it is a highly profitable industry. It has been 

suggested that the IPF drug market will increase from $900 million in 2015 to $3,2 billion 

by 2025 (8). Additionally, drugs that have the possibility to attain orphan drug status 

(when only a small percentage of the population is affected by the disease) are very 

attractive for the pharmaceutical industry as the status implies support for clinical trials, 

reduced fees as well as a 10-year patent protection to motivate the pharmaceutical 

companied to invest in these drugs. Currently, various IPF drugs are being evaluated in 

clinical trials (9) and our data also suggest that the SFK inhibition by saractinib would be a 

possible treatment option for IPF patients and would therefore be of interest to the 

pharmaceutical industry. Intriguingly, saracatinib has just received orphan drug status by 

the FDA in the US (March 2019) (10). 

Innovation 

Our understanding regarding the role of ROS in IPF is still very limited mainly due to the 

fact that detection of oxidant pathways in clinical specimens is difficult and methods to 

analyze them are limited. Especially reversible modifications of redox-sensitive proteins 
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may represent an important mechanism in dysregulated cell signaling and might be more 

important than stable protein oxidation products. However, studies are very limited. 

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, which may not necessarily translate into clinical practice where different 

pathways are involved. Consequently, it might be more important to address specific 

modifications of proteins as we did in chapter 5, where we focused on one specific 

cysteine oxidation which might be a novel mechanism of SRC kinase activation. 

Addressing the causality of specific ROS pathways requires the use of appropriate models, 

and currently used models of pulmonary fibrosis do not adequately model the 

pathophysiology of human IPF and its progression. In our studies, we have used different 

models (cell lines, bleomycin mouse model and primary cells derived from IPF patients) to 

study the effects of oxidant regulation in IPF development. Moreover, we have also 

utilized different cell types, i.e. epithelial cells and fibroblasts, to study the effects of SRC 

family kinase inhibition. It is of great importance to not only address treatment responses 

in fibroblasts, the effector cells, but also to investigate them in epithelial cells, which 

initiate and mediate fibrotic and inflammatory responses. The lung epithelium plays a 

crucial role in the development of IPF which makes it pivotal to investigate the effects of 

fibrotic drugs on the lung epithelium as well. Also, while IPF is well-known to be age-

associated, most studies are still performed only in cell lines which does not recapitulate 

the contribution of age-associated alterations. Therefore, we have also investigated the 

effects of SRC family kinase inhibition on primary epithelial cells isolated from patients 

with IPF. Although our knowledge about IPF is growing, we still know relatively little with 

respect to the precise molecular mechanisms. The results in this thesis contribute to our 

understanding regarding the effects of oxidant regulation and targeting of redox-sensitive 

proteins in the pathophysiology of IPF. However, to effectively treat every individual 

patient, better treatment options need to be developed and if possible individualized, also 

called personalized medicine.  

Planning and implantation 

Before personalized medicine with respect to IPF can be implemented into the clinic, 

more studies need to be performed on the use of bronchial epithelial cells isolated by 

bronchoscopic microsampling to predict therapy outcome. Based on our preliminary pilot 

data, it can be suggested that patients could be divided in subgroups possibly based on 

their redox or inflammatory status or the activity of SRC kinases. In the beginning, dividing 

patients into specific subgroups will increase the associated treatment costs but, in the 

future, this will decrease costs associated with false treatments in addition to increasing 

treatment effectiveness. This thesis provides a first lead to study the importance of the 

redox-sensitive proteins SRC kinases and their modifications by the oxidant producing 
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enzyme NOX4 and subsequently investigated the effects of their inhibition. Additionally, 

this thesis provides first ideas to implement a more personalized approach in the 

treatment of pulmonary fibrosis.  
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