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General Introduction
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General introduction

Pathogenesis of Chronic Obstructive Pulmonary Disease
Chronic obstructive pulmonary disease (COPD) is a chronic disease predominantly affecting
the lungs, with an increasing rate in morbidity and mortality, especially in the elderly, and
high healthcare costs (43). Estimates from the world health organization (WHO) suggests
that 65 million people worldwide have moderate to severe COPD. It is currently the fourth
leading cause of death (39, 43), and it is estimated to be the third leading cause of death
worldwide by 2030 (WHO, 2014 http://www.who.int). COPD is characterized by chronic lung
inflammation, resulting in aberrant lung tissue repair and remodelling, not fully reversible
airflow limitation and accelerated lung function decline. COPD includes chronic bronchitis,
with increased deposition of structural proteins, thickening of the small airway walls and
mucus production on one hand, and emphysema, with degradation of structural proteins
in the alveoli, loss of alveolar tissue and loss of lung elastic recoil on the other. These features
can occur separately and within the same patient (6, 8). The most prominent risk factors for
COPD are cigarette smoking, environmental cigarette smoke exposure or exposure to other
noxious particles and gases, including other tobacco smoke, fuels and wood smoke (42,
43). Tobacco smoking is a major problem in the western world and upcoming industrialized
countries and reaches an almost epidemic proportion. The `World Health organization`
(http://www.who.int/tobacco/global_report/2011/en/) reports that worldwide, the use of
tobacco causes more than 5 million deaths per year, and current trends show that tobacco
smoke will cause more than 8 million deaths annually by 2030. Also, smoking is the fourth
most common risk for developing other serious diseases, including various cancers, stroke
and cardiovascular disease. Crucially, non-tobacco related risk factors of COPD include
genetic deficiencies, in particular alpha1-antitrypsine deficiency, and occupational exposure
to dusts and chemicals. Important to note is that 95% of the COPD patients are smokers, but
only 10-15% of the smokers actually develop COPD, indicating that genetic susceptibility
contributes to the development of COPD (6, 15, 28, 39, 42, 43, 56, 57, 68).
Inhaled cigarette smoke induces an aggravated inflammatory response and abnormal tissue
damage and repair responses in the lungs of COPD patients. The chronic inflammatory
response in the airways of COPD patients is characterized by infiltration of inflammatory cells,
e.g. CD8+T-cells, neutrophils and macrophages. These cells release a variety of proteases,
including neutrophil elastase, known to be responsible for the degradation of the elastin
and thus emphysema development (8, 41, 70). Inhaled cigarette smoke first encounters the
airway epithelium, continuously lining the airways and forming a tightly regulated barrier
against environmental insults. The airway epithelium is also a source of pro-inflammatory
cytokines, especially when damaged. Inhaled cigarette smoke induces oxidative stress and
epithelial damage, leading to activation of epithelial cells in the lungs and the release of
several cytokines and chemokines, including Interleukin 6 (IL-6), CXC-chemokine ligand
1 (CXCL1), CC-chemokine ligand 2 (CCL2), Chemokine C-X-C-Motif Ligand 8 (CXCL8) and
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Granulocyte-macrophage colony-stimulating factor (GM-CSF) (7, 8, 10, 18, 29, 36, 49). CCL2,
CXCL1 and CXCL8 attract monocytes and neutrophils to the lungs, while GM-CSF promotes
the survival, proliferation and differentiation of neutrophils (7). In addition, epithelial cells
produce CXCL9, CXCL10 and CXCL11, which are responsible for the recruitment of T helper
1 (Th1) cells and type 1 cytotoxic T (Tc1) cells to the lungs (7, 10, 18). Th1 cells produce
cytokines that promote the recruitment and activation of inflammatory cells, while the
production of proteolytic enzymes by Tc1 cells induces apoptosis or necrosis of epithelial
cells (7).
Next to chronic inflammation of the lungs, systemic alterations have been observed in
COPD patients, with systemic inflammation, a decrease in body weight and loss of skeletal
muscle mass (wasting) as common manifestations of the disease. It is well known that
skeletal muscle cells of COPD patients are more dependent on the glycolytic metabolism
than oxidative metabolism. As a result, less adenosine triphosphate (ATP) is produced per
mole of glucose and more rapid acidification occurs in muscle tissue of COPD patients (24,
59, 60). This phenomenon is thought to be an indication for a mitochondrial dysfunction in
these cells.

Treatment of COPD: Glucocorticoid responsiveness
Current treatment with long-acting bronchodilators and inhaled glucocorticoids (IGC)
provides relatively little therapeutic benefit in COPD, despite the broad anti-inflammatory
effects of IGC. They reduce exacerbations, but do not effectively change the course of
neither the disease nor the tissue damage that results from chronic airway inflammation.
The GLUCOLD study demonstrated beneficial glucocorticoid (GC) effects on airway wall
inflammation and decline in lung function; however, there were great inter-individual
differences (38). The poor response of COPD patients to IGC may stem from the development
of GC insensitivity, in which oxidative stress has been implicated (5, 19).
GCs are the first choice of medication used to suppress an inflammatory response and
belong to a class of steroid hormones that bind to and activate the cytosolic glucocorticoid
receptor (GR) α, which is present in almost all eukaryotic cells. Upon its activation, GR
translocates to the nucleus to regulate the expression of anti-inflammatory genes with a
glucocorticoid response element (GRE) in their promoter. In addition, GR activation induces
recruitment of histone deacetylases, leading to reduced access of various transcription
factors, e.g. nuclear factor (NF)-κB, to promoter regions in pro-inflammatory genes (5, 63).
In vitro studies have shown that the ability of dexamethasone to suppress cytokine release
(e.g. CXCL8) from alveolar macrophages is impaired in COPD patients compared to healthy
smokers (21). Furthermore, macrophages from healthy smokers are more resistant to GCs
than alveolar macrophages from non-smokers (62). We have previously shown that GC
insensitivity also exists in bronchial epithelial cells from COPD patients, and may be the
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result of excessive oxidative stress (29), leading to reduced suppressive effects of IGC on
pro-inflammatory cytokine production. Indeed, oxidative stress has been linked to GC
unresponsiveness. Oxidative stress can induce PI3K-dependent post-translational histone
deacetylase 2 (HDAC2) modifications, leading to reduced expression and activity of
HDAC2 (1, 32, 45, 61). In addition to the regulation of NF-κB response elements, HDAC2
can deacetylate the GRα (31–33). In line with a role for reduced HDAC2 expression in the
observed GC unresponsiveness in COPD, reduced HDAC2 expression has been observed
in the lungs and alveolar macrophages of COPD patients and has been implicated in
GC insensitivity in COPD (32, 33). This suppression may also play a role in reduced GC
responsiveness of the airway epithelium, which is in first contact with cigarette smoke,
inducing oxidative stress (60, 74). GC insensitivity may be gradually acquired by smoking,
and because of the increased burden of oxidative stress in COPD patients, we propose that
smokers with COPD are more prone to develop GC insensitivity than smokers with normal
lung function.

Mitochondria and oxidative stress
Mitochondria are thought to play an important role in pathologies associated with oxidative
stress, including COPD. Mitochondria are oval to rod shaped cellular organelles that have
a double membrane structure, where the internal membrane is lobular shaped to increase
its surface area for proper energy production. Mitochondria are present in most eukaryotic
cells with a wide variety in numbers ranging from a none (mature erythrocytes) to several
thousand mitochondria per cell (liver and muscle cells), depending on the cell type. Lung
cells contain relatively high numbers of mitochondria, although exact mitochondrial
numbers are hard to determine per cell type because their occurrence correlates with
the cell’s level of metabolic activity. The mitochondrial inner membrane is composed of
lipids, including cardiolipin similar to those found in prokaryotic cells and it is the cell’s
only organelle that contains its own circular shaped DNA (mitochondrial DNA; mtDNA)
(14, 26). The specified lipid and DNA profile in mitochondria led to the `endosymbiotic
theory`, which proposes that prokaryotic cells were taken up inside a eukaryotic cell as
an endosymbiont, and that most of the prokaryotic genes have been transferred to the
host cell genome over time (25). Mitochondria are often referred to as the `energy factories`
of the cell and they are composed of various compartments that carry out multiple
specialized functions involving energy metabolism. These compartments include the outer
membrane, the inter-membrane space, the inner membrane, the cristae and matrix (Figure
1). The matrix of the mitochondrion contains enzymes of the tricarboxylic acid cycle (TCA)
or Krebs cycle and other structures and compounds including ribosomes, matrix granules
and mitochondrial DNA. Energy is derived from oxidative phosphorylation (OXPHOS), a
process involving electron transfer over the inner-membrane and proton pumps that drive
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the synthesis of chemical energy in the form of ATP. Next to producing energy in the form
of ATP, the mitochondria are responsible for programmed cell death, calcium storage and
signaling, roles in cellular proliferation and differentiation, hormone and haem synthesis
and cellular signaling processes (4). Together, this makes the mitochondria key regulators
of cellular function, which is pivotal for cellular homeostasis in healthy tissue. Depending
on the cell type, mitochondrial dysfunction can lead to the loss of various crucial processes,
including ATP production, apoptosis regulation, cellular proliferation, differentiation and
signaling processes, calcium storage and signaling.
Mitochondrion structure and function
Outer membrane
Inter‐membrane Space

Cristae

CytC

Matrix
Inner membrane

OXPHOS
Complexes

Function:

‐ Cellular Metabolism
‐ Programmed cell death (Apoptosis)
‐ Calcium storage and signaling
‐ Cellular proliferation and differentiation
‐ Hormone and Heme synthesis
‐ Cellular signaling processes

Porins

Matrix Granule

mtDNA

Ribosomes

Figure 1: Overview of a mitochondrion and important matrix located components which all serve various
important functions in the cells. Cytochrome C; CytC, Oxidative Phosphorylation; OXPHOS, Mitochondrial DNA;
mtDNA.

For the production of ATP, ~85% of the cell’s oxygen is consumed, while a small fraction of
this is converted to superoxide (O2-), a highly reactive radical that needs to be neutralized
as quickly as possible (55, 66). Thus, while electron leakage and subsequent oxidant
production is a normal consequence of the OXPHOS process, oxidative stress should be
controlled. Mitochondria have their own quality control and mechanisms to ensure a
healthy mitochondrial population within the cell, including endogenous anti-oxidant
defense mechanisms and exchange of mtDNA through fission and fusion processes
with neighboring mitochondria. When anti-oxidant enzymes, e.g. superoxide dismutase,
catalase and glutathione cannot neutralize the superoxide radical to H2O fast enough,
oxidative damage to components will occur and accumulate within the mitochondria (23,
55). Mitochondria that are damaged beyond repair are normally cleared through a process
called mitophagy. This process is initiated by the recruitment of the proteins peroxisome
proliferator-activated receptor gamma, coactivator 1 alpha (PPARGC1α), PTEN induced
putative kinase 1 (PINK1) and Parkin, proteins involved in mitochondrial biogenesis, repair
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or clearance (71). In addition, telomerase, which was initially thought only to have a nuclear
function, has been shown to have an protective effect on mitochondrial DNA as it migrates
to the mitochondria during times of excessive oxidative stress (27). Furthermore, the energy
metabolism protein Glycogen-synthase kinase (GSK3)β, has recently been shown to be
present in mitochondria, protecting the mitochondria against oxidant induced responses
(27, 54). Increased oxidative stress, e.g. upon long-term cigarette smoking and/or impaired
anti-oxidant responses, can cause mtDNA mutations and damage, excessive electron
leakage and increased production of reactive oxygen species (ROS). In turn, mitochondrial
dysfunction may lead to excessive ROS production in a vicious circle. ROS are known to
stimulate inflammation by activating the pro-inflammatory transcription factor NF-κB.
Indeed, it has been shown that mitochondrial dysfunction, induced by different chemical
compounds, can increase or induce inflammatory responses by increasing the expression of
CXCL8 and cyclooxygenase 2 (COX-2) (77, 78). Additionally, mitochondrial dysfunction may
lead to cellular damage and impaired regeneration responses. Mitochondrial dysfunction
has been linked to cellular ageing, which also results in accumulation of mtDNA mutations
and impairment of oxidative phosphorylation. Importantly, cigarette smoke has been
shown to induce oxidative stress in mitochondria of lung epithelial cells (74, 75), and may
thus induce mitochondrial dysfunction in these cells, potentially leading to accelerated
ageing, impaired repair and ongoing pro-inflammatory responses (Figure 2).
Mitochondrial role in COPD inflammation
Oxidative Stress

Inflammation
Mitochondrial Dysfunction

Risk factors:
•
•
•
•
•
•
•

Metabolic syndrome
Inadequate antioxidant response
Genetics
Aging
(Ischemic) Injury
Smoking
Occupational hazards

Figure 2: Possible model of a vicious circle sustaining inflammatory response in COPD. Various risk factors
may increase the production of ROS and/or induce mitochondrial dysfunction, stimulating pro-inflammatory
responses and accelerating the onset of the disease.

Mitochondria and disease
As outlined above, mitochondrial dysfunction can hamper multiple functions within the cell
and depending on the cell type, this can give rise to the onset of various (often age-related)
diseases, including diabetes, Alzheimer`s and Parkinson`s disease. Mutations in mtDNA,
impaired energy supply, Ca2+ buffering, increased ROS production and dysregulation
of cellular apoptosis by mitochondria may all contribute to the progressive decline in
longevity of the cell (71). The cell types that are often affected by mitochondrial dysfunction
are those that relies the most on proper mitochondrial function and often have the most
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mitochondria. Cells of the muscle, heart, brain, liver, kidneys, nerves, pancreas, eyes and
lungs have high numbers of mitochondria in their cytosol and rely strongly on proper
mitochondrial function. Known inherited conditions in which a (partial) mitochondrial
dysfunction has been implicated include diseases that result either from mutations/high
levels of heteroplasmy in the mtDNA or mutations in the genomic DNA (gDNA) encoding
for important mitochondrial components (55, 64, 72). All these inherited conditions affect
the multitude of the previous mentioned organs and include Kearns–Sayre syndrome,
Leber hereditary optic neuropathy, mitochondrial encephalomyopathy, lactic acidosis,
and stroke-like syndrome, Myoclonic epilepsy and ragged-red fibers, Leigh syndrome subacute sclerosing encephalopathy, neuropathy, ataxia, retinitis pigmentosa, and ptosis and
myoneurogenic gastrointestinal encephalopathy (12, 37, 55, 64, 65, 72, 76). Therefore, most
research is focused on these diseases, while relatively little is known about mitochondrial
(dys)function and its contribution to lung disease.

Role of mitochondrial dysfunction in COPD
The role of mitochondria in lung disease has not yet intensively been investigated,
although several studies have already demonstrated that cigarette smoke can disrupt
the mitochondrial membrane potential (Δψm) in macrophages of the lungs and epithelial
cells (2, 74, 75). Cigarette smoke can directly damage mitochondria in lung cells, however,
excessive damage to mitochondria can also occur by reactive oxygen species (ROS)
generated by the mitochondria themselves, for instance when their antioxidant response
is insufficient (55). Of interest, the production of various anti-oxidant enzymes, including
Mn-SOD, catalase and glutathione peroxidase (GPx), is reduced in cells/lung tissue of
COPD patients (35, 59, 61). Recently, polymorphisms in Mn-SOD have been linked to the
development of bronchial hyperresponsiveness in COPD (67). Possibly, cells from COPD
patients are deficient in their compensatory mechanisms that protect from mitochondrial
damage. When these mechanisms fail, this may result in excessive oxidative damage, which
may also extend to mtDNA and proteins of the OXPHOS system, eventually hampering
mitochondrial function. As described above, mitochondrial damage can lead to increased
production of ROS and activity of NF-κB, thus sustaining an inflammatory response seen in
COPD (Figure 2).
Mitochondria that are damaged beyond repair are cleared through a process called
autophagy, an intracellular degradation process. Mitophagy is an autophagic degradation
pathway specific for mitochondria, a process initiated by the recruitment of the proteins
PINK1 and Parkin (17, 22, 53), as described above. There are indications that the autophagy
processes is disrupted in COPD patients (13, 48). In mitophagy deficient cells or when the
mitochondrial clearance capacity is exhausted, defective mitochondria will accumulate (3,
34). In this case, mitochondria can fall apart, leading to the release of their lipid and protein
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components, which are capable to trigger a localized (lung) inflammatory or apoptotic
response (Figure 3).
Mitochondrial damage associated molecular patterns
O2ˉ

ROS
CytC

mtDNA

1

lipids

OHˉ
H2O2

O2ˉ

3

ROS

H2O2

mtDNA

5

Cardiolipin

CpG DNA repeats and
and formyl peptides

NFκB activation

LPS like lipids

FPR1

TLR‐4

IκB
NFκB

TLR‐9

IκB

APAF‐1
APAF‐1

NFκB

Bacterial `like` lipids
4

Pro‐caspase 9

O2ˉ

CytC

Pro‐caspase 9

2

CXCL‐8

Figure 3: Model of mitochondrial damage associated with various inflammatory and apoptotic responses.
1) When extensive mitochondrial damage occur various proteins, nucleic acids, reactive oxygen species (ROS) and
lipid compounds will be released into the cytosol which all can contribute to a pro-inflammatory response and
cell death. 2) ROS can activate the pro-inflammatory transcription factor. 3) Binding of cytochrome-C can lead to
the activation of caspase-9 and start the induction of apoptosis. 4) The release of CpG DNA repeats and formyl
peptides can trigger Toll like receptor (TLR)-9 and formyl peptide receptor 1 (FPR1) and induce a pro-inflammatory
response through MyD88 signaling leading to the transcription of pro-inflammatory genes (e.g. CXCL8). 5) Lipids
of the inner-membrane, which are similar in composition to bacterial lipids, can also induce a pro-inflammatory
response through TLR-4-MyD88 signaling.

These components are also referred to as mitochondrial damage associated molecular
patterns (mDAMPs), acting on so-called pattern recognition receptors on innate immune
cells to induce inflammatory responses. In this respect, CpG DNA (mtDNA) or N-formylpeptides released from mitochondria can activate Toll-like receptor (TLR)9 and Formyl
Peptide Receptor 1 on neutrophils and epithelial cells. This induces the activation of proinflammatory signaling molecules, e.g. MyD88, leading to the release of pro-inflammatory
mediators like CXCL8 (58). In addition, release of ROS from damaged mitochondria has been
proposed to induce the activation of NF-κB by degrading its inhibitor (40). It has also been
suggested that the secretion of the pro-inflammatory cytokine IL-1β, which is elevated
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in the airways of COPD patients (6), can be induced by cytosolic release of mtDNA in
autophagy deficient cells (3, 11, 52). Lipids released from mitochondria, such as cardiolipin
which especially in oxidized form resembles bacterial lipopolysaccharide (LPS), can trigger
an inflammatory responses through the activation of TLR4 (3, 46, 73). Both TLR4 and TLR9
activation can lead to CXCL8 production and secretion, resulting in neutrophil accumulation
(50, 51). Thus, besides from impaired respiration, damaged mitochondria and circulating
mitochondrial components can inflict inflammatory responses in the lungs. In addition to
these inflammatory responses, the sudden release of high quantities of cytochrome-C from
the mitochondria upon mitochondrial damage can initiate (3, 46, 73) apoptosis through the
activation of caspase 9 (3).

Oxidative stress induces signaling events leading to mitochondrial
dysfunction in COPD
As described above, oxidative stress may induce mitochondrial dysfunction, with important
consequences for COPD. Various signaling processes may contribute to oxidative stress
induced mitochondrial dysfunction. In particular, the regulation of the redox-responsive
kinase GSK3β activity may be of interest for mitochondrial dysfunction in COPD. GSK3β is
considered to be predominantly localized in the cytosol of the cell, however, localization
in the nucleus and mitochondria has been reported and is linked to a higher activity of
the enzyme (9). The exclusive function of mitochondrial GSK3β activity is not yet fully
understood. There are studies indicating an important role in apoptosis regulation by
GSK3β, changing the mitochondrial outer membrane permeabilization by destabilization
of Myeloid Cell Leukemia 1 MCL-1 (47). Another group has shown that GSK-3β is able to
mediate phosphorylation of Dynamin-1-like protein (DRP1), which is an important member
of superfamily that regulate mitochondrial fission, inducing an elongated mitochondrial
morphology against oxidative stress (16). Furthermore, GSK3β mediates phosphorylation
of the Voltage-Dependent Anion Channel (VDAC), which controls the outer mitochondrial
membrane permeability (44).
In all cases, GSK3β activity is subject to dynamic regulation by various kinases, which are
commonly involved in oxidant-mediated responses, including Akt, indicating that GSK3β
may represent an important downstream effector of oxidant-mediated signaling. Aktmediated phosphorylation of GSK3β at Ser9 inhibit its activity (20). In cardiomyocytes,
phosphorylation of GSK3β at Ser9 protects against oxidant induced apoptosis (54). In
addition, GSK3β activity has been implicated in glucocorticoid-induced apoptosis in
lymphoma cells, its inactivation resulting in GC insensitivity (69). Two other studies showed
that pharmacological inhibition of GSK3β by SB216763 in a guinea pig model of LPS-induced
pulmonary inflammation did not affect inflammatory cell influx, but prevented small airway
remodeling and LPS-induced muscle mass decline and myofiber atrophy, which is normally
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observed in COPD (30, 79). Thus, inactivation of GSK3β by phosphorylation at Ser9 may be
involved oxidant-induced GC insensitivity, although it may also exert beneficial effects and
protect from thickening of the airway walls. Together, we hypothesize that alterations in
GSK3β may have important implications for mitochondrial function and development of
airway inflammation in COPD.

Scope of this thesis
We hypothesize that the damaging effects of cigarette smoke-induced oxidative stress
in lung epithelial cells affect the mitochondria. We speculate that these dysfunctional
mitochondria contribute to the (onset) of the disease, leading to pro-inflammatory responses
of epithelial cells and impaired regeneration upon damage. In addition, oxidative stress and
mitochondrial dysfunction may lead to GC insensitivity of airway epithelial cells. In chapter
2, we aimed to assess the dose depend effects of long-term cigarette smoke exposure
on mitochondria in human bronchial epithelial cells. In particular, we studied the effect
of long-term exposure to cigarette smoke extract on mitochondrial morphology, function,
fission and fusion in the human bronchial epithelial cell line BEAS-2B. Additionally, we
explored whether and how mitochondrial morphology and function is altered in bronchial
epithelial cells from COPD patients. In chapter 3, we studied the mechanisms involved in
cigarette smoke-induced GC insensitivity, a pinnacle in the treatment of COPD patients,
and whether GSK3β is involved in this effect. This was studied in human bronchial epithelial
16HBE cells as well as monocytes. Furthermore, we compared steroid responsiveness in
primary bronchial epithelial cells from non-smokers, smoking controls and COPD patients.
In chapter 4 of this thesis, after demonstrating the influence of long-term cigarette smoke
extract on mitochondria, we investigated whether mitochondrial dysfunction leads to
changes in epithelial pro-inflammatory responses, repair and GC (in)sensitivity. In order
to do so, we used A549 Rho-0 cells, which are depleted of mitochondrial DNA (mtDNA),
and studied effects on IL-8 release, wound healing capabilities and GC responsiveness. In
chapter 5, we explored the potential of lipidomics to monitor cigarette smoke-induced,
and/or disease related-changes in sputum from COPD patients, which we compared to
sputum from smokers without COPD and never-smokers. In chapter 6, we studied whether
similar changes were observed in lipid compounds of long-term cigarette-smoke-exposed
bronchial epithelial BEAS-2B cells that were used in chapter 2. With these studies, we aimed
to improve insight in the role of cigarette smoke-induced mitochondrial dysfunction in the
development of COPD, and whether mitochondria can serve as future therapeutic target.
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Abstract
Background: Cigarette smoking is the major risk factor for COPD, leading to chronic
airway inflammation. We hypothesized that cigarette smoke induces structural and
functional changes of airway epithelial mitochondria, with important implications for lung
inflammation and COPD pathogenesis.
Methods: We studied changes in mitochondrial morphology and in expression of markers
for mitochondrial capacity, damage/biogenesis and fission/fusion in the human bronchial
epithelial cell line BEAS-2B upon 6-months from ex-smoking COPD GOLD stage IV patients
to age-matched smoking and never-smoking controls.
Results: We observed that long-term CSE exposure induces robust changes in mitochondrial
structure, including fragmentation, branching and quantity of cristae. The majority of
these changes were persistent upon CSE depletion. Furthermore, long-term CSE exposure
significantly increased the expression of specific fission/fusion markers (Fis1, Mfn1, Mfn2,
Drp1 and Opa1), oxidative phosphorylation (OXPHOS) proteins (Complex II, III and V), and
oxidative stress (Mn-SOD) markers. These changes were accompanied by increased levels
of the pro-inflammatory mediators IL-6, IL-8, and IL-1β. Importantly, COPD primary bronchial
epithelial cells (PBECs) displayed similar changes in mitochondrial morphology as observed
in long-term CSE-exposure BEAS-2B cells. Moreover, expression of specific OXPHOS proteins
was higher in PBECs from COPD patients than control smokers, as was the expression of
mitochondrial stress marker PINK1.
Conclusion: The observed mitochondrial changes in COPD epithelium are potentially the
consequence of long-term exposure to cigarette smoke, leading to impaired mitochondrial
function and may play a role in the pathogenesis of COPD.
Keywords: Mitochondria, Primary bronchial epithelial cells, Smoking, Reactive oxygen
species, COPD
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Introduction
Chronic Obstructive Pulmonary Disease (COPD), a chronic respiratory disease, is one of the
leading causes of death today with a worldwide increase in incidence. COPD is characterized
by accelerated lung function decline and a chronic inflammatory response in the lungs in
response to cigarette smoke, the largest risk factor for COPD. Inhaled cigarette smoke first
encounters the airway epithelium, where it may induce oxidative stress by both acute effects
of its reactive components and by the intracellular generation of endogenous reactive
oxygen species (ROS) by mitochondria (1-4,21,22). Mitochondria can protect themselves and
the cell from oxidative damage in several ways, e.g. by producing anti-oxidant scavengers,
regulating the oxidative phosphorylation (OXPHOS) process responsible for ATP generation
and exchanging mitochondrial DNA (mtDNA) through fusion and fission events (4-7).
Excessive oxidative stress and/or an imbalance or depletion of key mitochondrial fission
and fusion markers, including Dynamin-related protein 1 (Drp1), Mitochondrial fission
1 protein (Fis1), Mitofussion (Mfn1 and Mfn2), Optic Atrophy 1 (OPA1) and mitochondrial
transcription factor A (Tfam) can lead to mitochondrial damage and disorganized and
aberrant cristae formation (8). Furthermore, it will augment ROS production and cellular
apoptosis through cytochrome-C release (6,9-14). Normally, damaged mitochondria are
repaired or cleared by a process called mitophagy, which is induced by PTEN-induced
putative kinase 1 (PINK1). PINK1 regulates mitochondrial turnover and thereby protects
mitochondria from stress, in concert with peroxisome proliferator-activated receptor
gamma co-activator 1-alfa (PPARGC1α), which controls mitochondrial biogenesis (15-18).
We hypothesize that an aberrant response to cigarette smoke and excessive oxidative stress,
e.g. due to an inefficient anti-oxidant response as observed in COPD lungs (19,20), may lead
to impaired mitochondrial structure and function due to impaired clearance or repair. This
may contribute the COPD pathology, inducing apoptosis, tissue damage as well as airway
inflammation, since airway epithelial cells respond to increased ROS levels by producing
cytokines/chemokines that attract inflammatory cells to the area of damage (19,21-24).
Although oxidative stress is known to induce post-translational modifications/damage to
mitochondrial proteins (25,26), it is currently unknown whether mitochondrial structure
and function in airway epithelial cells are affected by cigarette smoke (27,28), and whether
these changes are present in COPD epithelium. Since COPD is a gradually acquired disease
that develops upon chronic cigarette smoke exposure, we anticipated that a long-term
cigarette smoke exposure model reflects the in vivo situation better than single exposure
experiments. Therefore, we studied long-term (6 months) cigarette smoke extract (CSE)induced changes in the human bronchial epithelial cell line BEAS-2B to mimic the condition
of continuous smoking for prolonged periods, and investigated whether these changes
are persistent upon CSE depletion. Additionally, we investigated whether similar changes
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are observed in mitochondria from primary bronchial epithelial cells (PBECs) of ex-smoking
GOLD stage IV COPD patients with age-matched never-smoking and smoking controls.

Methods
Long-term CSE exposed human bronchial epithelial cell culture
BEAS-2B cells were grown in RPMI 1640 (Lonza, Walkersville, MD) supplemented with 15%
heat-inactivated Fetal Bovine Serum (FBS), penicillin (100 U/ml) (Lonza) and streptomycin
(100 μg/ml) (Lonza) on collagen-coated plates. Cells were grown to >90% confluence
and passaged by trypsin. Cigarette smoke extract (CSE) was prepared fresh (used within
1 hr) from filter-less research-grade cigarettes (3R4F, Tobacco Research Institute, University
of Kentucky, Lexington, KY) as described previously (21). BEAS-2B cells were cultured in
medium without 0% (control), 1%, 2.5%, 10% or 12.5% CSE for 6 months. For 10% CSE and
12.5% CSE the concentration was increased stepwise by 0.5-1% after each passage every
3–4 days starting from 2.5% CSE. Additionally, cells were exposed to 10% CSE for 3 months
followed by 3 months culture in 0% CSE (referred to as −10% CSE). Cell viability was tested
by trypan blue staining.

Primary epithelial cell culture
Primary bronchial epithelial cells (PBECs) were isolated from ex-smoking GOLD stage IV COPD
patients and age-matched never-smoking and smoking controls. Patient characteristics
are described in Table 1. The study was approved by the Medical Ethics Committee of
the University Medical Center of Groningen and all subjects gave their written informed
consent. PBECs were cultured in bronchial epithelium growth medium (Lonza) in flasks
coated with collagen and fibronectin for at least 3 weeks in total as described (29). Cells
were plated in 24- or 6-well plates (EM), grown to confluence and placed overnight in BEBM
containing transferrin, insulin, gentamicin and amphotericin B (Sigma-Aldrich).
Table 1: Characteristics of the subjects: primary bronchial epithelial cells (PBECs)
Subject
n
Age
Gender M (%)
Pack-years

control non-smoker

control smoker

GOLD stage IV

15

15

24

55,5 (43–76)

51.6 (40–70)

59,7 (48–71)

7(46.7%)

12(80%)

10 (41.7%)

0 (0–0)

31.3(11–60)

39.3(11–80)

All PBECs included in the study were provided by Lonza or the NORM and TIP study (50) within the University
Medical Center Groningen. COPD patients were included on a basis of FEV1 < 50% of predicted, FEV1/FVC < 70%
and ≥20 pack-years for GOLD stage IV. All control subjects had FEV/FVC > 70% and FEV1 > 90% of predicted. FEV/
FVC, FEV1 predicted and pack-years from Lonza cells are unknown.
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RT-qPCR
RNA isolation, Primer Sequences, RT-PCR on Tfam, OPA1, Drp1, Fis1, Mfn1, Mfn2 using
MyiQ single-color Real-Time thermal cycler (31) and RT-PCR for IL-6, IL-8, IL-1β, Mn-SOD,
PINK1, PPARGC1α, OPA1 and TFAM using Taqman® were performed as described in the
Supplemental Figure 1.
Chapter

IL-8 release
Upon 3 days of culturing, levels of IL-8 were analyzed in cell-free culture supernatants by
sandwich ELISA (R&D Systems, Abingdon, UK) according to the manufacturer’s instructions.

Western blotting
Cell lysates were prepared and immunodetection was performed as described (29).
MitoProfile total OXPHOS antibody cocktail (Mitosciences, Eugene OR) or antibodies to
mitochondrial loading control COXIV (clone 3E11) and anti-oxidant Mn-SOD (EMD Millipore
Corporation, Billerica MA). Anti-GAPDH and Anti-β-actin (Cell Signalling Technology,
Danvers MA, USA) were used for loading control.

Electron microscopy
Cultured cells were fixed on 6-wells plates using 0.1 M phosphate buffered glutaraldehyde
(2%) overnight at 4°C. Cells were pre-washed in 0.1 M cacodylate buffer and post-fixed
in 1% OsO4 supplemented with 1.5% K3Fe(Cn6) for 2 hours, dehydrated and embedded
in epoxy resin according to routine procedures. Sections were collected on copper
grids, counterstained and inspected in a Philips CM 100. Data sampling is explained in
Supplemental Figure 2.

Statistics
ANOVA and Chi-square was used to compare data sets indicated in Tables 2 and 3.
Differences in protein/gene expression in BEAS-2B cells were tested by One-way ANOVA
with Bonferroni post-hoc test or unpaired t-test. Differences between subject groups were
analyzed by the Mann–Whitney test.
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Results
Morphological ultrastructure and matrix changes in mitochondria of longterm CSE exposed
BEAS-2B cells
BEAS-2B cells exposed to different concentrations of CSE did not display differences in
viability or morphology compared to cells that were not exposed to CSE, and were able
to form a confluent layer (Supplemental Figure 3). Moreover, expression of the cellular
senescence marker p21 was not affected (Supplemental Figure 3). Analysis of mitochondrial
ultrastructure in long-term CSE exposed BEAS-2B cells revealed significant changes in
morphological structure (branching/fragmentation), cristae formation and matrix density
of mitochondria compared to the 0% CSE control cells (Figure 1). At 1% CSE, we observed
an increased number of branched mitochondria when compared to the absence of CSE as
well as to higher CSE concentrations (10% and 12.5% CSE, Figure 1 and Table 2, p < 0.001).
Fragmentation, however, was more prominent at higher concentrations (10% and 12.5%
CSE). Interestingly, although mitochondrial fragmentation was reduced upon depletion
of CSE (−10% CSE) when compared to 10% CSE, CSE-depleted cells still showed more
branched mitochondria compared to control conditions. This indicates that CSE-induced
fragmentation, but not branching, is reversible upon its depletion. In addition to these
morphological changes, the mitochondrial matrix was significantly affected by 2.5%, 10%
and 12.5% CSE (Table 2, p < 0.001), which remained present upon CSE depletion (−10%).
The density of the “dark” lipoid matrix also increased with higher CSE concentrations and
this increased density also remained present upon depletion of CSE (−10% CSE).
Table 2: Mitochondrial shape variation and density of the matrix
Shape

Status of Matrix

Rod

Branching

Fragmented

Clear

Dense (Lipoid)

Control

28 (93.3%)

0 (0.0%)

2 (6.7%)

30 (100.0%)

0 (0.0%)

1% CSE

25 (80.6%)

6 (19.4%)

0 (0.0%)

31 (100.0%)

0 (0.0%)

2.5% CSE

31 (96.9%)

0 (0.0%)

1 (3.1%)

28 (87.5%)

4 (12.5%)

10% CSE

24 (70.6%)

2 (5.9%)

8 (23.5%)

23 (67.6%)

11 (32.4%)

12.5% CSE

24 (69.6%)

3 (8.6%)

8 (22.9%)

29 (82.9%)

6 (17.1%)

−10% CSE

19 (63.3%)

9 (30.0%)

1 (3.1%)

22 (73.3%)

8 (26.7%)

***

***

***Estimated by chi-square test (p < 0.001). BEAS-2B cells were exposed to various concentrations of cigarette
smoke extract (CSE) for 6 months and subjected to EM analysis. BEAS-2B cells are exposed to: 0% CSE (control), 1%
CSE, 2.5% CSE, 10% CSE, 12.5% CSE and −10% CSE (depletion). In total of 30–35 mitochondria were analyzed per
experimental condition. Significance was determined by chi-square test.
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10% CSE
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3
12.5% CSE
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-10% CSE

6

Figure 1: Differences in mitochondrial shape, the status of matrix, swelling, visibility of double membranes,
fragmentation, branching and cristae depletion upon long term CSE exposure in BEAS-2B cells. BEAS-2B
cells were exposed to various concentrations of cigarette smoke extract (CSE) for 6 months and subjected to EM
analysis. Representative images of BEAS-2B cells exposed to: 0% CSE (control), 1% CSE, 2.5% CSE, 10% CSE, 12.5%
CSE and −10% CSE. Scale bar indicates 2 μm and 1 μm (Top left).

Subsequently, we analyzed the relative frequency of mitochondrial cristae that were
observed within a single mitochondrion. We observed that the numbers of cristae were
strongly reduced upon long-term CSE exposure, which was already observed at 1% CSE
further diminished with increasing concentrations of CSE and remained present after CSE
depletion (−10% CSE) (Table 2, p < 0.001) compared to the 0% CSE treated cells. Together,
these data show that long-term CSE exposure induces strong and persistent structural
mitochondrial changes. These data are further confirmed by fluorescent 3D imaging of
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mitochondrial distribution in BEAS-2B cells upon long-term 10% CSE exposure, showing
increased numbers of branched mitochondria (Supplemental Figure 4).
Table 3: Frequencies and percentages of number of cristae and number of cristae divided by length
Number of cristae per mitochondrion per section

FRQ/L**

0

<3

3-6

>6

Mean ± SD

Mean ± SD

Control

0 (0.0%)

0 (0.0%)

2 (6.7%)

28 (93.3%)

2.9 ± 0.3

2.2 ± 0.8

1% CSE

0 (0.0%)

2 (6.5%)

9 (29.0%)

20 (64.5%)

2.6 ± 0.6

1.9 ± 0.6

2.5% CSE

4 (12.5%)

4 (12.5%)

8 (25%)

16 (50%)

2.1 ± 1.1*

1.7 ± 1.0*

10% CSE

4 (11.8%)

5 (14.7%)

19 (55.9%)

6 (17.6%)

1.8 ± 0.9*

1.3 ± 0.8*

12.5% CSE

0 (0.0%)

5 (14.3%)

18 (51.4%)

12 (34.3%)

2.2 ± 0.7*

1.6 ± 0.6*

−10% CSE

1 (3.3%)

4 (13.3%)

12 (40%)

13 (43.3%)

2.2 ± 0.8*

1.6 ± 0.7*

****

****

***

* p < 0.05 pairwise comparison to 0% CSE (Control). **Frequency divided by length. ***Estimated by chi-square
test (p < 0.001). ****Estimated by One-Way ANOVA test (p < 0.001). BEAS-2B cells were exposed to various
concentrations of cigarette smoke extract (CSE) for 6 months and subjected to EM analysis. Representative images
of BEAS-2B cells exposed to: 0% CSE (control), 1% CSE, 2.5% CSE, 10% CSE, 12.5% CSE and −10% CSE are shown in
Figure 1. In total of 30–35 mitochondria were analyzed per experimental condition. Significance was determined
by chi-square test and One-Way ANOVA.

Transcriptional increase in OPA1 expression upon long-term CSE exposure
in BEAS-2B cells
Next, we performed qRT-PCR to examine whether the observed changes may result from
altered mRNA expression of various genes involved in fission and fusion, e.g. Mfn1, Mfn2,
Fis1, Drp1, OPA1 and the mitochondrial transcription factor Tfam (Figure 2). We observed a
significant 1.9 (±0.1) fold increase in the mRNA expression of the profusion related protein
OPA1 upon exposure to 10% CSE (Figure 2). Surprisingly, we observed no significant
transcriptional differences in other mitochondrial fission (Fis1 and Drp1) or fusion markers
(Mfn1 and Mfn2) nor in Tfam expression (Figure 2).
Increased mitochondrial capacity in long-term CSE exposed BEAS-2B cells
To assess whether CSE exposure induces differences in the total mitochondrial fraction, we
studied the expression of the mitochondrial COXIV protein (which is generally continuously
expressed at a high level). Although exposure to 2.5%, 10% and 12.5% slightly decreased
the COXIV levels, this was not significant when compared to the 0% CSE control cells (Figure
3A). However, upon CSE depletion, mitochondrial mass showed a marked and significant
increase compared to the presence of 10% CSE, indicating a recovery process upon CSE
depletion (Figure 3A). Next, we studied whether the observed structural changes may
affect mitochondrial function by studying ATP levels after 10% CSE exposure as a proof
of concept. Contradictory to the unaltered mitochondrial mass and reduced cristae
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number, however, ATP levels were increased in 10% CSE exposed cells by approximately
1.6 fold when compared to the control (0% CSE) condition (Figure 3B), which may reflect
an increase in mitochondrial OXPHOS capacity. In line with this, exposure to 10% CSE
and 12.5% CSE induced a ~2-3 fold increase protein levels of the anti-oxidant protein
Manganese Superoxide Dismutase (Mn-SOD, Figure 3C), a marker of oxidative stress, with
a similar increase in Mn-SOD expression upon exposure to 10% CSE and 12.5% CSE at the
mRNA level (data not shown). Interestingly, Mn-SOD protein levels were restored in −10%
CSE exposed cells indicating a reduction in oxidative stress levels upon CSE depletion. To
study whether oxidative stress causes mtDNA damage, we assessed mtDNA damage by
fragment PCR (51) and observed that hydrogen peroxide, gas phase cigarette smoke and
CSE induced mtDNA damage in BEAS-2B cells (1,26,32,33)( Supplemental Figure 5).
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Figure 2: Expression of fission and fusion markers in long-term CSE exposed BEAS-2B cells. Cells were
exposed to 0% CSE, 2.5% CSE, 10% CSE, 12.5% CSE (n = 5 for each group) for 6 months. RNA was isolated and
fission and fusion markers were detected by qPCR. Ct values were obtained for the standard curve and each
sample. Relative DNA starting quantities of samples were derived from the standard curve based on the Ct values
using the iQ5 optical system software version 2.1. Genes of interest expression was normalized to a GeNorm factor
obtained from the housekeeping genes RPLPO and RPL13a. Median interquartile ranges (IQR) are indicated. * = p
< 0.05 between the indicated values.

Regulation of oxidative phosphorylation is important for mitochondrial capacity and the
protection against oxidative stress. Therefore, we analyzed the expression of three major
components of the OXPHOS system i.e., Complex II, Complex III core 2 and (the ATPase
subunit) Complex V F1α by western blotting. Interestingly, Complex II (Figure 3D), Complex
III (Figure 3E) and Complex V (Figure 3F) were significantly increased in cells cultured
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in 10% CSE, but not 2.5%, when compared to the other concentrations. Surprisingly,
expression of all complexes was again lower upon 12.5% CSE when compared to 10% CSE
exposure, although the expression of Complex II, but none of the other complexes, was still
significantly increased at 12.5% CSE. CSE depletion resulted in the restoration of complex
II and III protein levels, similar to the non-persistent effects of CSE on mitochondrial mass
and Mn-SOD, while complex V levels were not significantly reduced upon CSE depletion
(Figure 3F).
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Figure 3: Mitochondrial capacity is increased in long-term cigarette CSE exposed BEAS-2B cells. Cells were
exposed to 0% CSE, 2.5% CSE, 10% CSE 12.5% CSE (n = 4-5) for 6 months. A) Mitochondrial mass was determined
by COXIV as a mitochondrial loading control using western blotting. GAPDH was used as loading control. B) ATP
levels were measured by bioluminescence. C) Mn-SOD protein levels were detected by western blotting, related
to actin and medians are indicated. Western blot analysis of, D) Complex II, E) Complex III and F) Complex V of the
oxidative phosphorylation, related to GAPDH (medians are indicated). p = 0.06, p = 0.08, * = p < 0.05, ** = p < 0.01,
*** = p < 0.001 and **** = p < 0.0001 between the indicated values.
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Increased inflammatory response in long-term CSE exposed cells
To investigate whether these mitochondrial changes induced by long-term CSE exposure
were accompanied by increased pro-inflammatory activity of bronchial epithelium, we
measured expression of the pro-inflammatory cytokines IL-1β, IL-6 and IL-8, which are known
to be elevated in the airways of COPD patients (34,35). We found a significant increase in IL1β and IL-6 mRNA expression in cells exposed to 10% CSE compared to control cells (Figure
4A). Additionally, IL-8 mRNA (Figure 4B) and protein levels (Figure 4C) were significantly
increased in cells exposed to 10% and 12.5% CSE. CSE in a concentration of 2.5% did not to
affect the mRNA nor on protein expression of pro-inflammatory cytokines, in line with the
absence of effects on mitochondrial function (Figure 4A, 4C).
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Figure 5 Primary bronchial epithelial cells (PBECs) from COPD patients display elongated and swollen
mitochondria, fragmentation, branching and cristae depletion and altered expression of mitochondrial
markers compared to control PBECs. PBECs were isolated from ex-smoking COPD patients with GOLD stage IV (n
= 10), control smokers (n = 7) and never-smokers (n = 6) A) Complex V ATPase protein and Mn-SOD were detected
by western blotting. GAPDH was used as loading control. B) OPA1, Tfam, PINK1 and PPARGC1α mRNA expression
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(IQR) are indicated. C) Panel 1 shows a representative picture of PBECs from 4 never-smokers displaying normal
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Mitochondrial changes in PBECs from COPD patients compared to PBECs
from (never-) smoking individuals
In order to assess whether long-term smoking also results in (persistent) structural changes
in epithelial mitochondria in COPD, we studied mitochondrial alterations in PBECs derived
from severe ex-smoking COPD GOLD stage IV patients and age-matched never-smoking
and smoking controls. First, we investigated OXPHOS levels and observed that protein levels
of Complex V F1α were not significantly different in PBECs from non-smokers compared
to smokers. Interestingly, levels were significantly increased in PBECs from COPD patients
when compared to non-smoking control PBECs, while a trend was visible when compared
to PBECs from smokers, indicating a disease-related effect (Figure 5A). Similar to the data
in BEAS-2B, increased Complex V levels were accompanied by increased Mn-SOD protein
levels in PBECs from COPD patients, which may reflect a compensatory mechanism in
response to increased energy demand and/or elevated oxidative stress (Figure 5A).
In contrast to the elevated levels in CSE-exposed BEAS-2B cells, we found no evidence
for altered mRNA expression of OPA1 or Tfam in PBECs from COPD patients or control
smokers compared to never-smokers (Figure 5B). We also studied the expression of PINK1
and PPARGC1α, genes that are activated upon mitochondrial damage and play a key role
in mitochondrial turnover. Of interest, the mRNA expression of both PINK1, a marker not
significantly different in CSE exposed BEAS-2B cells (Supplemental Figure 6), and PPARGC1α,
a marker that was not detectable in CSE exposed BEAS-2B cells, was significantly increased
in PBECs from COPD patients when compared to non-smoking controls (Figure 5B). In line
herewith, we observed that PBECs from COPD patients show remarkable abnormalities in
mitochondrial structure, similar to the changes observed in BEAS-2B cells upon long-term
CSE-exposure, albeit more severe. These observations include excessive branching of the
mitochondria and cristae depletion, but also mitochondrial swelling and elongation, when
compared to mitochondria in control PBECs (Figure 5C). Together, our data indicate that
epithelium from severe COPD patient’s displays persistent mitochondrial damage.

Discussion
For the first time, we show that long-term CSE exposure induces robust and persistent
changes in mitochondrial structure and function in human bronchial epithelial cells,
including increased fragmentation, branching, density of the matrix and reduced numbers
of cristae. All of these changes, except for fragmentation, remained present after depletion of
CSE, suggesting that these are persistent upon smoking cessation. In line with the observed
changes, mRNA expression of OPA1, a critical regulator of cristae formation and fission/
fusion, was increased at the transcriptional level in long-term CSE-exposed BEAS-2B cells.
Furthermore, we observed increased protein levels of OXPHOS components and increased
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levels of the oxidative stress marker and anti-oxidant Mn-SOD, indicating augmented
energy demand and oxidative stress. These mitochondrial changes were accompanied by
increased pro-inflammatory activity in long-term CSE-exposed cells, as reflected by higher
levels of the pro-inflammatory cytokines IL-1β, IL-6 and IL-8. Moreover, our data show that
similar mitochondrial changes are present in bronchial epithelium from severe ex-smoking
COPD patients in comparison to healthy controls, with depletion of cristae, increased
branching, elongation and swelling of the mitochondria, increased Mn-SOD, PINK1 and
PPARGC1α, but not OPA1 mRNA expression and increased OXPHOS Complex VF1α levels.
These changes in Mn-SOD, PINK1, PPARGC1α and Complex VF1α were not observed in
epithelial cells from control smokers.
It is tempting to speculate that an attenuated anti-oxidant response with elevated ROS in
COPD (19,20,28,36) may lead to an increased oxidant burden, possibly contributing to the
observed mitochondrial defects in bronchial epithelial cells from COPD patients (22,30,32).
Cigarette smoking induces both oxidative stress and anti-oxidant responses in airway
epithelium and, with great variability amongst individuals (38). An increased oxidant burden
due to lower levels of anti-oxidant defense has been reported in COPD, which has been
associated with decreased lung function (39,40). Of importance, oxidative stress exceeding
the anti-oxidant response may also lead to accelerated ageing and thus accelerated lung
function decline (8,20,27). Recent studies suggest that due to increased oxidative stress,
damaged mtDNA induces premature ageing in human cells (7,27,37). Importantly, similar
morphological changes of mitochondria as observed here are regarded as biomarkers of
mitochondrial aging. For example, senescent endothelial cells showed degenerated cristae
and swollen regions devoid of cristae (8). Of note, the ageing lung shows morphological
changes that resemble emphysema in COPD, including alveolar enlargement and a
reduction in elastic recoil, contributing to lung function decline (41). Although we have not
studied effects in alveolar epithelial cells, our findings may also have important implications
for lung emphysema. ROS are potent inducers of cellular apoptosis by promoting the
release of cytochrome-C, which may lead to alveolar cell apoptosis, lung tissue damage,
inflammation and emphysema (27,42,43,46). Thus, we anticipate that lung epithelium from
COPD patients may be more prone to cigarette smoking-induced mitochondrial damage/
dysfunction and premature ageing, which may eventually affect lung function. Future
studies will be of interest to assess whether the airway epithelial structure and function of
mitochondria differs between in young non-smoking individuals who are non-susceptible
and susceptible to develop COPD.
In line with the hypothesis that epithelium from control smokers is better protected against
cigarette smoke-induced changes in mitochondrial function, OXPHOS complex levels
were not (persistently) higher in PBECs from smokers with normal lung function than from
never-smokers, although OXPHOS complex II, III and VF1α were increased upon long-term
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CSE exposure in BEAS-2B. With respect to PBECs from ex-smoking COPD patients, we only
observed an increase in complex VF1α, but not complex II and III, in line with the finding
that the levels of complex II and complex III returned back to baseline levels upon CSE
depletion in BEAS-2B cells.
Our data strongly suggest that cigarette smoking induces structural and functional changes
in mitochondria resulting in a pro-inflammatory phenotype of airway epithelium in severe
COPD patients, and that these are persistent, as they are still present upon smoking
cessation. In line with this, all CSE-induced morphological changes in BEAS-2B mitochondria
that remained present upon CSE depletion were also observed in PBECs from COPD
patients. Furthermore, PBECs from COPD patients displayed increased levels of Mn-SOD
and OXPHOS complex VF1α, in agreement with the findings in BEAS-2B cells. These changes
indicate increased cellular energy demand that is still present in cultured airway epithelium
from ex-smoking COPD patients. Persistent mitochondrial damage in airway epithelium
of COPD patients is further evidenced by the increased expression of PINK1, a sensor for
damaged mitochondria, and PPARGC1α, a regulator of mitochondrial biogenesis (18,44).
Both PINK1 and the fission/fusion protein OPA1 are known to be involved in the regulation
of cristae formation (45), and increased expression of these proteins may thus reflect cristae
damage. Since we did not observe significant changes in PINK1 and PPARCG1α expression
in control smokers, nor in the CSE-exposed BEAS-2B cells, we anticipate that additional
factors, e.g. susceptibility gene expression, may be involved in their aberrant expression in
COPD epithelium. Vice versa, we did not observe significant differences in OPA1 expression
between the subject groups, although OPA1 expression was increased in the long-term
CSE-exposed BEAS-2B cells. We did not observe significant differences in other important
mitochondrial genome and fusion markers, including Tfam and Drp1, between the subject
groups or upon CSE exposure in BEAS-2B. However, we cannot exclude the possibility
that these markers are modified at the posttranslational level by cigarette smoke-induced
oxidative stress, leading to the observed changes in mitochondrial morphology, and this
needs further investigation.
To summarize, we propose that mitochondrial structure changes in COPD epithelium may
derive from a sustained oxidative stress due to cigarette smoke exposure, which results in
an inflammatory response (Figure 6). In line with our findings on the increased expression
of pro-inflammatory cytokines upon long-term epithelial CSE exposure, bronchial epithelial
cell from COPD patients have been shown to produce higher levels of IL-8 than controls
individuals (34,35). Excessive oxidative stress may induce oxidative modifications, including
peroxidation of mitochondrial lipids, oxidative damage of mitochondrial proteins including
OXPHOS components, cristae remodeling, mutations and severe damage in mitochondrial
DNA (mtDNA) (20-22,39-42). This may result in a further increase in oxidative stress, with
important consequences, since ROS are additionally known to increase the NF-κB response.
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Eventually, this pro-inflammatory activity of the airway epithelium (2,23,47-49) may
contribute to the development of chronic airway inflammation in COPD.
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Figure 6: Proposed model on the effect of cigarette smoke induced mitochondrial changes. Cigarette
smoke is able to generate intracellular ROS production of which mitochondria are the main producers. ROS can
damage important cellular components like nuclear DNA and organelles. Additionally, endogenous ROS affect
mitochondrial DNA, membrane lipids and proteins, including fission/fusion proteins and PINK1, and induce
oxidative modification or blocking of the OXPHOS system. Upon persistent mitochondrial damage or oxidative
stress exceeding the anti-oxidant response, mitochondrial dysfunction will be introduced. Mitochondrial
dysfunction and ROS from cigarette smoke may eventually induce inflammation, premature ageing and the onset
of COPD.

In conclusion, our study demonstrates that long-term exposure to CSE leads to structural
and functional changes in mitochondria that persist upon smoking cessation and
may contribute to the onset pathogenesis of COPD. Herewith, we propose a new
pathophysiological concept in the development of the COPD, which opens novel avenues
for therapeutic strategies aimed towards the improvement of mitochondrial function and
protection against ROS/damage.

Abbreviations
CSE, Cigarette smoke extract; Drp1, Dynamin-related protein 1; Fis1, Mitochondrial fission 1
protein; Mfn1 and Mfn2, Mitofussion1 and 2; Mn-SOD, Manganese Superoxide Dismutase;
Opa1, Optic atrophy type 1; OXPHOS, Oxidative phosphorylation; PBEC, Primary Bronchial
Epithelial Cells; PINK1, PTEN-induced putative kinase 1; PPARGC1α, Proliferator-activated
receptor gamma co-activator 1-alfa; ROS, Reactive Oxygen Species; Tfam, Mitochondrial
transcription factor A
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Target

Bronseq

Fw primer

Rev primer

RPLPO

NM_001002

TCTACAACCCTGAAGTGCTTGATATC

GCAGACAGACACTGGCAACATT

RPL13A

NM_012423

CCTGGAGGAGAAGAGGAAAGAGA

TTGAGGACCTCTGTGTATTTGTCAA

B2M

ENSG00000166710

CTGTGCTCGCGCTACTCTCTCTT

TGAGTAAACCTGAATCTTTGGAGTACGC

GAPDH

ENST00000229239

GCACCACCAACTGCTTAGCA

TGGCAGTGATGGCATGGA

Cyclo

NM_021130

CATCTGCACTGCCAAGACTGA

TTCATGCCTTCTTTCACTTTGC

Actin

NM_001101

AAGCCACCCCACTTCTCTCTAA

AATGCTATCACCTCCCCTGTGT

Mfn1

ENSG00000171109

CTGAGGATGATTGTTAGCTCCACG

CAGGCGAGCAAAAGTGGTAGC

Mfn2

ENSG00000116688

TGGACCACCAAGGCCAAGGA

TCTCGCTGGCATGCTCCAC

Opa1

ENSG00000198836

TACCAAAGGCATTTTGTAGATTCTGAGTT

GCATGCGCTGTATACGCCAA

Fis1

ENSG00000214253

CCTGGTGCGGAGCAAGTACAA

TCCTTGCTCCCTTTGGGCAG

Drp1

ENSG00000087470

TGCATTACTGCCTTTGGCACACT

MTP18

ENSG00000242114

CGACTCATTAAATCATATTTTCTCATTGTCAG
TCTCTACCGGGACACGTGGGT

PGC1a

ENSMUSG00000029167 ATGCCTTTAGATGTGAGCTAACAGTAGGTAATGA
ENSG00000108064
GAAAGATTCCAAGAAGCTAAGGGTGATT

Tfam

GAAAGCCTCGCCCACCTCA
CGTACAGCCATCAAAAAGGGACAC
TCCAGTTTTCCTTTACAGTCTTCAGCTTTT

Supplemental Figure 1. Primer sequences and RT-qPCR methods. RNA was extracted using TriReagent,
Applied Biosystems/Ambion (Foster City, CA), reverse transcribed to cDNA using iScript cDNA Synthesis Kit
(Bio-Rad, Herculus, CA). Primers (Sigma Genosys, Haverhill, UK) were designed using Primer Express 2.0 (Applied
Biosystems, Foster City, CA). Real-time PCRs on Tfam, OPA1, Drp1, Fis1, Mfn1, Mfn2 were performed in a MyiQ singlecolor Real-Time thermal cycler (Bio-Rad, Herculus, CA). Normalization was performed to a GeNorm factor obtained
from reference genes RPLPO, RPL13A, GAPDH, Cyclophilin and β-actin (Freeware, Gent University, Belgium) (31).
IL-6, IL-8, IL-1β, histon deacetylase (HDAC)2, Mn-SOD, PINK1, PPARGC1α, OPA1 and TFAM expression was analyzed
by real-time PCR using Taqman® (Applied Biosystems, Foster City, CA). Validated probes and housekeeping genes,
B2M and PP1A and TaqMan Master Mix were purchased from Applied Biosystems. Amplification efficiencies were
similar between the target and housekeeping genes. Samples were measured in duplicates, which never diverged
more than 0.5 Ct.
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Supplemental Figure 2. Image criteria; analysis of mitochondrial ultrastructure in in long-term CSEexposed BEAS-2B cells. We studied mitochondrial ultrastructural changes in long-term (6 months) CSE exposed
BEAS-2B cells at different CSE concentrations (0%, 1%, 2.5%, 10% and 12.5%). Additionally, we exposed cells to
10% CSE for 3 months followed by 3 months control conditions (-10%) in order to determine whether or not
the induced changes are permanent. For electron microscopy analysis, mitochondria were randomly selected
from cells with intact cytoplasm and nuclei. Other parameters that were taken into account include distribution
of mitochondria, either in clusters or dispersed. Images were taken of 3-5 mitochondria in a clear visible field at
different magnification (4500x, 17500x) to a total of 30-35 mitochondria per experimental condition. Shape was
measured with respect to length, or in case of branching with bifurcating extensions and a third category of
fragmented mitochondria. The mitochondrial matrix was distinguished on the basis of electron lucent “transparent
matrix” or an electron dense “dark” lipoid matrix. Since most mitochondria will not be viewed in their full extent
due to their unknown orientation, we have calculated the frequency of the cristae per unit length; these values
were also significantly different from a random distribution (Table 2, last column). Because mitochondrial cristae
are equally distributed in a randomly oriented cell, we compared categories with respectively 0, <3, 3-6 and more
than 6 cristae. Representative images of the mitochondrial changes are shown, including increased branching,
fragmentation, density of the mitochondrial matrix and cristae depletion.
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Supplemental Figure 3. Long-term CSE-exposed BEAS-2B do not show abnormal morphology or
senescence. BEAS-2B cells grown for 6 months in 0%, 2.5% or 10% CSE. A) Bright-field microscopy images of
BEAS-2B cells cultured for 6 months in the absence (0%=control) or presence of 2.5% or 10% CSE showed no
abnormal cell growth during cigarette smoke exposure. B) mRNA expression of the senescence marker p21 does
not significantly differ between control- and long-term CSE exposed BEAS-2B cells. ΔCt values are shown (lower
values reflect higher expression) and median interquartile ranges (IQR) are indicated

63 x 1.4 Leica AOBS

63 x 1.4 Leica AOBS

BEAS-2B 0% CSE

BEAS-2B 10% CSE

Supplemental Figure 4. Increased numbers of branched mitochondria in long-term CSE exposed BEAS2B cells. BEAS-2B cells grown for 6 months in 10% CSE or 0% CSE (control). Cells were stained with Mitotracker
DeepRed and (3D) images were taken on a Leica AOBS confocal microscope.
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Supplemental Figure 5. Oxidative stress induces mtDNA damage in BEAS-2B. BEAS-2B were untreated
(Basal) or treated with hydrogen peroxide (25, 50 and 100 µM), gas phase (Somborac-Bacura et al. Exp Physiol. 2013)
cigarette smoke (CS: 30s , 45s and 60s) or cigarette smoke extract (CSE: 25%, 50%, 75% and 100%) for 5 hours. After
total DNA isolation, two mitochondrial fragments were amplified using PCR and the short fragment (220bp) was
used for normalization of mtDNA, and the large fragment (8,9 kb) was used for quantification of mtDNA damage
upon analysis by gel electrophoresis (51). A dose-dependent damage of mtDNA after short-term treatment with
hydrogen peroxide, gas-phase CS and CSE was observed.
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Supplemental Figure 6. PINK1 expression is not altered in long-term CSE-exposed BEAS-2B cells . BEAS2B cells grown for 6 months in 0%, 2.5% or 10% CSE. mRNA expression of PINK1 IL8 (n=4) mRNA expression was
detected by qPCR and related to the housekeeping genes. ΔCt values are shown (lower values reflect higher
expression) and median interquartile ranges (IQR) are indicated.
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Abstract
In Chronic Obstructive Pulmonary Disease (COPD), oxidative stress regulates the inflammatory
response of bronchial epithelium and monocytes/macrophages through kinase modulation
and has been linked to glucocorticoid unresponsiveness. GSK3β inactivation plays a key
role in mediating signalling processes upon reactive oxygen species (ROS) exposure. We
hypothesized that GSK3β is involved in oxidative stress-induced glucocorticoid insensitivity
in COPD. We studied levels of p-GSK3β-ser9, a marker of GSK3β inactivation, in lung sections
and cultured monocytes and bronchial epithelial cells of COPD patients, control smokers
and non-smokers. We observed increased levels of p-GSK3β-ser9 in monocytes, alveolar
macrophages and bronchial epithelial cells from COPD patients and control smokers
compared to non-smokers. Pharmacological inactivation of GSK3β did not affect CXCL8 or
GM-CSF expression but resulted in glucocorticoid insensitivity in vitro in both inflammatory
and structural cells. Further mechanistic studies in monocyte and bronchial epithelial cell
lines showed that GSK3β inactivation is a common effector of oxidative stress induced
activation of the MEK/ERK-1/2 and PI3K/Akt signalling pathways leading to glucocorticoid
unresponsiveness. In primary monocytes, the mechanism involved modulation of histone
deacetylase 2 (HDAC2) activity in response to GSK3β inactivation. In conclusion, we
demonstrate for the first time that ROS-induced glucocorticoid unresponsiveness in COPD
is mediated through GSK3β, acting as a ROS-sensitive hub.
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Introduction
COPD is characterized by chronic lung inflammation, airway remodelling and pulmonary
emphysema, which leads to airflow limitation and accelerated lung function decline.
Current therapies fail to prevent either disease progression or mortality. Glucocorticoids are
widely used because of their broad anti-inflammatory effects, but they provide relatively
little therapeutic benefit in COPD (3). The reduced responsiveness to the anti-inflammatory
effects of glucocorticoids is a major barrier to effective management of COPD patients.
Therefore, there is an urgent need to understand the underlying molecular mechanisms.
The increased oxidant burden in the lungs of COPD patients, derived from cigarette smoke
(CS) and the respiratory burst from inflammatory cells, plays a significant role in the reduced
glucocorticoid responsiveness (4, 10, 25, 33, 41). Oxidative stress has a profound impact on
inflammation by inducing pro-inflammatory mediators that attract and activate neutrophils,
including CXCL8 and GM-CSF. This induction is driven by activation of redox sensitive kinase
pathways (including MAPK and PI3K/Akt signalling) and pro-inflammatory transcription
factors such as the nuclear factor-κB (NF-κB) (8, 26, 27, 31, 32, 37). In addition, oxidative
stress can induce PI3K-dependent post-translational histone deacetylase 2 (HDAC2)
modifications, including phosphorylation, resulting in proteasomal HDAC2 degradation (1,
22, 27, 33). HDAC2 can deacetylate the glucocorticoid receptor (GRα) as well as histones
at NF-κB response elements within promoter regions of inflammatory genes (21–23).
Reduced HDAC2 expression has been observed in the lungs and alveolar macrophages of
COPD patients and has been implicated in glucocorticoid insensitivity in COPD (22, 23). In
addition to alveolar macrophages, we recently observed that bronchial epithelial cells from
COPD patients are less responsive to glucocorticoids than those from healthy controls (16).
Here, pro-inflammatory cytokine production was effectively suppressed by glucocorticoids
in cells from healthy controls, while this response was compromised in COPD-derived cells.
The constitutively active serine/threonine kinase glycogen synthase 3β (GSK3β) is regulated
by oxidative stress and has been linked to several inflammatory diseases (6, 20, 24). GSK3β
activity is negatively regulated by phosphorylation on serine 9, which can be mediated by
ERK1/2 MAPK and Akt (15). As these kinase pathways are commonly involved in oxidantmediated responses, GSK3β may represent an important downstream effector of oxidantmediated signalling during COPD inflammation. We hypothesized that GSK3β is involved
in oxidative stress-induced glucocorticoid responsiveness in COPD. We demonstrate that
levels of inactive GSK3β are enhanced in monocytes, macrophages and bronchial epithelial
cells from COPD patients compared to smokers and non-smokers, and that oxidative stressinduced GSK3β inhibition regulates glucocorticoid responsiveness in both monocytes/
macrophages and bronchial epithelial cells.
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Methods
Human studies
Peripheral lung sections, peripheral venous blood, primary bronchial epithelial cells (PBECs)
and tissue sections were isolated from age-matched non-smokers, smokers with normal
lung function and COPD patients. For GSK3β phosphorylation and total staining analysis,
peripheral lung sections were collected from 21 patients with COPD, 19 smokers, and
14 non-smokers subjects (Table 1) and from 12 COPD patients, 12 smokers and 10 nonsmokers (Table 2) respectively. Phospho-GSK3β was also detected in tissue macrophages
of severe COPD patients (Table 1). Peripheral venous blood was collected from 10 patients
with COPD, 6 smokers with normal lung function and 7 non-smokers (Table 3). Primary
bronchial epithelial cells (PBECs) were obtained from 14 current and ex-smoking COPD
patients with GOLD stage II-IV, 16 age-matched control smokers and 14 non-smokers (Table
4)(17). With the exception of the COPD stage IV patients, subjects did not use ICS, longacting β-agonists and long-acting anticholinergics for at least 4 weeks preceding the study.
The study protocol for this part was consistent with the Research Code of the University
Medical Center Groningen (http://www.rug.nl/umcg/onderzoek/researchcode/index)
and national ethical and professional guidelines (“Code of conduct; Dutch federation of
biomedical scientific societies”; htttp://www.federa.org).
Table 1. Characteristics of subjects for the immunohistochemical study of phospho-GS3Kβ

Age
Sex (M/F)
Current/former smokers
Pack years
FEV1 (L)
FEV1 (% pred)
FEV1/FVC Ratio (%)
GOLD Stage

Non-Smokers

Smokers

COPD

Severe COPD

67.7± 8.1
0/14
N/A
N/A
2.1± 0.4
101.5± 22.5
76.4± 3.5
N/A

70.0± 6.7
18/1
9/10
49.4± 32.3
2.5± 0.7
91.8± 14.6
75.5± 4.6
N/A

69.1± 6.6
18/3
7/14
40.5± 20.1
2.03± 0.5
75.3± 16.6
56.1± 9.1
8 grade 1,
11 grade 2,
2 grade 3

70.3 ± 2.8
7/0
3/4
50.6 ± 11.6
1.13 ± 0.073
41.3 ± 3.0
51.7 ± 4.9
All grade 3

Peripheral lung tissue sections were collected from patients recruited from the Section of Respiratory Diseases
of the University Hospital of Ferrara. Data are presented as means ± SDs; FEV1: Forced expiratory volume in one
second; FVC: Forced vital capacity. The FEV1/FVC ratio is after bronchodilator for subjects with COPD but not for
smokers or non-smokers; GOLD, Global Initiative for Chronic Obstructive Lung Disease guideline classification of
patients with COPD; % pred: % predicted; M: Male, F: Female.

54

Effect of GSK3β on glucocorticoid function in COPD

Table 2. Characteristics of subjects for the immunohistochemical study of total GS3Kβ
Non-smokers

Control smokers

COPD

69.1 ±2.5
2/8
N/A
N/A
111.2±6.2
78.1±1.4

65.4 ±1.9
12/0
6/6
49.1±12.1
90.5±4.8
76.8±1.2

69.5±2.1
12/0
7/5
37.9±3.3
70.4±3.8
59.4±2.1

Age
Sex (M/F)
Current/former smokers
Pack-years
FEV1 (% pred)
FEV1/FVC ratio (%)

Peripheral lung tissue sections were collected from patients recruited from the Section of Respiratory Diseases
of the University Hospital of Ferrara. Data are presented as means ± SDs; FEV1: Forced expiratory volume in one
second; FVC: Forced vital capacity. The FEV1/FVC ratio is after bronchodilator for subjects with COPD but not for
smokers or non-smokers; % pred: % predicted; M: Male, F: Female.
Table 3. Characteristics of subjects: peripheral blood monocytes
Non-Smokers

Controls smokers

COPD

57 ± 4.4

55.5 ± 3.2

65.6 ± 4.4

Sex M/F

3/4

4/2

8/2

Current/former smokers

N/A

5/1

2/8

Age

Pack years

N/A

31 ± 12.3

33.1 ± 14.2

FEV1 (% pred)

105.6 ± 7.5

92.2 ± 14.5

68.65 ± 16

FEV1/FVC Ratio

72.54 ± 3.9

73.02 ± 8.8

58.79 ± 15.7

Peripheral venous blood was collected from patients at the Royal Brompton hospital of London. Data are presented
as means ± SD; FEV1: Forced expiratory volume in one second; FVC: Forced vital capacity. The FEV1/FVC ratio is after
bronchodilator for subjects with COPD but not for smokers or non-smokers; % pred: % predicted. M: Male, F:
Female.
Table 4. Characteristics of the subjects: primary bronchial epithelial cells (PBECs)
Non-Smokers
n=11*

Control smokers
n=12*

COPD
n=8*

56 (43-76)

54 (43-70)

56.5(50-65)

5/6

9/3

4/4

0(0-0)

39.5 (19-50)

33.5(11-54)

Age
Sex M/F
Pack years
Medians (range) or number
*All experimental controls included

Primary bronchial epithelial cells included in the study were obtained from Lonza or the NORM and TIP study
within the University Medical Center Groningen. COPD patients were included on a basis of FEV1<50% of predicted,
FEV1/FVC<70% and ≥10 pack-years for GOLD stage IV. All control subjects had FEV1/FVC>70% and FEV1>90% of
predicted. PBECs obtained from Lonza are not indicated with FEV1/FVC and FEV1 predicted nor pack-years.
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All participants gave informed consent to a protocol approved by the ethics committee
of the Royal Brompton and Harefield NHS Trust/National Heart and Lung Institute and the
University Medical Center Groningen. The Section of Respiratory Disease at the University
Hospital of Ferrara and the Pneumology Unit at the University Hospital of Messina have ethics
committee approval for the collection and analysis of specimens from lung resection surgery.

Cell culture
Peripheral blood mononuclear cells (PBMCs) were isolated from whole venous blood by
Histopaque (Sigma, Dorset, UK), as previously described (27). Monocytes were isolated from
PBMCs by MACS with the Monocyte Isolation Kit II (Miltenyi Biotec, Bergisch-Gladbach,
Germany). PBECs were cultured in bronchial epithelium growth medium (BEGM, Lonza) in
flasks coated with collagen and fibronectin as described previously (19). Human bronchial
epithelial cells (16HBE) were kindly provided by Dr. G. Gruenert and grown in EMEM/10%
FCS (UCSF, USA) (18).
Cell culture and treatments
Isolated monocytes and human monocyte-macrophage cells (MonoMac6) were cultured
in RPMI 1640 GlutaMAX phenol red free media (Invitrogen, Paisley, UK) with 1% FCS, 2mM
L-glutamine, 1% nonessential amino acids and 1% sodium pyruvate. Primary monocytes
were pre-treated with U0126 (MEK/ERK-1/2 inhibitor), MK-2206 (Akt inhibitor) or IC87114
(PI3K-δ inhibitor) all at 1µM for 30 minutes and were stimulated with H2O2 (100µM) for 30
minutes. Primary monocytes were pre-treated with the GSK3β inhibitor CT99021 (100 nM
and 1 µM) for 15-120 minutes as indicated. To study the function of glucocorticoids, primary
monocytes or transfected MonoMac6 cells were pre-treated with dexamethasone (10nM,
100nM, 1µM) for 30 minutes before being stimulated with LPS (10ng/ml) for 16 hours.
Cells or cell-free supernatants were harvested for RNA isolation, cell lysate preparation or
measurement of cytokines.
PBECs were cultured for at least 3 weeks and used at passage 3. PBECs and 16HBE cells were
passaged by trypsin, plated in 24-well plates and grown to ~90% confluence. Subsequently,
PBECS were hormone/growth factor-deprived using basal medium (BEBM, Lonza, Breda,
The Netherlands) supplemented with transferrin and insulin (PBECs) and 16HBE were
serum-deprived overnight.
PBECs and 16HBE cells were pre-treated with or without 7.5% cigarette smoke extract
(CSE) for 6 hours. NAC (5mM) was added 90 min prior to CSE exposure. CT99201 (10µM)
was added 30 min prior to CSE treatment for 6 hours or budesonide (1, 10 and 100nM)
treatment for 2 hours and cells were subsequently stimulated with TNF-α (10ng/ml) for 24
hours. Cells or cell-free supernatants were harvested for RNA isolation, cell lysate preparation
or measurement of cytokines.
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Transfections
GSK3β on-target siRNA (Dharmacon, Colorado, USA) was used according to the
manufacturer’s instructions. The HA-GSK3β-S9A-pcDNA3 and HA-GSK3β-K85A-pcDNA3
expression vectors were kindly provided by Dr. J. Woodget (Toronto, Canada). The following
plasmids were obtained from Addgene: plasmid 14754 - GSK3β S9A mutant pcDNA3 (36);
Addgene plasmid 14755 - GSK3β K85A mutant pcDNA3.1 or the negative control pcDNA3
construct lacking the GSK3β insert (36).

Cigarette smoke extract (CSE)
Two 3R4F research cigarettes (Tobacco Research & Development Center, Lexington, KY)
bubbled at 70 rpm through 25 ml EMEM, using a high flow peristaltic pump (Watson
Barlow, Rotterdam, the Netherlands) represents 100% CSE. The extract was prepared freshly
for each experiment.

RT-qPCR
RNA was isolated and HO-1 mRNA expression was analyzed by real-time PCR using Taqman®
(Applied Biosystems, Foster City, CA) as described (16). Validated probe and housekeeping
genes, β-2-microglobulin (B2M) and peptidylprolyl isomerase A (PP1A) and TaqMan Master
Mix were purchased from Applied Biosystems.

Lung tissue processing and immunohistochemistry
Lung tissue processing and immunohistochemistry were performed as previously described
(44). The anti-p-GSK3β-ser9 (sc-11757-R) and anti-total GSK3β (sc-9166) antibodies were
obtained from Santa Cruz Biotechnology (Heidelberg, Germany). Biotinylated horse antirabbit IgG secondary antibody was used (Vector BA 1000) at 1:200 and staining revealed
using a Vectastain ABC kit (Vector, PK-6100) according to the manufacturer’s instructions.

HDAC2 activity assay
Cell lysates were prepared and subjected to HDAC immunoprecipitation as previously
described (28). Immunoprecipitation was conducted with anti-HDAC2 antibody (Sigma,
UK). HDAC activity in the immunoprecipitates was assessed using a fluorometric assay kit
(Biovision, Mountain View, CA). Phosphorylated levels of HDAC2 were measured using an
anti-p-Ser394-HDAC2 (Abcam, Cambridge, UK).
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Western Blot
Whole cell lysates were subjected to western blotting as previously described (28).
p-Ser473-Akt, GSK3β, p-GSK3β-ser9, ERK1/2 and p-ERK1/2 antibodies were purchased from
Cell Signalling Technology (Herts, UK). Anti-human β-actin was obtained from Santa Cruz
Biotechnology and anti-human GAPDH antibody from Abcam (Cambridge, UK).

GM-CSF and CXCL8 cytokine release
Levels of GM-CSF, and CXCL8 were analysed in cell-free supernatants by sandwich ELISA
(R&D Systems, Abingdon, UK) according to the manufacturer’s instructions.

Genome wide mRNA expression profile
Monocytes were treated with CT99021 (1 µM), dexamethasone (10-8 M, 30 min), and LPS
(10 ng/ml) as described above and RNA (0.5 µg) was extracted using the RNeasy Mini Kit
(Qiagen, Crawley, UK). The mRNA expression profile was determined using the Agilent
SurePrint G3 Human microarrays v2 following the manufacturer’s instructions. Differential
gene expression was determined using the Partek Genomics Suite using a false discover
rate <0.05. Differences> 1.2- fold on mRNA expression were taken into consideration for
our analysis. Gene sets significantly enriched in Partek were transferred to the Database
for Annotation, Visualisation and Integrated Discovery (DAVID) version 6.7 (http://david.
abcc.ncifcrf.gov/). Pathway analysis was performed by Kyoto Encyclopaedia of Genes and
Genomes (KEGG).

Statistical analysis
Data were analysed by Friedman or Kruskal-Wallis ANOVA and the Mann-Whitney test to
determine statistical significance of non-parametric data. For parametric data, ANOVA and
Dunnett’s post-test were used for tests between groups and the student’s t-test was used
for tests within groups.
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Results
Increased P-GSK3β-ser9 levels in COPD alveolar macrophages, monocytes and
bronchial epithelial cells
We first assessed the levels of phosphorylated/inactive GSK3β in peripheral lung tissue,
peripheral blood monocytes and PBECs from COPD patients, non-smokers and smokers
with normal lung function. Phospho-GSK3β-Ser9 staining was higher in lung tissue
macrophages of COPD patients (70.5±4.1% positive) than in control smokers (46.5±6.2,
p<0.01) and non-smokers (19.3±3.8, p<0.001) and was also higher in control smokers than
non-smokers (Fig. 1a and 1b). The levels of phospho-GSK3β staining were even higher
in macrophages (84.9±9.8% positive, p<0.01) from severe COPD compared to moderate
COPD patients (Fig. 1b). We were unable to obtain sufficient BAL samples to confirm these
results in BAL macrophages using Western blotting. The ratio of phosphorylated to total
GSK3β was increased in peripheral blood monocytes from COPD patients compared to
healthy subjects with no smoking history as determined by Western blot analysis (0.81±0.17
vs 3.48±0.74, p<0.05)(Fig. 1c). Furthermore, phospho-GSK3β-Ser9 levels were significantly
increased in PBECs from COPD stage GOLD IV patients (1.57±0.10, p<0.05) and control
smokers (1.57±0.10, p<0.05) compared to non-smoking individuals (1.05±0.05) (Fig. 1d)
without significant differences in total GSK3β levels (Fig. 1e). Immunohistochemical staining
also indicated strong phospho-GSK3β-Ser9 staining in bronchial epithelium of smokers
with and without COPD, although all bronchial epithelial cells in lung tissue stained positive
for phospho-GSK3β-Ser9 and we did not detect clear differences compared to nonsmoking controls using this method (Fig. 1f ). Immunostaining for total GSK3β, detecting
both phosphorylated and non-phosphorylated forms, indicated similar, albeit less strong,
increases in staining in macrophages from smokers with and without COPD, without a
significant difference between these two groups (Figs. 1g, h). All bronchial epithelial cells
were stained, and we did not observe differences between the groups (Fig. 1g). Having
shown inactivation of GSK3β in different airway cells and blood monocytes in COPD patients,
we examined the functional consequences of this altered activation state in monocytes/
macrophages and airway epithelial cells.
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Figure 1. P-GSK3β-ser9 levels are elevated in peripheral lung alveolar macrophages, peripheral blood
monocytes and primary bronchial epithelial cells (PBECs) from COPD patients. Representative images (a)
and percentage of macrophages (b) positively stained for p-GSK3β-ser9 in peripheral lung sections from nonsmokers (n=14), smokers (n=19), mild-moderate COPD (n=21) and severe COPD patients (n=7). Ratio of p-GSK3β/
total GSK3β in primary monocytes (n=6-10) with representative blots (c) and p-GSK3β/GAPDH (d) and total GSK3β/
GAPDH (e) with representative blots in PBECs from non-smokers, smokers and GOLD stage IV COPD patients
(n=7-8). Representative images of staining of p-GSK3β in large airway epithelial cells in peripheral lung sections
from non-smokers, smokers and COPD patients are shown beneath (f ) along with an isotype-stained section as a
control. (g) Total GSK3β staining in macrophages of COPD subjects and controls. (h) Percentage of GSK3β-positive
macrophages. *=p<0.05 and **=p<0.01 as tested by Kruskal-Wallis ANOVA.

GSK3β inhibition abrogates glucocorticoid responsiveness in primary
human blood monocytes

Chapter

We next investigated whether GSK3β inactivation affects the regulation of inflammatory
cytokines. Treatment of monocytes from healthy subjects with the selective GSK3β inhibitor
CT99021 had no effect on basal GM-CSF and CXCL8 release, nor on the release upon
treatment with the pro-inflammatory stimulus LPS (Fig. 2a and 2b).
Previously, we showed that the glucocorticoid dexamethasone was less effective at
repressing LPS-induced GM-CSF and CXCL8 release in blood monocytes from patients
with COPD compared with age-matched smokers (27). Therefore, we also investigated
the effect of GSK3β inactivation on glucocorticoid responsiveness upon LPS stimulation in
monocytes. Of interest, dexamethasone (10nM) dependent inhibition of LPS-induced GMCSF (63.9±6.7%, p<0.05) and CXCL8 (24.42±6.5%, p<0.05) release was completely abrogated
by CT99021 (Fig. 2c and 2d).

Oxidative stress induces PI3K/Akt-dependent inhibition of GSK3β activity in
monocytes
Because of our hypothesis that oxidative stress induces glucocorticoid responsiveness, we
next examined how GSK3β activity is modulated in response to exogenous reactive oxygen
species (ROS) in primary monocytes, as both hydrogen peroxide (H2O2) and cigarette smoke
extract (CSE) exposure reduce glucocorticoid sensitivity in monocytes (7, 30, 31). H2O2
increased phospho-GSK3β-ser9 levels in a time-dependent manner (Fig. 3a). Exposure to
H2O2 also activated PI3K as measured by increased levels of phospho-Akt-Ser473, at earlier
time points than GSK3β-ser9 phosphorylation (Fig. 3a). Inhibition of Akt (MK-2206) reversed
the oxidant-induced inactivation of GSK3β (Fig. 3b). Similarly, GSK3β phosphorylation
was reduced by the MEK/ERK-1/2 inhibitor U0126, indicating involvement of the ERK1/2
pathway in the oxidant-induced effect on GSK3β in primary monocytes (Fig. 3a and 3b).
We previously showed that PI3Kδ is responsible for the oxidant-induced activation of Akt in
monocytes (27). However, selective inhibition of PI3Kδ with IC87114 did not affect oxidant
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induction of phospho-GSK3β-ser9 in monocytes (Fig. 3b), indicating involvement of other
PI3K isoforms or signaling mediators.
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Figure 2. GSK3β inhibition attenuates the anti-inflammatory action of glucocorticoids in monocytes.
CT99021 does not affect baseline or LPS-induced GM-CSF or CXCL8 secretion in primary monocytes from nonCOPD individuals. GM-CSF (a) and CXCL8 (b) levels were measured in supernatants of primary monocytes upon
pre-treatment with CT99021 for 30 minutes followed by 24 hours of LPS. Treatment of monocytes isolated from
healthy subjects with CT99021 inhibits dexamethasone-induced suppression of LPS-stimulated (c) GM-CSF and (d)
CXCL8 release (mean±SEM, n=6-7). P values are indicated.

GSK3β protein knockdown and overexpression of inactive GSK3β reduces
glucocorticoid function in monocytes
To gain further mechanistic insight in the role of GSK3β in oxidant-induced glucocorticoid
unresponsiveness in monocytes, we used siRNA to knock-down total GSK3β levels and
analyse the anti-inflammatory actions of dexamethasone. Transfection of MonoMac6 cells
with GSK3β on-target siRNA significantly reduced GSK3β total protein levels compared with
scrambled control siRNA (Fig. 4a). In line with the CT99021 effect, knockdown of GSK3β
significantly inhibited the ability of dexamethasone to suppress CXCL8 expression, and the
dexamethasone EC50 was increased from 22 to 100nM. In addition, the inhibitory effect of
dexamethasone on LPS-stimulated CXCL8 expression was decreased from 52.5±4.8% to
75.8±7.1% (Fig. 4b, left panel). Similar effects were seen with GSK3β knockdown on the
dexamethasone suppression of LPS-induced GM-CSF secretion (Fig. 4b, right panel).
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Figure 3. Oxidative stress induced inactivation of GSK3β is mediated via PI3K/Akt in primary monocytes.
(a) Primary monocytes from non-COPD individuals were exposed to H2O2, which time-dependent increase in
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IC87114. Densitometry was performed and phospho-ser9-GSK3β levels are expressed as ratio of total GSK3β
(mean±SEM, n=5).

To validate our findings, we overexpressed the K85A kinase dead GSK3β mutant and
analysed dexamethasone function. MonoMac6 and primary cells produce similar levels of
inflammatory mediators following stimulation with LPS (Fig. 4c, left panel). Dexamethasone
significantly reduced LPS-induced GM-CSF release by 33.1±2.8% in MonoMac6 cells
transfected with the control pcDNA3.1. Dexamethasone had no significant inhibitory effect
on LPS-induced GM-CSF release when the K85A GSK3β mutant was overexpressed (91.3±
12.2% versus 111.4±15.5%, Fig. 4c).
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To confirm that GSK3β mediates oxidant-induced glucocorticoid insensitivity in monocytes,
we overexpressed a constitutively active S9A GSK3β mutant in MonoMac6 cells and
analysed dexamethasone function during H2O2 exposure. In line with previous studies (27),
the anti-inflammatory effect of dexamethasone was significantly attenuated by H2O2 pretreatment (Fig. 4d). In the presence of the active S9A mutant, H2O2-induced dexamethasone
insensitivity was suppressed, leading to a significant (27.2±1.3%) inhibition of LPS-stimulated
GM-CSF release, similar to that observed in control cells (26.7±2.5% inhibition, Fig. 4d).

GSK3β-regulated glucocorticoid responsiveness is HDAC2-dependent in
human monocytes
Since HDAC2 has been implicated in oxidative stress-induced glucocorticoid
unresponsiveness (4), we investigated whether ROS-induced inactivation of GSK3β may
lead to modulation of HDAC2 activity in primary monocytes. Inhibition of GSK3β activity
by treatment with CT99021 reduced the activity of immunoprecipitated HDAC2 (Fig. 5a).
This reduction in HDAC2 activity correlated with increased phosphorylation of ser394 (Fig.
5b), while HDAC2 mRNA and protein levels were not affected by GSK3β inactivation (data
not shown).

Effect of GSK3β inhibition on dexamethasone-regulated inflammatory gene
expression in human monocytes
We also investigated the effect of CT99021 on dexamethasone regulation of LPS-induced
gene expression using gene arrays. Partek analysis identified 17 genes that were differentially
expressed (FDR <0.05) upon CT99021 exposure. CT99021 specifically affected genes involved
in the Wnt/β-catenin signalling pathway (P=0.05) in LPS-stimulated MonoMac6 cells (data
not shown), thereby confirming the specificity of CT99021 action. We next investigated
the effect of CT99021 on LPS/dexamethasone-treated monocytes. 164 known genes were
differentially expressed upon GSK3β inhibition in the presence of LPS/dexamethasone
(P<0.05). KEGG analysis showed key pathways that these genes regulate (Table 5). 13 out
of the 164 genes encode for inflammatory chemokines (such as CXCL6, CXCL3, CXCL2 and
CXCL1), cytokines (such as GM-CSF, G-CSF) and cytokine/chemokine receptors involved in
the cytokine-cytokine receptor interaction pathway (P=2.4×10-5). 10 more genes encode
for proteins involved in chemokine signalling pathways (P=2×10-4) and 7 genes encode for
proteins that regulate the neuro-active receptor-ligand interaction (P=6.5×10-2).
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Figure 5. GSK3β-regulated glucocorticoid function is HDAC2-dependent in monocytes. (a) Treatment
of primary monocytes with CT99021 inhibits the enzymatic activity of HDAC2 (mean±SEM, n=4) (b) CT99021
treatment induces p-HDAC2-ser394 in primary monocytes. Densitometry was performed and phospho-HDAC2
levels are expressed as ratio of total HDAC (mean±SEM, n=4).
Table 5. Pathways affected by differential gene expression in response to CT99021 treatment in MonoMac6
cells.
Term

Genes
(out of 164)

% of total number
genes

P value

KEGG_PATHWAY

Cytokine-cytokine receptor
interaction

13

7.9%

2.4E-5

KEGG_PATHWAY

Chemokine signaling pathway

10

6.1%

2.0E-4

KEGG_PATHWAY

Neuroactive ligand-receptor
interaction

7

4.2%

6.5E-2

Category

KEGG analysis showed 164 known genes that were differentially expressed due to GSK3β inhibition in the presence
of LPS/dexamethasone. 13 out of the 164 genes encode for inflammatory chemokines. 10 genes encode for
proteins involved in chemokine signalling pathways and 7 genes encode for proteins that regulate the neuroactive receptor-ligand interaction.
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GSK3β inhibition abrogates glucocorticoid responsiveness in primary human
bronchial epithelial cells
We previously reported that TNF-α-induced GM-CSF production in PBECs from GOLD stage II
COPD patients was less responsive to the clinically used inhaled glucocorticoid budesonide
compared to non-smoking controls, with an intermediate effect of budesonide in PBECs
from control smokers (16). In a similar manner to monocytes, CT99021 had no effect on GMCSF and CXCL8 release in PBECs from non-COPD individuals at baseline or upon stimulation
with TNF-α, a relevant mediator of inflammation in COPD (Fig. 6a and 6b). In further line
with our findings in monocytes, pre-treatment of PBECs from non-COPD individuals with
CT99021 resulted in complete abrogation of the anti-inflammatory effect of budesonide on
TNF-α-stimulated GM-CSF and CXCL8 release (Fig. 6c and 6d).

Oxidative stress leads to reduced glucocorticoid responsiveness, activation
of the PI3K/Akt pathway and inhibition of GSK3β activity in bronchial
epithelial cells
Because of the limited cell numbers of primary cultures, further mechanistic studies
were performed in the human bronchial cell line 16HBE. Bronchial epithelial cells are in
direct contact with inhaled cigarette smoke, which known to induce oxidative stress
in these cells (4, 33, 41). Therefore, we studied the effect of CSE, which is known to exert
similar effects in 16HBE and PBECs at least in part through oxidative stress mechanisms
(18). Exposure of 16HBE cells to CSE (7.5%) for 6 hours led to a significant up-regulation
of heme-oxygenase-1 (HO-1) mRNA, a marker of oxidative stress, which was blocked by
the oxidant scavenger N-acetyl-cysteine (NAC), confirming that CSE exposure induces
oxidative stress in epithelial cells (data not shown). In addition, CSE exposure reduced the
ability of budesonide to suppress TNF-α-induced CXCL8 release (Fig. 7a and 7b), which was
reversed by NAC, confirming the involvement of oxidative stress (Fig. 7c). Similar to the
effects of oxidative stress in monocytes, CSE (7.5%) induced activation of PI3K/Akt signaling
and inactivation of GSK3β in 16HBE, which was also reversed by NAC although this did
not reach significance (p=0.0692)(Fig. 7d). Together, our data show that CSE-derived ROS
result in GSK3β inactivation in bronchial epithelial cells and that GSK3β inhibition reduces
glucocorticoid sensitivity of pro-inflammatory responses in both human monocytes and
bronchial epithelial cells.
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Figure 6. GSK3β inhibition attenuates the anti-inflammatory action of glucocorticoids in primary bronchial epithelial cells (PBECs). CT99021 does not affect
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Together, our data indicate that GSK3β inhibition reduces glucocorticoid sensitivity of proinflammatory responses in both human monocytes and bronchial epithelial cells without
modulating inflammatory mediator expression per se. The mechanism for the effect differs
between cell types.

Discussion
The increased oxidant burden derived from cigarette smoking in the lungs of COPD
patients has been associated with reduced glucocorticoid responsiveness. The molecular
mechanisms of oxidative stress-induced glucocorticoid unresponsiveness have remained
unknown to date. Our data show, for the first time, that levels of inactive phosphorylated
GSK3β are higher in lung macrophages, peripheral blood monocytes and bronchial
epithelial cells from COPD patients compared to control subjects. In both monocytes
and bronchial epithelial cells, pharmacological inactivation of GSK3β resulted in reduced
responsiveness of inflammatory mediators to glucocorticoids. We observed a difference
in glucocorticoid insensitivity between non-smoking controls and COPD patients, but not
between current smokers and COPD patients or current smokers and healthy controls. This
indicates that smokers have an intermediate state of sensitivity, and that individuals with
COPD are more susceptible to develop steroid insensitivity upon smoking. Furthermore, we
previously observed more pronounced glucocorticoid unresponsiveness in epithelial cells
from severe compared to moderate COPD patients (16). Because severe COPD patients are
dependent on the use of inhaled or oral glucocorticoids, it is of importance to elucidate the
mechanisms of glucocorticoid unresponsiveness in COPD order to improve the treatment
of patients with severe symptoms.
Since we observed that phospho-GSK3 levels were still increased in PBECs from severe,
ex-smoking COPD patients, even after 2-3 weeks of culture, we anticipate that there may
be persistent alterations in the regulators of GSK3 phosphorylation, resulting from rewiring
of the intracellular inflammatory pathways rather than an effect of recent exposure to
the local inflammatory milieu in the COPD lung. The antibody used to detect GSK3β also
detects GSK3α, thus although we cannot discount a role of GSK3α here, they have identical
functions. With respect to therapeutic intervention, it will be important to further elucidate
the downstream mechanisms involved in the reduced glucocorticoid responsiveness upon
GSK3β inactivation. GSK3β is involved in numerous intracellular pathways, and preventing
its inactivation, e.g. by pharmacological inhibition of the PI3K/Akt or MAPK pathways, may
lead to serious side effects.
In line with our results, the activation of GSK3β has been previously implicated in
glucocorticoid-induced apoptosis in lymphoma cells, its inactivation resulting in
glucocorticoid resistance, although effects on inflammatory responses were not studied
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(35). In monocytes, GSK3β inactivation reduced glucocorticoid suppression of proinflammatory responses by inhibition of the enzymatic activity of HDAC2. This reduction
in activity was not associated with a change in expression but an increase in HDAC2
phosphorylation at serine 394. Casein kinase 2 (CK2) phosphorylates HDAC2 at ser394 and
is a direct target of GSK3β, negatively regulating its function (38). Therefore, inactivation of
GSK3β in monocyte-macrophages may increase CK2-induced phosphorylation of HDAC2.
This may be involved in the observed glucocorticoid unresponsiveness towards NF-κBinduced pro-inflammatory cytokine production upon GSK3β inactivation in monocytes/
macrophages. Although the functions of individual HDAC2 phosphorylation sites and the
responsible kinases are unclear, the activity of this important GRα co-repressor may deprive
GRα of a key mechanism by which to control inflammatory gene expression.
In line with our findings in monocytes, our data indicate that glucocorticoid unresponsiveness
is induced upon GSK3β inactivation in airway epithelial cells, and that cigarette smokeinduced oxidative stress may be responsible for this effect. Our combined data from
monocytes and epithelial cells suggest that GSK3β may be an important common redox
sensing effector molecule for a number of signalling pathways including MEK/ERK-1/2 and
PI3K/Akt, regulating NF-κB activation and the subsequent inflammatory mediator release
and inflammatory cell recruitment (12, 29). These redox sensitive p38 MAPK, ERK-1/2 and
PI3K/Akt pathways can all induce GSK3β phosphorylation (8,(15) and have been implicated
in glucocorticoid insensitivity in COPD (5). This further corroborates the role of GSK3β in
oxidative stress-induced glucocorticoid unresponsiveness.
The monocyte microarray data show that the anti-inflammatory effects of dexamethasone
are prevented in the presence of CT99021. Not surprisingly, therefore, the effect of GSK3β
inhibition on enhancing the expression of LPS-induced inflammatory genes was more
marked in the presence of dexamethasone. These genes, mostly chemokines and cytokines,
regulate signalling pathways that induce neutrophil, lymphocyte and macrophage
activation indicating that GSK3β activity is important for regulating multiple inflammatory
pathways modulated by glucocorticoids. This supports our hypothesis that aberrant GSK3β
activity is involved in driving chronic inflammation through enhancing glucocorticoid
insensitivity in COPD.
GSK3β inhibition also resulted in significant hits in the neuropeptide/neurotransmitter
receptor interacting pathways, including those for the 5-hydroxytryptamine (5-HT)
receptors 2b and 6 (HTR2b and HTR6), the protease-activated receptor (PAR) family, galanin
receptor 2 (Galr2), the glutamate receptor delta 2 (Grid2) and GABA B receptors 1 and 2.
The neurotransmitter serotonin (5-HT) is also released from the neuroendocrine cells of
the human lung, increasingly recognized for their immunomodulatory effects outside
the CNS and contributing to the pathogenesis of autoimmune and chronic inflammatory
diseases (40). The serum concentration of the tryptophan, the amino acid precursor of the
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5-HT is increased in patients with COPD (42), whereas plasma 5HT levels are elevated in
smokers with normal lung function but reduced in COPD patients (39). In addition, cigarette
smoke affects airway hyper-responsiveness through 5-HT in precision-cut lung slices (11).
Finally, recent evidence indicates that 5-HT suppresses efferocytosis in human alveolar
macrophages, although this appears to be independent of HTR2B (40). COPD patients
have higher maximum thrombin levels, rates of thrombin generation and total thrombin
formation although this was not linked to severity or inflammatory mediator expression (43).
PAR-1 is activated by the thrombin and it is overexpressed in the alveolar macrophages from
smokers with normal lung function (34). PAR-4 is activated by thrombin and trypsin. PAR4 methylation and altered expression may be important in the enhanced risks associated
with cigarette smoking that continue even after cessation (45). GABA is produced by the
bronchial epithelium and contributes to the relaxation of airway smooth muscle tone (14).
GABA A receptors are known to be expressed on bronchial epithelial cells, mediating mucus
production in response to nicotine (13), while the loss of GABA B receptors modifies the
biochemical and behavioral responses to nicotine withdrawal (2). However, the function of
GABA B receptors in the human airways and in COPD patients is unknown. It is increasingly
evident that there are neural-like transmitter interactions in human bronchial epithelial cells
which may link CNS-active drugs to the increased inflammation and mucin production
seen in COPD.
Taken together, our study shows that reduced GSK3β activity in COPD monocytesmacrophages and airway epithelial cells may contribute to cigarette smoke-induced
glucocorticoid insensitivity in the airways of COPD patients. The key nodal function of
GSK3β in integrating various ROS-induced upstream and downstream signalling pathways
in different cell types suggests that reversing this inactivation may constitute a novel
therapeutic strategy to improve glucocorticoid function and thereby suppress airway
inflammation in COPD.
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Abstract
Noxious gases, including cigarette smoke, are the major risk factor for COPD, leading to
chronic lung inflammation. Inhaled smoke first encounters the epithelial lining of the
lungs, causing oxidative stress and mitochondrial dysfunction. We investigated whether
a mitochondrial defect may contribute to increased lung epithelial pro-inflammatory
responses, impaired epithelial repair and reduced glucocorticoid (GC) sensitivity as
observed in COPD. We used wild-type alveolar epithelial cells A549 and mitochondrial
DNA-depleted A549 cells (A549 Rho-0) and studied pro-inflammatory responses using
(multiplex) ELISA, epithelial barrier function (electrical resistance) and wound repair using
ECIS, in the presence and absence of the inhaled GC budesonide. We observed that A549
Rho-0 cells secrete higher levels of pro-inflammatory cytokines than wild-type A549 cells
and display impaired recovery of epithelial integrity upon wound-healing. Furthermore,
budesonide strongly suppressed cytokine production, and increased epithelial barrier
function in wild-type cells, while A549 Rho-0 displayed reduced GC sensitivity compared
to wilt-type A549 cells with respect to the pro-inflammatory response and barrier function.
This steroid unresponsiveness is likely mediated by glycolysis and the associated activation
of PI3K signaling, as the specific PI3K inhibitor LY294002 restored GC sensitivity in A549
Rho-0. In conclusion, mitochondrial defects as observed in COPD patients may lead to
increased lung epithelial pro-inflammatory responses, reduced regeneration and reduced
GC responsiveness in lung epithelium, and thus contribute to the pathogenesis of COPD.

Abbreviations
COPD, Chronic Obstructive Pulmonary Disease; ECIS, Electric Cell substrate
Impedance Sensing; Mn-SOD, Manganese Superoxide Dismutase; mtDNA, mitochondrial
DNA; OXPHOS, Oxidative Phosphorylation; ROS, Reactive Oxygen Species.
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Introduction
Chronic obstructive pulmonary disease (COPD) is a complex disease with increasing
morbidity and mortality, characterized by irreversible airflow limitation and accelerated
lung function decline. COPD is mainly caused by noxious environmental factors, including
cigarette smoke, resulting in exaggerated lung inflammatory responses. Abnormal tissue
repair and remodeling upon cigarette smoke-induced inflammation and damage is an
important pathophysiologic feature of COPD, leading to fibrosis in the small airways and/
or destruction of lung tissue (emphysema). Despite their broad anti-inflammatory effects,
glucocorticoids (GC) provide relatively little therapeutic benefit in COPD. They reduce
exacerbations, but do not effectively change the course of the disease nor the tissue damage
that results from chronic airway inflammation (1, 2, 16, 22, 34). Furthermore, we recently
observed that airway epithelial cells of COPD patients display reduced responsiveness to
corticosteroids (15).
Inhaled cigarette smoke first encounters the epithelial lining of the lungs, where it induces
inducing oxidative stress. This inflicts lung epithelial cell death and damage, promoting the
release of cytokines that attract and activate neutrophils (14). In addition, oxidative stress
has been implicated in corticosteroid unresponsiveness (2, 6). Mitochondria are major
intracellular targets of oxidative stress. Our previous findings have indicated that bronchial
epithelial cells from COPD patients display mitochondrial abnormalities, with depletion
of cristae and persistent mitochondrial damage. Similar mitochondrial changes were
observed in epithelial cells that were exposed to cigarette smoke in vitro for 6 months (19).
These abnormalities were accompanied by increased pro-inflammatory activity. However,
it is currently unknown what the consequences of this mitochondrial dysfunction are and
whether this may contribute to aberrant epithelial pro-inflammatory and repair responses
in COPD. Of interest, Islam et al have recently shown that transfer of intact mitochondria by
mesenchymal stem cells can contribute to lung tissue repair in a mouse model of lethal lung
injury, suggesting that intact mitochondria may play be crucial for lung regeneration loss
of mitochondrial function may impair this process (21). Furthermore, loss of mitochondrial
function is known to lead to compensatory secondary metabolism, glycolysis, which has
been implicated in glucocorticoid resistance in lymphoblastic leukemia (3, 20).
We hypothesize that mitochondrial dysfunction has important implications for epithelial
responses, leading to increased pro-inflammatory activity, altered GC responsiveness and
impaired epithelial barrier and repair responses. To address our hypothesis, we compared
wild-type human alveolar A549 cells and A549 cells with depleted of functional mitochondria,
A549 Rho-0. We show that A549 Rho-0 produce higher levels of pro-inflammatory cytokines,
are less responsive to GC and display impaired wound healing responses compared to wildtype A549 cells.
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Material and Methods
Cell culture
The wild-type alveolar type-II carcinoma cell A549 and mitochondria-depleted A549 Rho-0
cells were kindly provided by Dr. Lodovica Vergani (Padova University, Padova, Italy) and
created by Ian Holt (Cambridge University, Cambridge, United Kingdom) by culturing
A549 in addition of 50 ng/mL Ethidium Bromide for 8-12 passages. Cells were cultured
in Dulbecco’s Modified Eagle’s medium (DMEM, Sigma, St. Louis, MO, (D6429-500ML)
supplemented with MEM Amino Acids (50x) solution (Sigma, M7020-100ML), MEM Nonessential Amino Acid Solution, (Sigma, M7145-100ML), Vitamins, (Sigma, M6895-100ML)
sodium pyruvate, Uridine 50 ng/ml (Sigma, cat. n. U-3003), 2,5 µg/ml amphotericin (SigmaA2942-100ML), 25% foetal bovine serum (FBS; Hyclone, Logan, UT), 100 U/ml penicillin and
100 µg/ml streptomycin (Invitrogen (Gibco), Breda, The Netherlands) in uncoated T25 flasks.
Before experimentation, cells were grown ~90% confluence and serum-deprived overnight.

Western blotting
Cell lysates were prepared and immunodetection was performed as described previously
(17) using MitoProfile total OXPHOS antibody cocktail (Mitosciences, Eugene OR) antiMn-SOD (EMD Millipore Corporation, Billerica MA) and anti-GAPDH or anti-β-actin (Cell
Signalling Technology, Danvers MA, USA) as loading control. Densitometry was performed
using the gel-scan program QuantityOne.

ATP assay
Intracellular ATP levels of A549 were measured after ATP extraction. To extract ATP, cells were
lysed using 0,5% TCA. Subsequently, TCA was neutralized with TE-buffer. ATP was measured
with the luciferin–luciferase method (Enliten ATP assay system, Promega). Briefly, 100 μl
sample was added to 50 μl of ATP assay mix and the luminescence was measured with a
Luminoskan® Ascent microplate luminometer (Thermo Scientific, Waltham, USA ) for 200ms
per sample.

Cytokine levels
Cell-free culture supernatants (24 hours) were collected and analysed for CCL20 and CXCL8
using a duo-set ELISA assay (R&D Systems Europe, Abingdon, UK) or analysed for CXCL8 (IL8), CCL20 (MIP-3α), CCL3 (MIP-1α), CCL4 (MIP-1β), G-CSF, IL-6, IL-12, CCL5 (RANTES), CXCL10
(IP-10), VEGF, IL-7, CCL2, IL-15 and EGF using a multiplex ELISA (Millipore, Billerica, MD)
following manufacturer’s instructions.
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Lactate assay
Lactate levels were measured in cell-free culture supernatants (24 hours) using a lactate
assay kit (BioVision, Milpitas, USA) according to manufacturer’s protocol.

ECIS
Electrical resistance properties of confluent or wounded cells were measured using
Electric Cell-substrate Impedance Sensing (ECIS, Applied Biophysics, Troy, NY, USA) as
described previously (18). Upon inoculation in ECIS arrays, cells were incubated with/
without 10-8M budesonide for 48 hours and resistance and capacitance were measured
at 400Hz and 40kHz respectively. Cells were wounded by electroporation (5V, 40kHz, 30s)
upon establishment of a confluent monolayer.

Confocal microscopy
Cells were stained with JC1, MitoTracker® DeepRed FM and Picogreen (Molecular Probes,
Invitrogen) for 45 minutes in D-PBS (GIBCO, 14287-080) according to manufacture protocol.
Subsequently, cells were washed twice with D-PBS and visualized using a Leica AOBS
confocal microscope.

Statistical Analysis
The unpaired t-test followed by a Welch correction or a Mann-Whitney test was performed
to evaluate differences A549 WT and Rho-0 cells and P=<0.05 was considered statistically
significant (Figures 1 and 2). The Wilcoxon signed rank test (n=6) or a repeated measures
ANOVA including a Bonferroni`s multiple comparison post-test (n=5) was used to evaluate
differences within cell lines (Figures 3A and 3B) respectively. A two-way ANOVA was
performed in addition using a Dunnett’s post-test when comparing time curves (Figures
4 and 5).

Results
Depletion of mitochondrial (mt) DNA and mitochondrial dysfunction in
A549 Rho-0 compared to wild-type A549 cells
First, we assessed whether the mtDNA was successfully depleted in the A549 Rho-0 cells.
We analyzed both wild-type A549 and A549 Rho-0 cell lines for mtDNA and the presence
of mitochondrial bodies. Co-localization of mtDNA (Picogreen) and mitochondrial bodies
(Mitotracker DeepRed) were clearly visible in the wild type A549 but not in the A549
Rho0, confirming the lack of mtDNA (Fig. 1a). JC1 staining, which detects changes in the
mitochondrial membrane potential, showed a drastic decrease in membrane potential the
A549 Rho-0 cells (Fig. 1b).
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Figure 1. Mitochondrial (mt)DNA depletion and mitochondrial dysfunction in A549 Rho-0 cells. A549 wild-type and Rho-0 cells were grown to confluence and serum
deprived overnight for 24 hrs. A) Both cell lines were stained with Picogreen (Green nuclei and mtDNA) and Mitotracker DeepRed. Co-localization of mtDNA and
mitochondrial bodies is visible in the wild type A549, while no mtDNA is present in the A549 Rho0 cells. B) JC1 staining of A549 and A549 Rho0 cells. mitochondrial
membrane potential is lowered by depletion of mtDNA in the A549 Rho0 cells when compared to control cells. C) ATP levels (n=6-7) and D) lactate (n=3) were measured
in cell-free culture supernatants and mean ± SEM are shown. E, F) Cell lysates were prepared and components essential for mitochondrial ATP production were detected
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Surprisingly, the intra-cellular concentrations of ATP did not differ between the wild-type
A549 and the A549 Rho-0 cells, indicating an alternative pathway for ATP generation in
A549 Rho0 cells than the mitochondrial-mediated oxidative phosphorylation (OXPHOS)
process (Fig. 1c). Loss of mitochondrial function may lead to compensatory secondary
metabolism, glycolysis, to produce ATP as well as lactate. To confirm a switch to glycolysis
in the A549 Rho-0 cells, we analyzed lactate production. Indeed, lactate levels in the culture
medium of A549 Rho-0 cells were significantly increased when compared to wild-type A549
cells (Fig. 1d). This was accompanied by a significant reduction in the expression specific
components of the OXPHOS system, complex III subunit core 2 and complex IV subunit 3,
further suggesting a switch to glycolysis (Fig. 1e), although the ATPase subunit α was not
affected. In addition, we studied the expression of the mitochondrial anti-oxidant protein
Mn-SOD, and observed a trend towards an increase in the A549 Rho-0 cells compared to
the WT A549 cells, suggesting increased ROS production (Fig. 1f ), although this failed to
reach statistical significance.
Chapter

Elevated pro-inflammatory cytokine/chemokine secretion in A549 Rho-0
cells
Next, we studied the effect of mitochondrial dysfunction on the pro-inflammatory cytokine
response of lung epithelial cells. We measured a panel of pro-inflammatory cytokines/
chemokines that have been associated with lung inflammation in COPD patients and/or
show increased levels in COPD lungs (Table 1).
Table 1. Elevated cytokine/chemokine production and action in COPD
Cytokine/chemokine Effect in COPD

Mechanism in Disease

References

Il-6

Promotes disease

T-cell/B-cell Proliferator

(27, 38)

CXCL-8 (IL-8)

Promotes disease

Neutrophil Attractant and Activator

(4, 40)

CCL5 (RANTES)

Promotes disease

T-cell/eosinophil Attractant

(41)

G-CSF

Promotes disease

Neutrophil Attractant

(29)

IL-12

Promotes disease

Th1 differentiator/Stimulates IFNγ

(12, 36, 39)

CXCL-10 (IP10)

Promotes disease

Monocytes/macrophages and T-cell Attractant

(13, 33, 39)

CCL3 (MIP1α)

Promotes disease

Neutrophil Attractant/Stimulates IL1/IL-6 release

(37)

CCL-4 (MIP1β)

Promotes disease

Neutrophil Attractant/Stimulates IL1/IL-6 release

(5, 31)

CCL20

Promotes disease

Strong Lymphocyte Attractant

(8, 32)

CCL20; Chemokine (C-C motif ) Ligand 20; IL: Interleukin; IFNγ: Interferon gamma IL-RA: IL-1 Receptor Agonist;
CXCL-10 (IP-10): Interferon gamma-induced Protein 10; CCL-3 or 4 (MIP-1α/β): Macrophage Inflammatory Protein
1α/β; CCL-5 (RANTES): Regulated on Activation, Normal T-cell Expressed and Secreted; Th2: Type 2 T-helper cell;
VEGF: Vascular Endothelial Growth Factor; G-CSF: Granulocyte Colony-Stimulating Factor.

83

4

Chapter 4

Of all the detected pro-inflammatory cytokines and chemokines, CXCL8 (IL-8), CCL20 (MIP3α), CCL3 (MIP-1α), CCL4 (MIP-1β), G-CSF, IL-6 and IL-12, were significantly increased in Rho-0
compared to wild-type A549 cells, while a trend was observed for CCL5 (RANTES, p=0.0556)
and CXCL10 (IP-10, p=0.09) (Fig. 2). These data suggest that mtDNA depletion results in an
increased pro-inflammatory response in lung epithelial cells. We also found elevated levels
of VEGF and IL-7 (Supplemental Figure 1a). Additionally, we found cytokines/chemokines
that were unchanged between A549 WT and Rho-0, i.e. CCL2, IL-15 and EGF (Supplemental
Figure 1b). INF-α, INF-γ, Eotaxin, IL-2, IL-13, FGF-basic, IL-1β, IL-4, IL-5, IL-10, IL-17, MIG, HGF
and GM-CSF were hardly detectable in both cell types (data not shown).
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Figure 2. Increased pro-inflammatory response in A549 Rho-0 compared to wild-type A549 cells. A549
wild-type and Rho-0 cells were grown to confluence and serum deprived overnight. (CXCL8, CXCL10, CCL3,
CCL4, CCL5, CCL20, G-CSF, IL-6, IL-12 (mean ± SEM, n=5) were measured in cell-free supernatants. *=p<0.05 and,
**=p<0.01 between the indicated values as analysed by a Mann-Whitney test.

A549 Rho-0 cells show reduced GC responsiveness
To investigate whether mitochondrial dysfunction may contribute to reduced GC
sensitivity as observed in COPD (15), we studied the suppressive effect of budesonide on
CXCL8 production in wild-type A549 and A549 Rho-0 cells. We observed that budesonide
significantly reduced CXCL8 secretion by approximately 75-80% in the wild-type A549 cells.
Of interest, budesonide failed to significantly suppress IL-8 secretion in the A549 Rho-0
cells (Fig. 3a). This suggests that a mitochondrial dysfunction triggers a pro-inflammatory
response that is insensitive to corticosteroids.
Next, we studied whether the observed switch to glycolysis and activation of the associated
PI3K/Akt signaling pathway is involved in the observed GC unresponsiveness in A549 Rho0 cells, as PI3K has previously been implicated in GC unresponsiveness in COPD (28). We
blocked PI3K/Akt activity, using the specific inhibitor LY294002 (10 μM). In both wild-type
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A549 and A549 Rho-0 cells, we observed a marked reduction in IL-8 production when the
PI3K pathway was blocked (Fig. 3b). Moreover, inhibition of the PI3K/Akt pathway restored
corticosteroid sensitivity in A549 Rho-0 cells. In contrast to the absence of LY294002,
budesonide significantly reduced CXCL8 production in A549 Rho0 cells in the presence of
LY294002 (Fig. 3b). Thus, our data strongly suggest that the mitochondrial defect in A549
Rho-0 cells induces a PI3K/Akt-dependent GC insensitive pro-inflammatory response in
lung epithelial cells.
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Figure 3. A549 Rho-0 cells are less sensitive to budesonide than wild-type A549 cells, which is restored
by blocking of PI3K/akt signaling. A549 wild-type and Rho-0 cells were grown to confluence, serum deprived
overnight and incubated with/without budesonide (BUD, 10 nM) for 24 hours. A) CXCL8 was measured in cellfree supernatant (mean ± SEM, n=6). B) LY294002 (10µM) was added 30 min before the exposure to BUD and
CXCL8 levels (mean ± SEM, n=5) are expressed as percentage of the levels without BUD. *=p<0.05, **=p<0.01
***=p<0.001 between the indicated values.

Reduced regenerative capacity in A549 Rho-0 cells
In addition to pro-inflammatory responses, we studied whether mitochondrial dysfunction
impacts on epithelial regeneration. We assessed the recovery of a confluent monolayer of
A549 cells upon wounding by electroporation using the ECIS. Wild-type A549 were able to
recover from this type of wounding within 4 hours, as observed by the return of resistance
to values prior to wounding. This wound healing response was impaired in A549 Rho-0 cells,
taking approximately 8 hours to recover, as reflected by stabilization of resistance values (Fig.
4). Moreover, resistance levels in A549 Rho-0 did not completely return to the values prior
to wounding. This indicates that mtDNA depletion affects epithelial regenerative capacity.
Together, A549 Rho-0 cells with defective mitochondria display abnormalities with respect
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to pro-inflammatory responses, corticosteroid responsiveness as well as the capacity to
regenerate upon wounding.
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Figure 4. A549 Rho-0 cells display reduced wound healing compared to wild-type A549 cells. A549 wildtype and Rho-0 cells were grown to confluence in ECIS arrays. Upon 2 days, cells were wounded by electroporation.
Resistance was monitored for 22 hours at 40 Hz and levels were normalized to the values just prior to wounding
(mean ± SEM, n=4). *** =p<0.001 between the indicated values as analyzed by 2-way ANOVA.

Corticosteroid effect on barrier formation
In addition to their suppressive effects on cytokines, we have previously reported that
corticosteroids exert protective effects on epithelial barrier function (16). Therefore, we
tested whether mitochondrial dysfunction also impairs the responsiveness to GC with
respect to epithelial barrier function. Using ECIS, we measured low-frequency resistance
and high-frequency capacitance as most sensitive parameters to measure epithelial cell-cell
and cell-matrix contacts respectively, during cell growth in the presence and absence of
budesonide (18). The stabilization of high-frequency capacitance at 20-30 hours indicates
the formation of a confluent layer (Fig. 5a). After this, low-frequency resistance did not further
increase, indicating that epithelial barrier function in A459 cells is mainly established by the
formation of a monolayer, but not the formation of intracellular junctions. The presence of
budesonide induced a two-fold increase in barrier function in wild-type A549 cells, which
was observed for both high-frequency capacitance and low-frequency resistance (Fig. 5a
and 5b). Although A549 Rho-0 cells showed a similar growth curve, A549 Rho-0 cells (Fig.
5a and 5b) were again less responsive to budesonide, as it did not significantly alter lowfrequency resistance nor decreased high-frequency capacitance in these cells.
Together, our results indicate that mitochondrial dysfunction impacts on epithelial proinflammatory responses, regeneration and corticosteroid responsiveness.
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Discussion
We show for the first time that alveolar epithelial cells lacking functional mitochondria
display increased production of pro-inflammatory cytokines and loss of responsiveness of
CXCL8 production to GC. This is accompanied by increased pro-inflammatory responses,
impaired regenerative responses and reduced responsiveness of epithelial barrier function
and pro-inflammatory cytokine production to the GC budesonide, which may be mediated
by activation of the glycolysis (Fig. 6). While we observed higher levels of lactate produced
by A549 cells with dysfunctional mitochondria, inhibition of the glycolysis-associated PI3K
pathway reduced pro-inflammatory cytokine production and restored GC sensitivity.
We previously observed long-term cigarette smoke-exposed bronchial epithelial cells
display mitochondrial abnormalities, and that these are accompanied by increased
production of the pro-inflammatory cytokines CXCL8 and IL-6 (19). Moreover, cultured
bronchial epithelial cells from COPD patients also show mitochondrial abnormalities (19)
and produce higher levels of CXCL8 at baseline than epithelial cells from control donors (35).
We now show that mitochondrial dysfunction leads to increased levels of CXCL8, CCL20,
G-CSF, CCL3 and CCL4, IL-6 and IL-12, all of which are increased in lungs of COPD patients
(4, 5, 8, 12, 27, 29, 31, 32, 36–40). Our current and previous (19) findings may also explain
why bronchial epithelial cells from COPD patients are less responsive to corticosteroids with
respect to both cytokine production as well as barrier function, as observed previously (18).
Our current findings are limited to the use of a cell line, since the depletion of mtDNA for
creating Rho-0 cells requires long-term exposure to a low dose of ethidium bromide. In
future studies, it will be of interest to test the effect of mitochondrial function blockers/
uncouplers on pro-inflammatory responses in primary epithelial cells.
When depleted of mtDNA, cells are not able to perform normal electron transport or ATP
synthesis and rely on ATP derived from glycolysis, where glucose is metabolized for survival
and growth to produce lactate (7). This metabolic switch is dependent on the activation
of PI3K signaling, as demonstrated in naive T cells and cancer cells (9, 10). Of interest, it has
previously been reported that GC resistance in T-lineage acute lymphoblastic leukemia is
associated with the upregulation of glycolysis and activation of PI3K/AKT/mTOR signaling
(3, 20). We observed a switch to glycolysis in Rho-0 cells, as indicated by increased lactate
production and reduced expression of specific OXPHOS components. Furthermore, we
found that inhibition of PI3K reversed the GC insensitivity of CXCL8 production in A549
Rho-0 cells. PI3K inhibition itself also significantly reduced CXCL8 production, and the GC
unresponsiveness of A549 Rho-0 cells could thus be a consequence of PI3K activity being
insensitive to GC, resulting in GC-insensitive CXCL8 production. Alternatively, PI3K activity is
known to reduce GC responsiveness, e.g. by mechanisms involving post-translational histone
deacetylase 2 (HDAC2) modifications and proteasomal degradation of HDAC2, leading
to altered acetylation of the GC receptor and/or histones within the promoter regions of
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pro-inflammatory genes (22, 23, 30). We have previously demonstrated that IL-17 reduces
GC responsiveness of CXCL8 production in airway epithelial cells in a PI3K and HDAC2dependent manner (24). Similar mechanisms may be involved in GC unresponsiveness
upon mtDNA depletion, although further studies will be required to establish whether
mitochondrial dysfunction also leads to a reduction in HDAC expression. It is currently
unknown whether similar mechanisms may be involved in the inability of GC to improve the
integrity of A549 Rho-0 monolayers. Since GC fail to efficiently suppress inflammation in the
majority of COPD patients and to prevent the loss of alveolar tissue in emphysema, it will be
of interest to elucidate the precise mechanisms of GC unresponsiveness in mitochondriadepleted epithelial cells.
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Figure 6. Proposed mechanism of reduced glucocorticoid (GC) insensitivity upon mitochondrial
dysfunction. Lung cells with mitochondrial dysfunction are more prone to pro-inflammatory responses through
the PI3K/Akt-pathway upon a switch to glycolysis, leading to reduced GC sensitivity of cytokine production as well
as barrier function.

In addition to the changes in GC responsiveness, our findings may have additional
implications for COPD, as aberrant tissue repair responses are thought to contribute the
pathogenesis of the disease. We observed that mitochondrial depletion impairs the ability
of epithelial cells to close wounds. Although we did not further study the mechanisms by
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which functionally intact mitochondria may promote epithelial regeneration or modulate
epithelial adhesion, it is conceivable that migration of epithelial cells to cover the wounded
area requires active energy metabolism. Of interest, lung ageing is also associated with
mitochondrial dysfunction and impaired repair capacity of lung epithelial cells, fibroblasts
and stem cells, leading to emphysema-like features (11, 19, 25, 26). It will therefore be of
interest to study the effect of mitochondrial function blockers on the regenerative response
of primary bronchial epithelial cells in future studies.
In conclusion, our data indicate that mitochondrial dysfunction leads to increased proinflammatory activity, inefficient wound healing and reduced responsiveness to GCs
in alveolar epithelium. Our results suggest that novel strategies towards improved
mitochondrial function may be promising in COPD. Furthermore, restoration of steroid
responsiveness, e.g. by means of pharmacological inhibition of the PI3K pathway, may
increase the suppressive effects of GC on lung inflammation and improve the integrity of
lung epithelial cells in COPD.
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Supplemental Figure 1. Cytokine and chemokine secretion in A549 Rho-0 cells. A549 wild-type and Rho0 cells were grown to confluence and serum deprived overnight. A) VEGF, IL-7, B) CCL2, IL-15 and EGF were
measured in cell-free supernatants (mean ± SEM, n=5) *=p<0.05 between the indicated values as analysed by a
Mann-Whitney test.
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Abstract
Rationale: Cigarette smoke is the major risk factor in the development of chronic obstructive
pulmonary disease (COPD). Lipidomics is a novel and emerging research field that may
provide new insights in the origins of chronic inflammatory diseases like COPD.
Objective: To investigate whether expression of the sputum lipidome is affected by COPD
or cigarette smoking.
Methods: Lipid expression was investigated with liquid chromatography and high-resolution
quadrupole time-of-flight mass spectrometry (LC-QTOF-MS) in induced sputum comparing
smokers with and without COPD, and never-smokers. Changes in lipid expression after
2-month smoking cessation were investigated in smokers with and without COPD.
Measurements and Main Results: >1500 lipid compounds were identified in sputum.
The class of sphingolipids was significantly higher expressed in smokers with COPD
than in smokers without COPD. At single compound level, 168 sphingolipids, 36
phosphatidylethanolamine lipids and 5 tobacco-related compounds were significantly
higher expressed in smokers with COPD compared to smokers without COPD. The 13 lipids
with a high fold change between smokers with and without COPD showed high correlations
with lower lung function and inflammation in sputum. 20 (glyco)sphingolipids and 6
tobacco-related compounds were higher expressed in smokers without COPD compared
to never-smokers. Two-month smoking cessation reduced expression of 26 sphingolipids
in smokers with and without COPD.
Conclusions: Expression of lipids from the sphingolipid pathway are higher in smokers
with COPD compared to smokers without COPD. Considering their potential biological
properties, they may play a role in the pathogenesis of COPD.
Key words: Lipidomics, Cigarette Smoke, COPD, Induced Sputum.
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Introduction
Lipidomics is an emerging “omics” science, which is based on the analysis of all lipids present
in a biological system known as the lipidome. The cellular lipidome consists of species that
are of key importance to various cellular processes, including energy storage, membrane
integrity and cellular signaling processes including cell proliferation, metabolism and
apoptosis induction.(1-3) The complex composition and function of the lipidome in various
diseases is currently poorly understood. The crucial role of lipids in cell, tissue and organ
physiology has been demonstrated by a large number of genetic studies and by the
existence of many human diseases that involve the disruption of lipid metabolic enzymes
and pathways.(2) Examples of such diseases are cancer, diabetes, neurodegenerative
diseases, infections and inflammation.(4, 5) To date, little is known about the role and the
impact of the lipidome/lipid signaling in Chronic Obstructive Pulmonary Disease (COPD),
a disease that affects millions of people worldwide and is associated with a high disease
burden and mortality rate.
It is plausible that the lipidome plays a role in COPD since extracellular signals from
(inflammatory) cytokines, which are abundantly present in the lungs of COPD patients,
are able to influence the activity of lipid-modifying enzymes, such as phospholipases,
sphingosine kinases and sphingomyelinases.(5) Lipids from the sphingolipid pathway, like
ceramides, are major players in the induction of apoptosis and cellular senescence,(6, 7)
and free fatty acids can activate Toll-like receptor 4, thereby inducing similar inflammatory
responses as lipopolysaccharides do.(8) An imbalance of major lipid signaling caused by
cigarette smoke may result in lipid accumulation and/or alterations that are also harmful
to the cell by compromising cellular integrity of various cell/organelle membranes. This
may contribute to disease progression seen in COPD by sustaining the underlying chronic
inflammation.(5, 8)
To assess whether the lipidome could play a role in COPD and is affected by smoking, we
investigated induced sputum in this explorative study. Induced sputum reflects epithelial
lining fluid from the large and small airways, making this an interesting compartment to
study since it represents the first line of defense against noxious particles such as cigarette
smoke. We investigated the effect of COPD on lipid expression in chronic smokers with
and without COPD. Furthermore, the effect of smoking on lipid expression was assessed
in smokers and never-smokers without COPD and in a group of smokers with and without
COPD before and after 2-month smoking cessation.
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Methods and materials
Subjects
Induced sputum supernatant samples from 3 studies were analyzed (study-I: clinicaltrials.
gov NCT00848406, study-II: Lo Tam et al.(9), study-III: Willemse et al.(10)). We included 19
smokers with COPD, 20 smokers without COPD and 14 never-smokers. Additionally, induced
sputum samples were collected at baseline and after 2-month smoking cessation from 7
smokers with and 10 smokers without COPD in study III. All studies were approved by the
University Medical Center Groningen medical ethical committee and all subjects provided
written informed consent.
All COPD patients were current-smokers and had severity stage-II or stage-III according to
the Global Initiative for Chronic Obstructive Lung Disease (GOLD).(11) Subjects without
COPD were asymptomatic, had no history of pulmonary diseases and had normal spirometry
(post-bronchodilator forced expiratory volume in 1 second (FEV1) ≥80% predicted, postbronchodilator FEV1/forced expiratory volume (FVC) ≥ lower limit of normal and reversibility
to 400 µg salbutamol <10% of the predicted FEV1). Never-smokers were subjects who had
not smoked in the last year, had never smoked for ≥1 year and had a total cigarette exposure
<0.5 packyears.

Sputum induction
Sputum inductions and sputum processing was performed at the same facility, according
to standard protocol and operating procedures. Fifteen minutes after inhalation of 400 μg
salbutamol, hypertonic saline (4.5% in the first two studies and 3%, 4%, and 5% in the third
study) was nebulized with an ultrasonic nebulizer (Ultraneb, DeVillbiss, Somerset, PA, USA)
and inhaled for 5 minutes in the first two studies and 7 minutes in the third study. The
output of the nebulizer was calibrated at 1.5 ml/min. After each concentration, patients
were encouraged to cough and expectorate sputum. Whole samples were processed
according to the method of Fahy et al. with some modifications.(12) An equal volume of
dithiothreitol 0.1% (Sputalysin 10%, Behring Diagnostics Inc, Sommervillle, NY, USA) was
added to the weight of the sputum and after 15 minutes filtered through a nylon (48 μm)
gauze. The sputum sample was centrifuged (10 min, 450g, 4° Celsius) and the supernatant
was stored at -80°C within 4 hours. The samples had not been thawed and refrozen before
the current lipid analysis.
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Lipidomics analysis
A detailed description of the lipidomics analysis, which is based on high-resolution liquid
chromatography and high-resolution quadrupole time-of-flight mass spectrometry (LCQTOF-MS(/MS)), is available in the Supplemental methods.(13-15) In brief, lipids were
extracted from sputum using liquid/liquid extraction incorporating methyl-tert-butylether
(MTBE). Extracts were analyzed on a 6530 Q-TOF MS system (Agilent Technologies, Walbronn,
Germany) combined with a 1200 RRLC system (Agilent Technologies). Lipid extracts
were analyzed by both positive (+ESI) and negative (-ESI) electrospray ionization mass
spectrometry, as some lipid species are only detected in one ionization mode (e.g. fatty
acids in ESI- and glycerolipids in ESI+).(13, 14) Data were processed in an untargeted manner
using the MassHunter Qualitative Analysis software (Agilent Technologies) and converted to
a statistically accessible data matrix in MassProfiler Professional (Agilent Technologies). Data
was normalized using total lipid abundance, correcting for sputum dilution. All experiments
were quality controlled by analyzing quality control (QC) samples, representing an equal
mixture of all study samples, through the different analytical sequences.

Lipid Nomenclature
The International Lipid Classification and Nomenclature Committee (ILCNC) has been used,
i.e. ‘‘Comprehensive Classification System for Lipids’’.(16-18) Regarding glycosphingolipids,
LC-MS cannot discriminate between galactose and glucose, or N-acetylglucosamine and
N-acetylgalactosamine. Therefore, lipid nomenclature of these species contains hexose
(Hex) instead of glucose or galactose.

Statistical analyses
First, we analyzed if differences in the expression between different lipid classes. Peak areas
of all identified lipid species were summed up per lipid class for each individual sample,
both in +ESI and -ESI mode. After normalization for sputum dilution, relative quantities
for each lipid class were calculated. The relative expression of classes between the subject
groups was compared using Mann-Whitney unpaired analysis with Benjamini Hochberg
false discovery rate correction for multiple testing. (19) Second, we compared the relative
expression of classes of the sphingolipid subclass in a similar manner. Third, we investigated
the expression of individual lipids with the Mann-Whitney-U test for cross-sectional data and
the Wilcoxon signed-rank test for longitudinal data. In these analyses >1500 different lipids
were investigated, therefore we corrected for multiple testing with the Benjamini Hochberg
false discovery rate. All reported p-values for these analyses are corrected p-values. Finally, to
assess associations between lipid expression and clinical outcome variables, we performed
Spearman’s rank correlation test for the lipids that were differentially expressed (≥2.5 fold
change) between smokers with and without COPD.
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Results
Subject characteristics
Smokers with COPD were older, more often male and had a higher number of packyears
than smokers without COPD (Table 1). There were no significant differences in baseline
characteristics between the smokers without COPD and never-smokers. Twelve COPD
patients had COPD GOLD stage-II and 7 patients GOLD stage-III. For the smoking cessation
study 10 smokers without COPD and 7 smokers with COPD were included. Their baseline
characteristics are shown in Table 2. The total lipid abundance in induced sputum between
the subject groups did not differ significantly (Supplemental Figure 1).
Table 1: Baseline characteristics of study subjects
Never-smokers

Smokers
without COPD

Smokers
with COPD

n=14

n=20

n=19

Study (study I / II / III)

14 / 0 / 0

15 / 0 / 5

0 / 4 / 15

Age (years

54 (23 -58)

42 (20 – 51)

59 (54 – 65)

Gender (m/f )

6/8

10 / 10

16/3

Cigarettes / day

0

17 (11 – 24)

20 (12 – 25)

Packyears

0

13 (3 – 25)

37 (31 – 46)

ICS use (y/n)

0 / 14

0 / 20

4 / 15

GOLD stage (II / III)

12 / 7

FEV1 post bd (%predicted)

108 (103 - 111)

110 (102 - 117)

70 (52 -79)

FEV1/FVC post bd (%)

82 (76 - 85)

83 (80 - 88)

56 (47 - 70)

Cell concentration (x 106/ml)

0.80 (0.27 – 1.14)

0.51 (0.31 – 1.96)

1.84 (0.46 – 3.62)

Neutrophils (%)

38 (31 – 52)

54 (41 – 68)

78 (74 – 89)

Eosinophils (%)

0.00 (0.00 – 0.15)

0.30 (0.00 – 1.00)

0.80 (0.30 – 2.60)

Macrophages (%)

62 (47 – 67)

43 (31 – 58)

18 (11 – 22)

Lymphocytes (%)

0.6 (0.2 – 0.9)

0.2 (0.0 – 0.8)

0.8 (0.5 – 1.6)

Bronchial epithelial cells (%)

1.8 (0.8 – 4.7)

2.5 (1.0 – 8.8)

0.8 (0.0 – 2.0)

Sputum*

Data are presented as medians with interquartile range or numbers; COPD = chronic obstructive pulmonary
disease; ICS = inhaled corticosteroids; FEV1 = forced expiratory volume in 1 second; FVC = forced vital capacity; bd =
bronchodilator. * Sputum cell concentrations do not include squamous cells. Bronchial epithelial cell percentages
are expressed as percentage of the cell concentration, inflammatory cell percentages are expressed as percentage
of only inflammatory cells (excluding bronchial epithelium).
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Table 2: Baseline characteristics of the smoking cessation study subjects
Smokers without COPD

Smokers with COPD

n=10

n=7

Age (years)

50 (48 - 52)

63 (59 - 65)

Gender (m/f )

6/4

5/2

Cigarettes / day

25 (18 - 26)

20 (15 - 23)

Packyears

22 (17 - 26)

40 (33 - 54)

FEV1 post bd (%predicted)

112 (104 - 116)

51 (47 - 64)

FEV1/FVC post bd (%)

83 (79 - 85)

50 (42 - 55)

Cell concentration (106/ml)

2.16 (0.74 – 2.85)

2.50 (0.62 – 5.21)

Neutrophils (%)

56 (48 – 69)

81 (78 – 88)

Eosinophils (%)

0.05 (0.00 – 0.70)

1.60 (0.60 – 3.30)

Macrophages (%)

39 (30 – 49)

13 (6 – 18)

Lymphocytes (%)

1.0 (0.1 – 1.8)

1.1 (0.8 – 2.0)

Bronchial epithelial cells (%)

0.8 (0.1 – 2.1)

0.8 (0.0 – 1.9)

Sputum*

Data are presented as medians with interquartile range or numbers; COPD = chronic obstructive pulmonary
disease; FEV1 = forced expiratory volume in 1 second; FEV1/FVC = FEV1 / forced vital capacity; bd = bronchodilator.
* Sputum cell concentrations are presented without squamous cells, bronchial epithelial cell percentages are
expressed as percentage of the cell concentration, inflammatory cell percentages are expressed as percentage of
only inflammatory cells (excluding bronchial epithelium).

Differential lipid expression in smokers with and without COPD
When comparing different classes of lipids between smokers with and without COPD, the
expression of the sphingolipid class (Figure 1) was significantly higher in smokers with
COPD, both in –ESI mode (41.2% versus 28.2%, p=0.004, Figure 2a) and +ESI mode (4.58%
versus 2.62%, p=0.004, Figure 2b). Additionally, prenol lipids, the majority of which are
tobacco compounds and only detected in +ESI mode, were higher expressed in smokers
with COPD than in smokers without COPD. Expression of glycerophospholipids and fatty
acids was lower in –ESI mode in smokers with COPD versus smokers without COPD. When
assessing expression of the subclasses of sphingolipids, there were no significant differences
in expression detected (Supplemental Figure 2).
When analyzing differential expression of individual lipid compounds, 210 lipids were
differentially expressed (Supplemental Table 1). A large portion of these lipids were from
the sphingolipid pathway. 168 sphingolipids were significantly higher expressed in smokers
with COPD (28 ceramides, 11 dihydroceramides, 19 phytoceramides, 36 sphingomyelins
and 74 glycosphingolipids (GSLs)). Expression of only 1 neuraminic acid containing GSL was
lower in smokers with COPD.
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Figure 2: Relative expression of different lipid classes in –ESI mode (a) and +ESI (b). Data are expressed as mean
percentages with SD.
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To investigate whether the differences in lipids found between smokers with and without
COPD are still present after smoke cessation we repeated our cross-sectional analyses in a
group of 10 COPD patients and 7 subjects without COPD after 2-month smoking cessation.
In this analysis, 12 subjects (7 COPD patients and 5 subjects without COPD) overlapped with
the earlier cross-sectional study, however the sampling time point differed two months
from the previous cross-sectional analysis. After smoking cessation 155 lipids were higher
expressed in COPD patients compared to subjects without COPD, 139 being sphingolipids
(32 ceramides, 11 dihydroceramides, 18 phytoceramides, 19 sphingomyelins and 59 GSLs)
and 16 phosphatidylethanolamines (PE; 6 lysophosphatidylethanolamines (lysoPEs), 10
plasmenyl PEs, Supplemental Table 2).
We observed that the expression of lipids in three sphingolipid subclasses, ceramides
(d18:1), dihydroceramides (d18:0) and phytoceramides (t18:0), was dependent on the chain
length of the fatty acid attached to the lipid backbone, with higher expression of shorter
chain length of fatty acids in smokers with COPD (Figure 3).
Another major lipid class that was significantly higher expressed in smokers with COPD
was the class of PEs (n=36), divided by sub-classes lysoPEs (n=14), acyl-PEs (n=2) and
plasmalogen PEs (pPE, n=20) (Supplemental Table 1). In contrast to LysoPE species, there were
no lysophosphatidylcholine (LysoPC) compounds differently expressed between smokers
with and without COPD. This shows specific expression differences between two related
subclass lipid species. We therefore determined the ratio of these species calculated against
the steadier lysoPC species with identical fatty acid chain length and saturation, showing
a significant increase in COPD patients dependent on their fatty acid saturation (Figure 4).
In general, higher expression of PEs was only found in compounds containing unsaturated
fatty acids, the most being poly-unsaturated, i.e. showing 2 or more double bonds.

Differential lipid expression in smokers without COPD and never-smokers
There were no differences in the expression of lipid classes between smokers without COPD
and never-smokers, except for higher expressed prenol lipids in smokers without COPD,
which are cigarette smoke compounds (Figure 2).
At individual lipid compound only 28 lipids, including 22 sphingolipids, were differentially
expressed between smokers without COPD and never-smokers (Supplemental Table 3). Of
interest, only two compounds were lower expressed in current-smokers and again these
both belong to the neuraminic acid containing glycosphingolipid sub-class. The other
6 lipids that were differentially expressed belonged to the prenol lipids and were almost
exclusively found in smokers. These lipids are known tobacco components which include
solanesol, its esters, solanesyl palmitate, solanesyl stearate, and its degradation products,
bombiprenone, geranylfarnesylacetone and farnesylfarnesylacetone.(20)
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Figure 3: The effect of fatty acid chain length (n) upon differential lipid expression of smokers with and without
COPD. (A) Figures Cer(d18:0) refers to dihydroceramides, Figures Cer(d18:1) to ceramides and Figures Cer(t18:0)
to phytoceramides. The X-axis represents the fatty acid chain length and the Y-axis represents the difference in
expression between smokers with and without COPD. A positive percentage on the Y-axis indicates a higher
expression of lipids in sputum of smokers with COPD than in smokers without COPD. Black circles represent the
comparison in the cross-sectional study at baseline (20 smokers without COPD, 19 smokers without COPD), grey
circles represent the cross-sectional study after 2-month smoking cessation (10 smokers without COPD, 7 smokers
with COPD). Solid circles show a significant difference between smokers with COPD versus without COPD (multiple
testing corrected p-value ≤0.05); open circles represent no significant difference (multiple testing corrected
p-value >0.05). Panel B shows how the backbone of these three sphingolipid subclasses differ at (R).
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Figure 4: The lysoPE/lysoPC abundance ratio (mean+/-SEM) of species with identical fatty acid chain length and
saturation in smokers with COPD ( ) and smokers without COPD ( ). LysoPE/lysoPC ratios from species containing
fatty acid chains with 2 or more double bonds were significantly different (* p<0.05). Smokers without COPD n=20;
smokers with COPD n=10

Effects of smoking cessation
We analyzed induced sputa of 17 individuals before and after 2-month smoking cessation (7
with and 10 without COPD). Analyzed together, 28 lipids were lower expressed after smoking
cessation including 3 ceramides, 6 dihydroceramides and 17 GSLs (Supplemental Table
4). This effect was also observed for tobacco related compounds, solanesol and solanesyl
palmitate. 12 out of the 28 lipids that were lower expressed upon smoking cessation were
higher expressed in smokers without COPD compared with never-smokers.

Correlation between lipid expression and clinical outcome variables
There were 13 lipids with a ≥2.5 fold change between smokers with and without COPD
(4 ceramides, 5 dihydroceramides, 1 sphingomyelin and 3 GSLs). All these lipids were
significantly and inversely correlated with FEV1 % predicted, FEV1/FVC and RV/TLC %
predicted in smokers with and without COPD (Spearman’s rho between -0,330 and -0.713,
Supplemental Table 5). In contrast, only 1 ceramide was significantly associated with
CO diffusion (TLCOc/VA %predicted). Lipid expression was also significantly correlated
with sputum cell differentials. All 13 lipids positively correlated with the percentage of
sputum eosinophils (Spearman’s rho between 0.346 and 0.565) and 11 lipids positively
correlated with the percentage of sputum neutrophils (Spearman’s rho between 0.366 and
0.545). Finally, all lipids were positively correlated with the number of packyears smoked
(Spearman’s rho between 0.499 and 0.637). Figure 5 shows the correlations for one of these
lipids, the ceramide Cer(d18:1/21:0).
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Figure 5: Correlation between clinical outcome variables and ceramide Cer(d18:1/21:0), one of the lipids with a
≥2.5 fold change. FEV1 = forced expiratory volume in 1 second; RV = residual volume; TLC = total lung capacity;
TLCOc = diffusion capacity for carbon mono-oxide corrected for hemoglobin; VA = alveolar volume. Ceramide
expression (X-axis) is shown as normalized peak area.

Discussion
This explorative study identified >1500 lipid compounds in sputum. The class of sphingolipids
was significantly higher expressed in smokers with COPD than in smokers without COPD.
At single compound lipid level, 168 sphingolipids, 36 phosphatidylethanolamine lipids
and 5 tobacco-related compounds were significantly higher expressed in smokers with
COPD compared to smokers without COPD. The 13 lipids with a ≥2.5 fold change between
smokers with and without COPD showed high correlations with reduced lung function,
inflammation in sputum and number of packyears. Two-month smoking cessation reduced
expression of 26 sphingolipids in smokers with and without COPD. Smokers without
COPD showed higher expression of only 20 (glyco)sphingolipids and 6 tobacco-related
compounds compared to never-smokers. Together, our findings suggest that the above
described lipids may play a role in the cigarette smoke induced lung disease COPD.
Sphingolipids are lipids of increased importance and can be formed de novo from serine and
palmitoyl-CoA (Figure 1). Ceramides form the central hub in the sphingolipid pathway. (6,
7) In COPD, ceramides have previously been implicated in the development of emphysema
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in animal models.(21, 22) Our study confirms these previous observations, since we found
significant higher expression of 28 ceramides in sputum from COPD patients, although there
was an equal distribution of sphingolipids within the studied sample groups. Oxidative
stress and inflammation, which have been put forward as an important component of
COPD development and progression, have been shown to induce ceramide generation.
(23-25) Ceramides are well known as second messengers involved in apoptosis and may
contribute to the development of COPD in various ways.(6, 7, 26) First, they can alter the
membrane architecture, influencing the formation of ceramide enriched microdomains or
‘lipid rafts’, which can trap and aggregate receptors and cell-signaling molecules, enabling
signal transduction.(27) Second, ceramides directly inhibit pro-growth molecules like Akt
and protein kinase C alpha (PKCα) and activate pro-apoptotic molecules, including jun
kinases (JNKs), stress-activated protein kinases (SAPKs), kinase suppressor of Ras (KSR),
cathepsin D, phosphoprotein phosphatases 1 and 2A (PP1 and PP2A) and phospholipase
A2 (PLA2).(6, 7, 28-31). Finally, ceramides can alter membrane permeability and induce the
formation of membrane channels, which can lead to release of pro-apoptotic proteins from
the mitochondria.(32, 33)
Our study shows that not only ceramides are higher expressed in COPD, but additionally 11
dihydroceramides and 19 phytoceramides. Recent studies suggest that dihydroceramides
and phytoceramides are involved in autophagy and may have (anti-)apoptotic effects.(34,
35) Of interest, ceramides, dihydroceramides and phytoceramides with saturated fatty acid
side chains showed an increase in COPD that was dependent on fatty acid chain length.
Only ceramides with a fatty acid side chain from 14 up to 24 C-atoms were higher expressed
in smokers with COPD in our study (Figure 3). Indeed their role in COPD remains unclear,
but there are indications that alternate chain length regulates specific effects directed by
different enzymes.(36-39) This finding illustrates the power of lipidomics since it allows to
interrogate both the behavior of lipid classes and individual lipid species.
Another subclass of sphingolipids that were higher expressed in smokers with COPD are
the glycosphingolipids (GSLs). These sphingolipids, usually ceramides modified with one
or more sugars, are important components of cell membranes. GSLs play an important role
in the formation of glycoprotein micro-domains or `lipid rafts` and have been implicated
to play a role in signal transduction, phagocytosis, mast cell degranulation and multidrug
resistance.(27, 40-44) To date, no studies investigating the role of GSLs in COPD are available.
However, the multidrug resistance pump protein (MRP1) has been shown to be involved
in the synthesis of GSLs and we previously showed that single nucleotide polymorphisms
in the MRP1 gene are associated with COPD development and severity, strengthening the
observed higher expression of GSLs in COPD.(45, 46)
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Phosphatidylethanolamines (PE) belong to another class of lipids that was higher
expressed in smokers with COPD, compared to smokers without COPD, especially PE
species containing polyunsaturated fatty acid side chains. Sphingolipid turnover through
sphingosine-1-phosphate can be responsible for the observed increase in PE levels.(47)
LysoPE species are membrane metabolites and most abundant in mitochondria and appear
to play an important role in hypoxia and oxidative stress sensing.(48-50) LysoPEs are formed
by cleaving of PEs by the enzyme PLA2, forming lysoPEs and fatty acids, like arachidonic acid
(AA).(51) AA can be further transformed to pro-inflammatory eicosanoids like leukotrienes
and prostaglandins. Previous studies have shown that oxidative stress activates cytosolic
Phospholipase 2 (PLA2), leading to the release of AA and increased levels of lysoPEs.(51)
Possibly lysoPEs are only byproducts of AA production. Nevertheless, they do seem to be
biologically active and contrary to the pro-inflammatory properties of AA, effects of lysoPEs
are shown to be anti-inflammatory.(52) In addition, oxidative stress could directly give rise to
chemical degradation of phospholipids to lysophospholipids.(53) This mechanism however,
is unlikely to be responsible for the higher expression of lysoPEs, as it can be expected that
chemical degradation due to oxidative stress would also affect other lipid classes apart from
phosphatidylethanolamines. To date, lysoPEs have not been associated with COPD.
This study demonstrates the feasibility to use LC-QTOF-MS(/MS) in induced sputum as a
powerful tool to identify hundreds of important lipids and associated lipid-pathways in
pulmonary disease. Although over 1500 lipids have been identified, several differentially
expressed (sphingo-)lipids in smokers with COPD have not yet been unambiguously
determined (data not shown), perhaps excluding important biological signals. Determination
of low-abundant lipids, e.g. leukotrienes, remains difficult using this untargeted platform and
distinguishing glucose and galactose molecules in GSLs is yet impossible, hampering exact
lipid determination. In this study, we used induced sputum as a surrogate of the epithelial
lining fluid of the lungs. Sputum induction is a relatively easy, non-invasive procedure and
safe to perform, even in COPD patients with exacerbations.(54, 55) However, the use of
induced sputum needs some points of attention. First, we normalized the expression of
lipids by the total lipid expression in the sample. In this way we could identify differentially
expressed lipids without the risk of identifying concentration differences. Second, the
sputum sample was centrifuged and only the supernatant was used for analysis. This
technique removes cells and large cellular debris and may detect lipids that were either
actively excreted by vital cells or released upon destruction of cells.
In this study we used three different cohorts of subjects and we acknowledge that an
independent replication study in larger cohorts of well characterized subjects is needed
to confirm the findings of this explorative study. On the other hand, all these studies have
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been performed in the same institute, using the same protocols and we were not able to
identify cohort effects (data not shown).
In conclusion, lipids from the sphingolipid pathway are higher expressed in smokers
with COPD compared to smokers without COPD. Considering their potential biological
properties, and the observed correlations with important clinical outcomes of COPD, these
lipids may play a role in the pathogenesis of COPD. Lipidome analysis may become an
important research tool that can lead to new drug targets and possible new biomarkers in
chronic obstructive pulmonary disease.
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Supplemental methods
Induced sputum lipid extraction
All samples were randomized before the lipid extraction. The lipid extraction method was
based on the procedure described by Matyash et al.(1) 120 µL of induced lung sputum was
transferred to a 2 mL Eppendorf tube and 300 µL of methanol was added. After vortexing for
10 seconds, 1000 µL of MTBE was added after which the sample was incubated for 1 hour at
room temperature in a shaker. Subsequently, phase separation was induced by adding 260
µL of water. After 10 minutes incubation at room temperature, the extract was centrifuged
for 10 minutes at 1000 x g thereby generating a lower hydrophilic and upper lipophilic
phase separated by a protein layer. 1000 µL of the upper phase has been removed and
dried in a centrifugal vacuum evaporator (miVac duoconcentrator, Genevac Lim., Ipswich,
UK). The dried sample has been reconstituted in 40 µL methyl-tert-butylether/isopropanol
50/50 (v/v). An injection volume of 2 µL and 6 µL of this extract has been used for LC-MS
analysis in positive ESI and negative ESI mode, respectively.

Experimental setup, preparation and use of quality control (QC) samples
For each experiment, the use of QC samples allowed monitoring the repeatability and
stability of the lipid measurement. Three independent analytical experiments have been
performed: induced sputum analysis comparing current-smokers with COPD, currentsmokers without COPD and never-smokers (53 induced sputum samples, 34 QCs); induced
sputum analysis comparing smokers with and without COPD before and after 2-month
smoking cessation (34 induced sputum samples, 13 QCs). To prepare QC samples within
each experiment, 60 µL aliquots of the study samples were collected in a QC pool. This
QC pool was then divided into 120 µL aliquots to obtain representative QC samples. QC
samples were prepared simultaneously along with study samples and were analyzed
throughout the LC-MS analysis sequences every five study samples. These samples did not
contain any biological variability and can thus be considered as technical replicates. The
relative standard deviation percent (RSD%) of all significantly up- or downregulated lipids
has been calculated to demonstrate the measurement error of the lipidomics analytical
platform.

Liquid chromatography-mass spectrometry
A 1200 RRLC system (Agilent Technologies, Waldbronn, Germany) was used for RP-LC
measurements. Lipid extracts were analyzed on an XBridge BEH C18 Shield column (2.1 x
100 mm; 1.8 µm; Waters, Milford, MA, USA) placed in a Polaratherm 9000 series oven (Selerity
Technologies, Salt Lake City, UT, USA) at 80°C. Elution was carried out with a multistep
gradient of (A) 20 mM ammonium formate pH 5 and (B) methanol, starting from 50% B
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to 70% B in 5 minutes, followed by a gradient of 70–90% B in 30 minutes. Mobile phase
B subsequently reached 100% in 0.1 minutes where it was maintained for an additional 5
minutes. The flow rate was 0.5 mL/min and the injection volume 6 μL for negative ESI and
2 µL for positive ESI measurements. The whole system was allowed to re-equilibrate under
starting conditions for 15 min.
High-resolution accurate mass measurements were obtained on an Agilent 6530 Q-TOF mass
spectrometer (Agilent Technologies) equipped with a Jetstream ESI source. The instrument
was operated in both positive and negative ion electrospray mode. Needle voltage was
optimized to +/- 3.5 kV, the drying and sheath gas temperatures were set to 300°C and
the drying and sheath gas flow rates were set to 6 and 8 L/min, respectively. Data were
collected in centroid mode from m/z 400–1700 in positive ion mode and m/z 200-1700 in
negative ion mode at an acquisition rate of 1 spectrum/sec in the extended dynamic range
mode (2 GHz), offering an in-spectrum dynamic range of 105 and a resolution of ± 10,000
FWHM in the lipid m/z range. To maintain mass accuracy during the analysis sequence, a
reference mass solution was used containing reference ions (922.0097 for positive ESI mode,
and 1033.9881 for negative ESI mode). Study samples were analyzed in randomized order
in both ionization modes, with QC samples analyzed every 5 study samples. Samples were
kept at 4°C in the autosampler tray while waiting for injection.
Tandem mass spectrometry (MS/MS) experiments were performed in the data dependent
acquisition mode (DDA). A survey MS scan was alternated with three DDA MS/MS scans
resulting in a cycle time of 4 seconds. Singly charged precursor ions were selected based
on abundance. After being fragmented twice, a particular m/z value was excluded for
30 s, allowing the MS/MS fragmentation of chromatographically resolved lipid isomers.
Subsequent targeted MS/MS or further DDA experiments, thereby adding previously
fragmented precursors in an exclusion list, increased the identification rate. The quadrupole
was operated at narrow resolution and the collision energy was fixed at either 20 or 35 eV.

Lipid identification
Lipid identification was based on accurate mass, MS/MS fragmentation and chromatographic
retention time. Lipid identification results from an identification strategy that fully exploits
the features of the Q-TOF-MS system. Molecular formulas, based on accurate mass,
isotopic abundance, and spacing both in positive and negative ionization modes, are
complemented with accurate mass database searching in an in-house build database
(populated with LIPID MAPS and HMDB entries and theoretical lipid structures) and MS/MS
measurement in both modes. Lipid fragmentation mechanisms/spectra in both positive
and negative ionization modes have extensively been reported in literature.(2-11) Each lipid
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class displays characteristic fragmentation spectrum ions in positive and/or negative ESI
mode, through neutral loss or the abundance of unique fragment ions. Other parameters
such as lipid elution behavior and adduct formation interpretation further assisted in the
identification. An in-house accurate mass retention time (AMRT) library was subsequently
built with formula, exact mass and retention time of all identified lipids in comma-separated
values (.csv) format (compatible with the MassHunter software), providing an automated
and targeted data-processing of LC-MS lipid profiles.(2)

Data processing
Raw LC-MS data files were processed in an untargeted fashion using the Molecular Feature
Extraction (MFE) algorithm incorporated in the MassHunter Qualitative Analysis 5.0 software
package (Agilent Technologies). The resulting feature files were subsequently imported in
MassProfiler Professional 12.0 (Agilent Technologies) which aligned, visualized and filtered
the features. The filtered feature list was exported for recursive peak integration (i.e. targeted
feature extraction) using the Find by Ion extraction algorithm in MassHunter Qualitative
Analysis 5.0 using predefined mass (25 ppm) and retention time extraction windows (15
sec). The Agile integrator was used, with an absolute peak height cut-off of 1000 counts.
After targeted extraction of features, samples were normalized using total lipid abundance,
correcting for sputum dilution, and were imported in MassProfiler Professional for statistical
analysis.

Supplemental results
Negative ESI

Positive ESI

Supplemental Figure 1: Total lipid abundance in induced sputum did not significantly alter between smokers
with COPD, smokers without COPD and never-smokers. Box-and-whisker plots represent the minimum and
maximum, interquartile range and median total lipid abundance for each sample group. NS = never-smokers
(n=14), H_S = smokers without COPD (n=20), COPD = smokers with COPD (n=19), QC = quality control.
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Supplemental Figure 2: Expression of sphingolipid subclasses in never-smokers, smokers with and without
COPD. Sphingolipid subclass expression for each individual sample was calculated by summing up the measured
peak areas of sphingolipid species (n = 215). After normalization for sputum dilution, relative quantities for each
sphingolipid class were calculated within each sample group. Values are presented as average percentage ±
standard deviation. Hex = glucose or galactose; HexNAc = N-acetylglucosamine or N-acetylgalactosamine; neversmokers n= 14, smokers without COPD n=20, smokers with COPD n=19.
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Subclass

ceramides

Class

ceramides

Cer(d18:1/24:2)

Cer(d18:1/24:1)

Cer(d18:1/24:0)

Cer(d18:1/23:1)

Cer(d18:1/23:0)

Cer(d18:1/22:2)

Cer(d18:1/22:1)

Cer(d18:1/22:0)

Cer(d18:1/21:0)

Cer(d18:1/20:2)

Cer(d18:1/20:1)

Cer(d18:1/20:0)

Cer(d18:1/19:1)

Cer(d18:1/19:0)

Cer(d18:1/18:2)

Cer(d18:1/18:1)

Cer(d18:1/18:0)

Cer(d18:1/17:1)

Cer(d18:1/17:0)

Cer(d18:1/16:1)

Cer(d18:1/16:0(2-OH))

Cer(d18:1/16:0)

Cer(d18:1/15:0)

Cer(d18:1/14:0)

Lipid

Sphingolipids

Supplemental Table 1: 210 differentially regulated lipids in smokers with COPD and smokers without COPD

Fold change
1.84
1.98
1.83
1.58
1.72
1.93
3.33
1.67
1.77
1.67
1.86
4.04
1.84
2.29
1.79
1.79
1.81
1.66
2.14
1.69
1.64
1.51
1.64
2.03

Molecular
structure
C32H63NO3
C33H65NO3
C34H67NO3
C34H67NO4
C34H65NO3
C35H69NO3
C35H67NO3
C36H71NO3
C36H69NO3
C36H67NO3
C37H73NO3
C37H71NO3
C38H75NO3
C38H73NO3
C38H71NO3
C39H77NO3
C40H79NO3
C40H77NO3
C40H75NO3
C41H81NO3
C41H79NO3
C42H83NO3
C42H81NO3
C42H79NO3

0.001

0.001

0.004

0.001

0.001

0.001

0.001

<0.001

<0.001

0.005

<0.001

<0.001

0.001

0.001

0.001

0.002

0.001

0.005

0.001

0.004

0.005

0.001

0.001

0.001

p-value

10.63

8.62

9.28

8.82

8.20

10.77

7.88

8.67

11.59

19.84

8.59

8.79

37.32

11.29

8.68

14.85

8.73

35.10

8.27

13.59

8.49

10.24

10.24

9.86

RSD QC (%)

Lipidomic analysis in COPD

Chapter

121

5

122

ceramides

ceramides

phytoceramides

dihydroceramides

Subclass

Class

Supplemental Table 1: Continued

C34H65NO4
C35H71NO4
C36H73NO4
C37H75NO4

Cer(t18:0/16:2)
Cer(t18:0/17:0)
Cer(t18:0/18:0)
Cer(t18:0/19:0)

C41H83NO3

Cer(d18:0/23:0)

C34H67NO4

C40H81NO3

Cer(d18:0/22:0)

Cer(t18:0/16:1)

C39H79NO3

Cer(d18:0/21:0)

C34H69NO4

C38H77NO3

Cer(d18:0/20:0)

Cer(t18:0/16:0)

C37H75NO3

Cer(d18:0/19:0)

C33H67NO4

C36H73NO3

Cer(d18:0/18:0)

Cer(t18:0/15:0)

C35H71NO3

Cer(d18:0/17:0)

C32H65NO5

C34H69NO4

Cer(d18:0/16:0(2-OH))

C32H65NO4

C34H69NO3

Cer(d18:0/16:0)

Cer(t18:0/14:0(2-OH))

C33H67NO3

Cer(d18:0/15:0)

Cer(t18:0/14:0)

C32H65NO3

C45H87NO3

Cer(d18:1/27:1)
Cer(d18:0/14:0)

C44H83NO3

Cer(d18:1/26:2)

1.43

1.70

1.61

1.87

2.35

1.86

1.69

1.80

1.77

1.47

1.79

1.61

2.02

1.99

2.35

2.65

2.18

2.51

2.49

2.41

1.92

1.68

1.75

1.76

C43H83NO3
C44H85NO3

Fold change

Molecular
structure

Cer(d18:1/25:1)

Sphingolipids

Cer(d18:1/26:1)

Lipid

0.031

0.006

0.017

0.002

0.001

0.001

0.005

0.002

0.013

0.015

0.001

0.001

<0.001

<0.001

<0.001

0.001

0.005

<0.001

<0.001

0.001

0.003

0.002

0.003

0.002

p-value

8.13

9.42

13.25

15.69

11.46

7.98

14.03

21.51

19.41

11.44

12.54

13.76

8.89

10.27

7.75

9.71

9.64

9.57

12.89

18.54

12.25

13.75

11.72

9.87

RSD QC (%)
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phytoceramides

ceramides

sphingomyelins

Subclass

Class

Supplemental Table 1: Continued
Sphingolipids

SM(d18:1/19:0)

SM(d18:1/18:0)

SM(d18:1/17:0)

SM(d18:1/16:0)

SM(d18:1/15:0)

SM(d18:1/14:0)

SM(d18:0/24:1)

SM(d18:0/24:0)

SM(d18:0/22:0)

SM(d18:0/20:0)

SM(d18:0/18:0)

SM(d18:0/16:0)

SM(d18:0/15:0)

SM(d18:0/14:0)

Cer(t18:0/25:2)

Cer(t18:0/25:1)

Cer(t18:0/24:2)

Cer(t18:0/24:1)

Cer(t18:0/23:1)

Cer(t18:0/22:2)

Cer(t18:0/22:1)

Cer(t18:0/22:0)

Cer(t18:0/20:1)

Cer(t18:0/20:0)

Lipid

2.46
2.25
1.76
1.43
2.26
1.84
1.57
1.65
1.74
1.77
1.69

C41H85N2O6P
C43H89N2O6P
C45H93N2O6P
C47H97N2O6P
C47H95N2O6P
C37H75N2O6P
C38H77N2O6P
C39H79N2O6P
C40H81N2O6P
C41H83N2O6P
C42H85N2O6P

1.37

C43H85NO4

2.88

1.87

C42H81NO4

2.32

1.45

C42H83NO4

C39H81N2O6P

1.46

C41H81NO4

C38H79N2O6P

0.003

1.77

C40H77NO4

1.68

1.75

C40H79NO4

1.85

1.39

C40H81NO4

C43H83NO4

0.027

1.74

C37H77N2O6P

0.003

1.72

C38H77NO4
C38H75NO4

0.007

0.008

0.009

0.023

0.029

0.032

0.008

0.024

0.006

0.005

0.005

0.005

0.005

0.008

0.001

0.011

0.016

0.001

0.004

0.012

0.006

p-value

Fold change

Molecular
structure

8.84

10.23

10.97

10.21

10.80

22.78

15.49

19.12

11.45

16.03

14.03

17.01

24.99

20.14

11.32

8.77

8.83

8.23

8.14

12.60

11.28

11.05

17.58

12.63

RSD QC (%)
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phytoceramides

Class

sphingomyelins

Supplemental Table 1: Continued

C45H91N2O6P
C45H89N2O6P
C46H93N2O6P
C47H95N2O6P
C47H93N2O6P
C47H91N2O6P
C49H97N2O6P
C49H95N2O6P
C37H77N2O7P
C39H81N2O7P
C39H79N2O7P
C41H83N2O7P
C45H93N2O7P
C46H95N2O7P
C47H97N2O7P
C47H95N2O7P
C47H93N2O7P
C48H97N2O7P
C49H99N2O7P
C49H97N2O7P

SM(d18:1/22:0)
SM(d18:1/22:1)
SM(d18:1/23:0)
SM(d18:1/24:0)
SM(d18:1/24:1)
SM(d18:1/24:2)
SM(d18:1/26:1)
SM(d18:1/26:2)
SM(t18:0/14:0)
SM(t18:0/16:0)
SM(t18:0/16:1)
SM(t18:0/18:1)
SM(t18:0/22:0)
SM(t18:0/23:0)
SM(t18:0/24:0)
SM(t18:0/24:1)
SM(t18:0/24:2)
SM(t18:0/25:1)
SM(t18:0/26:1)
SM(t18:0/26:2)

2.21

1.57

1.72

2.56

1.99

1.91

1.89

1.66

1.94

1.87

2.02

1.47

1.94

1.56

1.93

1.69

1.60

1.64

1.56

1.65

1.67

1.82

C43H87N2O6P
C44H89N2O6P

Fold change

Molecular
structure

SM(d18:1/20:0)

Sphingolipids

SM(d18:1/21:0)

Lipid

0.005

0.009

0.010

0.005

0.006

0.005

0.005

0.009

0.010

0.006

0.005

0.015

0.008

0.010

0.015

0.025

0.023

0.024

0.050

0.010

0.010

0.005

p-value

12.83

9.96

14.88

14.01

12.08

14.78

11.23

10.14

15.33

14.22

12.06

18.00

16.73

11.31

12.42

11.36

13.09

13.72

12.15

11.28

10.06

11.47

RSD QC (%)

Chapter 5

glycosphingolipids
(2 sugars)

dihexosyl-phytoceramides

dihexosyl-ceramides

hexosyl-phytoceramides

1.57
1.35
1.26
1.53
2.00
1.55
1.70
1.57
1.56
1.44
1.47
2.46
2.02
2.21

C42H81NO8
C46H89NO8
C48H93NO8
C48H93NO9
C40H79NO9
C42H83NO9
C44H87NO9
C46H91NO9
C47H93NO9
C48H95NO9
C48H93NO9
C48H91NO9
C46H87NO14
C50H95NO14

HexCer(d18:1/23:0)
HexCer(d18:1/24:0(2-OH))

HexCer(t18:0/24:2)
Hex-HexCer(d18:1/16:0(2-OH))
Hex-HexCer(d18:1/20:0(2-OH))

2.17
1.99
1.78

C46H89NO14
C52H101NO14
C54H105NO14

Hex-HexCer(d18:1/26:0(2-OH))

Hex-HexCer(t18:0/24:0)

Hex-HexCer(t18:0/22:0)

Hex-HexCer(t18:0/16:0)

1.64

C56H107NO14

Hex-HexCer(d18:1/24:0(2-OH))

1.80

C52H99NO14
C54H103NO14

Hex-HexCer(d18:1/22:0(2-OH))

HexCer(t18:0/24:1)

HexCer(t18:0/24:0)

HexCer(t18:0/23:0)

HexCer(t18:0/22:0)

HexCer(t18:0/20:0)

HexCer(t18:0/18:0)

HexCer(t18:0/16:0)

HexCer(d18:1/22:0)

2.20

1.96

C40H77NO9

HexCer(d18:1/16:0(2-OH))
HexCer(d18:1/18:0)

1.91

C40H77NO8

HexCer(d18:1/16:0)

hexosyl-ceramides

2.69

C40H79NO8

HexCer(d18:0/16:0)

hexosyl-dihydroceramides

glycosphingolipids
(1 sugar)

Fold change

Sphingolipids
Molecular
structure

Lipid

Subclass

Class

Supplemental Table 1: Continued

0.001

0.001

0.001

0.012

0.001

0.002

0.033

0.001

0.001

0.010

0.007

0.005

0.003

0.019

0.043

0.001

0.005

0.005

0.012

0.035

0.001

0.001

0.002

p-value

15.22

19.03

9.98

16.04

15.07

20.83

38.76

10.02

13.84

7.85

6.64

9.80

7.27

10.85

9.13

7.79

10.84

9.12

7.61

9.89

9.49

9.79

10.40

RSD QC (%)
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Chapter
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126

Subclass

dihexosyl-phytoceramides

trihexosyl-ceramides

Class

glycosphingolipids
(2 sugars)

glycosphingolipids
(3 sugars)

Supplemental Table 1: Continued

C54H97NO18
C56H105NO19
C56H103NO18
C57H107NO18
C58H109NO18
C58H109NO19
C58H105NO18
C59H111NO18
C59H109NO18
C59H111NO19
C60H113NO19
C60H111NO18
C60H109NO18
C61H115NO19
C62H115NO18

Hex-Hex-HexCer(d18:1/20:0(2-OH))
Hex-Hex-HexCer(d18:1/20:1)
Hex-Hex-HexCer(d18:1/21:0)
Hex-Hex-HexCer(d18:1/22:0)
Hex-Hex-HexCer(d18:1/22:0(2-OH))
Hex-Hex-HexCer(d18:1/22:2)
Hex-Hex-HexCer(d18:1/23:0)
Hex-Hex-HexCer(d18:1/23:1)
Hex-Hex-HexCer(d18:1/23:0(2-OH))
Hex-Hex-HexCer(d18:1/24:0(2-OH))
Hex-Hex-HexCer(d18:1/24:1)
Hex-Hex-HexCer(d18:1/24:2)
Hex-Hex-HexCer(d18:1/25:0(2-OH))
Hex-Hex-HexCer(d18:1/26:1)

C54H101NO19

Hex-Hex-HexCer(d18:1/18:0(2-OH))

C56H105NO18

C54H101NO18

Hex-Hex-HexCer(d18:1/18:0)

Hex-Hex-HexCer(d18:1/20:0)

C53H99NO18

Hex-Hex-HexCer(d18:1/17:0)

Hex-Hex-HexCer(d18:1/18:2)

2.51

C52H97NO19

Hex-Hex-HexCer(d18:1/16:0(2-OH))

3.02

2.10

1.74

1.55

1.87

2.40

1.97

1.48

2.88

2.48

1.45

2.60

2.85

3.18

1.96

2.47

2.37

2.34

3.50

2.57

2.86

C54H101NO14

Hex-HexCer(t18:0/24:2)
C52H97NO18

1.53

C54H103NO14

Hex-HexCer(t18:0/24:1)

Hex-Hex-HexCer(d18:1/16:0)

Fold change

Sphingolipids
Molecular
structure

Lipid

0.001

0.026

0.016

0.012

0.006

0.003

0.040

0.029

0.009

0.003

0.045

0.031

0.033

0.003

0.016

<0.001

0.003

0.011

0.001

<0.001

0.001

0.009

0.011

p-value

21.78

26.60

20.72

12.74

22.17

23.32

18.30

18.28

33.49

27.34

21.08

28.89

26.94

31.60

17.61

18.53

20.73

26.88

16.48

18.24

13.30

11.87

10.19

RSD QC (%)

Chapter 5

glycosphingolipids
(other)

0.62
1.91

C56H107NO18
C58H111NO18
C58H111NO19
C60H115NO19
C52H99NO19
C52H99NO20
C53H101NO19
C54H103NO19
C54H103NO20
C56H107NO19
C56H107NO20
C58H111NO19
C58H109NO19
C58H107NO19
C60H113NO19
C60H111NO19
C65H120N2O21
C60H110N2O23
C62H114N2O23

Hex-Hex-HexCer(d18:0/20:0)
Hex-Hex-HexCer(d18:0/22:0)
Hex-Hex-HexCer(d18:0/22:0(2-OH))
Hex-Hex-HexCer(d18:0/24:0(2-OH))
Hex-Hex-HexCer(t18:0/16:0)
Hex-Hex-HexCer(t18:0/16:0(2-OH))
Hex-Hex-HexCer(t18:0/17:0)
Hex-Hex-HexCer(t18:0/18:0)
Hex-Hex-HexCer(t18:0/18:0(2-OH))
Hex-Hex-HexCer(t18:0/20:0)
Hex-Hex-HexCer(t18:0/20:0(2-OH))
Hex-Hex-HexCer(t18:0/22:0)
Hex-Hex-HexCer(t18:0/22:1)
Hex-Hex-HexCer(t18:0/22:2)
Hex-Hex-HexCer(t18:0/24:1)
Hex-Hex-HexCer(t18:0/24:2)
NeuAc-Hex-HexCer(d18:1/24:0)
HexNAc-Hex-Hex-HexCer(d18:1/16:0)
HexNAc-Hex-Hex-HexCer(d18:1/18:0)

neuraminic acid containing dihexosylceramides

N-acetylhexosamine-trihexosyl-ceramides

trihexosyl-phytoceramides

C54H103NO19

4.80

4.50

1.64

5.15

2.17

1.74

2.31

2.68

1.90

2.41

3.26

2.92

2.74

2.21

3.11

1.96

3.61

5.28

4.47

Hex-Hex-HexCer(d18:0/18:0(2-OH))

3.58

C52H99NO19
C54H103NO18

3.96

C52H99NO18

Hex-Hex-HexCer(d18:0/16:0)

Hex-Hex-HexCer(d18:0/18:0)

trihexosyl-dihydroceramides

glycosphingolipids
(3 sugars)

Fold change

Molecular
structure

Sphingolipids
Lipid

Hex-Hex-HexCer(d18:0/16:0(2-OH))

Subclass

Class

Supplemental Table 1: Continued

0.002

0.013

0.022

0.003

0.026

0.002

0.048

0.024

0.033

0.019

0.035

0.007

0.002

0.003

0.001

0.021

0.002

0.004

0.002

0.001

0.002

<0.001

0.001

p-value

26.77

18.98

29.28

24.85

18.31

16.38

47.33

21.84

25.83

43.49

19.70

26.33

14.44

15.28

17.78

27.97

21.21

19.07

20.88

29.29

15.86

19.50

13.19

RSD QC (%)
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Chapter
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ethanolamines

lysophosphatidylethanolamines

phosphatidylethanolamines

C68H128N2O24

HexNAc-Hex-Hex-HexCer(t18:0/24:0)

C23H44NO7P
C25H48NO7P
C25H48NO7P
C25H46NO7P
C25H44NO7P
C25H44NO7P
C25H42NO7P
C27H48NO7P
C27H48NO7P
C27H46NO7P
C27H46NO7P

PE(0:0/18:2)
PE(0:0/20:2)
PE(20:2/0:0)
PE(20:3/0:0)
PE(0:0/20:4)
PE(20:4/0:0)
PE(0:0/20:5)
PE(22:4/0:0)
PE(0:0/22:4)
PE(0:0/22:5)
PE(22:5/0:0)

C43H74NO8P
C23H46NO7P

PE(38:6)
PE(0:0/18:1)

C43H78NO8P

PE(18:0/20:4)

Glycerophospolipids

3.28

C62H116N2O24

HexNAc-Hex-Hex-HexCer(t18:0/18:0)

2.74

5.19

4.00

2.38

6.30

2.56

4.92

2.29

2.23

2.38

2.45

1.87

1.55

1.59

3.19

3.09

C60H110N2O24

HexNAc-Hex-Hex-HexCer(t18:0/16:1)

N-acetylhexosamine-trihexosylphytoceramides

6.23

1.86

C66H122N2O23

HexNAc-Hex-Hex-HexCer(d18:1/22:0)
C60H112N2O24

5.09

C64H118N2O23

HexNAc-Hex-Hex-HexCer(d18:1/20:0)

HexNAc-Hex-Hex-HexCer(d18:0/16:0(2OH))

N-acetylhexosamine-trihexosyl-ceramides

glycosphingolipids
(other)

Fold change

Sphingolipids
Molecular
structure

Lipid

N-acetylhexosamine-trihexosyldihydroceramides

Subclass

Class

Supplemental Table 1: Continued

0.010

0.010

0.012

0.025

0.016

0.023

0.011

0.009

0.019

0.023

0.030

0.047

0.013

0.014

0.008

0.007

0.001

0.001

0.029

0.002

p-value

13.16

22.55

23.24

18.79

22.66

19.23

24.95

16.17

21.81

19.43

20.67

15.48

15.17

7.91

53.71

30.02

22.65

41.90

23.13

37.29

RSD QC (%)

Chapter 5

lysophosphatidylethanolamines

ethanolamines

plasmalogen phospatidylethanolamines

Subclass

Class

Supplemental Table 1: Continued
Glycerophospolipids

PEp(44:7)

PEp(44:6)

PEp(42:6)

PEp(42:3)

PEp(40:1)

PEp(38:5)

PEp(34:2)

PE(p20:0/18:1)

PE(p18:1/18:1)

PE(p18:0/22:6)

PE(p18:0/22:4)

PE(p18:0/20:5)

PE(p18:0/20:4)

PE(p18:0/18:2)

PE(p18:0/18:1)

PE(p17:0/22:6)

PE(p16:0/22:6)

PE(p16:0/22:4)

PE(p16:0/20:4)

PE(p16:0/18:1)

PE(22:6/0:0)

PE(0:0/22:6)

Lipid
0.024

4.83
2.52
1.64
1.89
2.08
2.44
2.02
1.54
1.64
1.73
1.47
1.71
2.18
1.70
1.91
1.70
1.56
2.38
1.91
3.69
3.93
3.92

C27H44NO7P
C27H44NO7P
C39H76NO7P
C41H74NO7P
C43H78NO7P
C43H74NO7P
C44H76NO7P
C41H80NO7P
C41H78NO7P
C43H78NO7P
C43H76NO7P
C45H82NO7P
C45H78NO7P
C41H78NO7P
C43H84NO7P
C39H74NO7P
C43H76NO7P
C45H88NO7P
C47H88NO7P
C47H82NO7P
C49H86NO7P
C49H84NO7P

0.002

0.001

0.001

0.027

0.014

0.011

0.001

0.018

0.045

0.001

0.005

0.005

0.002

0.012

0.048

0.005

0.001

0.001

0.001

0.003

0.030

p-value

Fold change

Molecular
structure

17.45

12.21

7.26

16.69

9.80

9.40

7.49

8.14

6.74

6.68

6.40

19.19

8.65

9.19

7.39

10.00

11.20

6.62

8.40

7.07

13.45

25.27

RSD QC (%)
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5

130

plasmalogen phospatidylethanolamines

tobacco compounds

C45H74O
C61H104O2
C63H108O2
C43H70O
C33H54O

solanesyl stearate
bombiprenone
farnesylfarnesylacetone

Molecular
structure

solanesyl palmitate

Prenol lipids

solanesol

Lipid

2.53

3.10

8.19

4.61

3.70

Fold change

0.041

0.025

0.025

0.050

0.029

p-value

10.71

12.54

18.60

14.04

13.60

RSD QC (%)

Fold change = expression in smokers with COPD / expression in smokers without COPD. A fold change >1 is up-regulation in smokers with COPD. A fold change between 0 and 1 is down-regulation
in smokers with COPD. The LipidMaps database was taken as the reference for the lipid nomenclature. LC-MS cannot discriminate between galactose and glucose, or N-acetylglucosamine and
N-acetylgalactosamine. Therefore, lipid nomenclature contains hexose (Hex) instead of glucose or galactose. Relative standard deviation (RSD%) has been calculated from the QC samples (n=34).
All p-values are corrected for multiple testing with the Benjamini Hochberg False Discovery Rate.

Subclass

Class

Supplemental Table 1: Continued

Chapter 5

Subclass

ceramides

Class

sphingolipids

Cer(d18:1/23:1)

Cer(d18:1/23:0)

Cer(d18:1/22:2)

Cer(d18:1/22:1)

Cer(d18:1/22:0(2-OH))

Cer(d18:1/22:0)

Cer(d18:1/21:0(2-OH))

Cer(d18:1/21:0)

Cer(d18:1/20:2)

Cer(d18:1/20:1)

Cer(d18:1/20:0(2-OH))

Cer(d18:1/20:0)

Cer(d18:1/19:0)

Cer(d18:1/18:1)

Cer(d18:1/18:0(2-OH))

Cer(d18:1/18:0)

Cer(d18:1/17:1)

Cer(d18:1/17:0(2-OH))

Cer(d18:1/17:0)

Cer(d18:1/16:0(2-OH))

Cer(d18:1/16:0)

Cer(d18:1/15:0(2-OH))

Cer(d18:1/15:0)

Cer(d18:1/14:0)

Lipid

Fold change
1.76
2.36
1.98
2.29
2.62
2.89
2.50
3.38
2.13
3.27
1.91
2.53
2.47
1.61
2.66
2.23
2.17
2.29
2.12
1.72
2.17
2.33
2.03
2.30

Molecular
structure
C32H63NO3
C33H65NO3
C33H65NO4
C34H67NO3
C34H67NO4
C35H69NO3
C35H69NO4
C35H67NO3
C36H71NO3
C36H71NO4
C36H69NO3
C37H73NO3
C38H75NO3
C38H75NO4
C38H73NO3
C38H71NO3
C39H77NO3
C39H77NO4
C40H79NO3
C40H79NO4
C40H77NO3
C40H75NO3
C41H81NO3
C41H79NO3

Supplemental Table 2: Differentially regulated lipids after 2-month smoking cessation in subjects with and without COPD

0.007

0.007

0.007

0.015

0.007

0.007

0.013

0.007

0.011

0.007

0.033

0.009

0.007

0.007

0.009

0.008

0.011

0.013

0.007

0.009

0.007

0.033

0.007

0.049

p-value

7.55

6.01

8.59

6.86

7.10

7.78

22.17

3.86

10.44

10.54

29.15

6.63

6.60

8.42

15.69

4.42

24.89

8.04

5.78

7.16

6.46

10.80

8.12

9.10

RSD QC (%)
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5

132

ceramides

sphingolipids

phytoceramides

dihydroceramides

Subclass

Class

Supplemental Table 2: Continued

C35H71NO4
C36H73NO4
C36H71NO4

Cer(t18:0/18:0)
Cer(t18:0/18:1)

C41H83NO3

Cer(d18:0/23:0)

Cer(t18:0/17:0)

C40H81NO3

Cer(d18:0/22:0)

C34H67NO4

C39H79NO3

Cer(d18:0/21:0)

C34H69NO4

C38H77NO3

Cer(d18:0/20:0)

Cer(t18:0/16:1)

C37H75NO3

Cer(d18:0/19:0)

Cer(t18:0/16:0)

C36H73NO3

Cer(d18:0/18:0)

C33H67NO4

C35H71NO3

Cer(d18:0/17:0)

Cer(t18:0/15:0)

C34H69NO4

C44H83NO3

Cer(d18:1/26:2)

C34H69NO3

C44H85NO3

Cer(d18:1/26:1)

Cer(d18:0/16:0(2-OH))

C43H81NO3

Cer(d18:1/25:2)

Cer(d18:0/16:0)

C43H83NO3

Cer(d18:1/25:1)

C33H67NO3

C43H85NO3

Cer(d18:1/25:0)

Cer(d18:0/15:0)

C42H79NO3

Cer(d18:1/24:2)

C32H65NO3

C42H81NO3

Cer(d18:0/14:0)

C42H83NO3

Cer(d18:1/24:1)

Molecular
structure

Cer(d18:1/24:0)

Lipid

2.23

2.47

2.55

2.81

2.87

2.37

1.96

2.21

1.91

2.96

3.37

3.76

3.48

2.97

4.50

3.20

2.97

2.15

2.31

2.17

2.80

1.61

2.49

2.16

1.97

Fold change

0.011

0.009

0.007

0.013

0.007

0.009

0.027

0.015

0.033

0.007

0.007

0.007

0.007

0.008

0.007

0.008

0.013

0.009

0.027

0.007

0.007

0.039

0.007

0.009

0.009

p-value

13.89

5.35

7.40

12.12

10.43

11.76

5.18

8.41

9.22

5.79

14.00

5.80

9.02

6.77

7.27

7.71

10.51

6.80

7.86

8.79

6.53

6.96

6

6.69

5.95

RSD QC (%)

Chapter 5

phytoceramides

sphingolipids

sphingomyelins

Subclass

Class

Supplemental Table 2: Continued

SM(t18:0/16:0)

SM(d18:1/24:2)

SM(d18:1/24:1)

SM(d18:1/24:0)

SM(d18:1/23:0)

SM(d18:1/22:0)

SM(d18:1/18:0)

SM(d18:1/17:0)

SM(d18:1/16:0)

SM(d18:1/15:0)

SM(d18:1/14:0)

SM(d18:0/16:0)

SM(d18:0/14:0)

Cer(t18:0/26:1)

Cer(t18:0/25:1)

Cer(t18:0/24:2)

Cer(t18:0/24:1)

Cer(t18:0/24:0)

Cer(t18:0/23:1)

Cer(t18:0/23:0)

Cer(t18:0/22:0)

Cer(t18:0/21:0)

Cer(t18:0/20:1)

Cer(t18:0/20:0)

Cer(t18:0/19:0)

Lipid

Fold change
2.22
2.04
2.40
2.05
1.74
1.61
2.81
1.53
2.19
3.00
1.50
2.33
2.80
3.50
2.30
2.41
2.64
2.53
3.52
4.50
2.86
2.48
3.24
3.30
3.73

Molecular
structure
C37H75NO4
C38H77NO4
C38H75NO4
C39H79NO4
C40H81NO4
C41H83NO4
C41H81NO4
C42H85NO4
C42H83NO4
C42H81NO4
C43H85NO4
C44H87NO4
C37H77N2O6P
C39H81N2O6P
C37H75N2O6P
C38H77N2O6P
C39H79N2O6P
C40H81N2O6P
C41H83N2O6P
C45H91N2O6P
C46H93N2O6P
C47H95N2O6P
C47H93N2O6P
C47H91N2O6P
C39H81N2O7P

0.015

0.020

0.015

0.020

0.015

0.015

0.016

0.050

0.018

0.040

0.040

0.018

0.033

0.007

0.011

0.007

0.009

0.018

0.007

0.007

0.007

0.007

0.015

0.009

0.007

p-value

17.98

9.60

28.02

9.00

7.85

24.38

20.90

27.84

7.58

6.61

8.21

8.54

7.19

9.07

26.48

12.76

7.74

5.44

8.59

7.44

3.23

5.54

10.45

8.33

5.58

RSD QC (%)

Lipidomic analysis in COPD

Chapter

5

133

134

Subclass

phytoceramides

hexosyl-ceramides

dihexosyl-phytoceramides

Class

sphingomyelins

glycosphingolipids
(1 sugar)

glycosphingolipids
(2 sugars)

Supplemental Table 2: Continued

C46H89NO9
C47H91NO9
C48H93NO9
C42H83NO10
C44H87NO10
C46H91NO9
C47H93NO10
C48H91NO9
C49H97NO9

HexCer(d18:1/23:0(2-OH))
HexCer(d18:1/24:0(2-OH))
HexCer(t18:0/18:0(2-OH))
HexCer(t18:0/20:0(2-OH))
HexCer(t18:0/22:0)
HexCer(t18:0/23:0(2-OH))
HexCer(t18:0/24:2)
HexCer(t18:0/25:0)

2.77

C47H89NO13
C48H91NO13
C48H91NO14
C50H95NO13
C52H99NO14
C54H103NO14

Hex-HexCer(d18:1/17:0)
Hex-HexCer(d18:1/18:0)
Hex-HexCer(d18:1/18:0(2-OH))
Hex-HexCer(d18:1/20:0)
Hex-HexCer(d18:1/22:0(2-OH))
Hex-HexCer(d18:1/24:0(2-OH))

2.43

3.03

2.39

3.48

2.00

2.00

C46H87NO14

Hex-HexCer(d18:1/16:0(2-OH))

1.46

2.60

3.80

1.76

5.85

2.35

1.68

1.61

2.33

1.39

C46H89NO8

3.53

HexCer(d18:1/22:0(2-OH))

C47H93N2O7P

SM(t18:0/24:2)

3.60

HexCer(d18:1/22:0)

C47H95N2O7P

SM(t18:0/24:1)

2.76

1.89

C45H93N2O7P

SM(t18:0/22:0)

2.38

C40H77NO9

C41H83N2O7P

SM(t18:0/18:1)

2.92

2.53

Fold change

HexCer(d18:1/16:0(2-OH))

C39H79N2O7P
C41H85N2O7P

SM(t18:0/16:1)

Molecular
structure

SM(t18:0/18:0)

Lipid

0.007

0.007

0.022

0.008

0.039

0.039

0.018

0.039

0.015

0.018

0.018

0.027

0.018

0.022

0.013

0.009

0.022

0.027

0.015

0.015

0.015

0.020

0.020

0.016

p-value

9.36

12.77

24.76

17.50

9.05

11.94

8.60

26.90

7.87

16.11

7.30

40.28

20.52

7.80

13.09

14.26

8.43

8.25

12.83

8.28

10.45

13.79

17.66

12.39

RSD QC (%)

Chapter 5

dihexosyl-phytoceramides

trihexosyl-ceramides

glycosphingolipids
(2 sugars)

glycosphingolipids

trihexosyl-dihydroceramides

Subclass

Class

Supplemental Table 2: Continued

1.86
1.93
2.23
2.33
2.34
1.66
2.83
2.08

C46H89NO14
C46H89NO15
C48H93NO14
C52H101NO14
C54H105NO14
C54H103NO14
C54H101NO14
C56H109NO14
C52H97NO19
C54H101NO18
C54H101NO19
C56H105NO19
C58H109NO18
C58H109NO19
C58H105NO18
C59H111NO18
C59H111NO19
C60H113NO19
C60H111NO18
C60H109NO18
C62H117NO19
C52H99NO19
C54H103NO19
C56H107NO19

Hex-HexCer(t18:0/16:0)
Hex-HexCer(t18:0/16:0(2-OH))

Hex-HexCer(t18:0/26:0)
Hex-Hex-HexCer(d18:1/16:0(2-OH))
Hex-Hex-HexCer(d18:1/18:0)
Hex-Hex-HexCer(d18:1/18:0(2-OH))
Hex-Hex-HexCer(d18:1/20:0(2-OH))
Hex-Hex-HexCer(d18:1/22:0)
Hex-Hex-HexCer(d18:1/22:0(2-OH))
Hex-Hex-HexCer(d18:1/22:2)
Hex-Hex-HexCer(d18:1/23:0)
Hex-Hex-HexCer(d18:1/23:0(2-OH))
Hex-Hex-HexCer(d18:1/24:0(2-OH))
Hex-Hex-HexCer(d18:1/24:1)
Hex-Hex-HexCer(d18:1/24:2)
Hex-Hex-HexCer(d18:1/26:0(2-OH))
Hex-Hex-HexCer(d18:0/16:0(2-OH))
Hex-Hex-HexCer(d18:0/18:0(2-OH))
Hex-Hex-HexCer(d18:0/20:0(2-OH))

Hex-HexCer(t18:0/24:2)

Hex-HexCer(t18:0/24:1)

Hex-HexCer(t18:0/24:0)

Hex-HexCer(t18:0/22:0)

18.01

15.71

4.80

3.18

3.48

1.76

3.60

5.63

1.99

9.66

5.59

1.75

6.63

4.02

2.42

2.84

2.28

C56H107NO14

Hex-HexCer(d18:1/26:0(2-OH))

Hex-HexCer(t18:0/18:0)

Fold change

Molecular
structure

Lipid

0.007

0.015

0.013

0.033

0.018

0.033

0.015

0.015

0.049

0.022

0.008

0.039

0.009

0.013

0.039

0.015

0.039

0.022

0.013

0.007

0.009

0.018

0.013

0.015

0.008

p-value

25.30

44.83

16.46

24.61

23.48

18.71

20.19

30.39

19.71

39.80

23.25

16.75

26.02

21.57

13.69

15.17

13.60

18.64

11.05

33.01

14.67

31.99

8.93

8.99

10.20

RSD QC (%)

Lipidomic analysis in COPD

135

Chapter

5

136

ethanolamines

Glycosphingolipids
(other)

Class

C60H115NO19

Hex-Hex-HexCer(d18:0/24:0(2-OH))

lysophosphatidylethanolamines

N-acetylhexosamine-trihexosyldihydroceramides

N-acetylhexosamine-trihexosyl-ceramides

trihexosyl-phytoceramides

C25H48NO7P
C27H48NO7P
C27H48NO7P
C27H46NO7P
C27H46NO7P
C27H44NO7P

PE(20:2/0:0)
PE(0:0/22:4)
PE(22:4/0:0)
PE(0:0/22:5)
PE(22:5/0:0)
PE(22:6/0:0)

C60H112N2O23

C68H126N2O24

HexNAc-Hex-Hex-HexCer(d18:1/24:0(2OH))
HexNAc-Hex-Hex-HexCer(d18:0/16:0)

C66H122N2O24

C60H111NO19

Hex-Hex-HexCer(t18:0/24:2)

HexNAc-Hex-Hex-HexCer(d18:1/22:0(2OH))

C60H113NO19

Hex-Hex-HexCer(t18:0/24:1)

C64H118N2O24

C60H115NO20

Hex-Hex-HexCer(t18:0/24:0(2-OH))

C60H110N2O24

C59H113NO20

Hex-Hex-HexCer(t18:0/23:0(2-OH))

HexNAc-Hex-Hex-HexCer(d18:1/20:0(2OH))

C58H111NO20

Hex-Hex-HexCer(t18:0/22:0(2-OH))

C70H128N2O23

C56H107NO20

Hex-Hex-HexCer(t18:0/20:0(2-OH))

HexNAc-Hex-Hex-HexCer(d18:1/16:0(2OH))

C54H103NO20

Hex-Hex-HexCer(t18:0/18:0(2-OH))

HexNAc-Hex-Hex-HexCer(d18:1/26:1)

C52H99NO20

Hex-Hex-HexCer(t18:0/16:0(2-OH))

2.55

2.71

2.48

3.32

3.03

2.14

7.88

11.04

8.22

2.90

2.44

10.78

3.37

27.58

3.84

2.28

4.25

6.31

2.48

2.86

2.84

5.80

C58H111NO19

Hex-Hex-HexCer(d18:0/22:0(2-OH))

trihexosyl-dihydroceramides

Fold change

Molecular
structure

Lipid

Subclass

Supplemental Table 2: Continued

0.020

0.018

0.050

0.016

0.033

0.040

0.027

0.013

0.022

0.027

0.033

0.015

0.015

0.008

0.039

0.049

0.033

0.018

0.049

0.039

0.049

0.011

p-value

21.28

13.22

13.33

29.21

22.83

22.22

16.58

45.77

52.10

37.83

26.60

50.09

19.96

30.67

28.22

15.72

31.20

25.22

21.52

18.94

22.59

45.45

RSD QC (%)

Chapter 5

PE(p16:0/18:1)

plasmalogen phospatidylethanolamines

PEp(40:4)

PEp(34:2)

PE(p18:1/18:1)

PE(p18:0/22:6)

PE(p18:0/20:4)

PE(p18:0/18:1)

PE(p16:0/22:6)

PE(p16:0/22:4)

PE(p16:0/20:4)

Lipid

Subclass

0.015

2.57
2.75
3.45
2.56
2.70
2.70
2.22
2.29
3.26
3.53

C39H76NO7P
C41H74NO7P
C43H78NO7P
C43H74NO7P
C41H80NO7P
C43H78NO7P
C45H78NO7P
C41H78NO7P
C39H74NO7P
C45H82NO7P

0.016

0.015

0.033

0.016

0.020

0.018

0.015

0.015

0.015

p-value

Fold change

Molecular
structure

9.74

8.19

5.98

7.87

12.38

8.36

3.45

41.53

5.91

13.67

RSD QC (%)

Fold change = expression after smoking cessation in COPD patients / expression after smoking cessation in subjects without COPD. A fold change >1 is up-regulation in COPD. A fold change
between 0 and 1 is down-regulation in COPD. The LipidMaps database was taken as the reference for the lipid nomenclature. LC-MS cannot discriminate between galactose and glucose, or
N-acetylglucosamine and N-acetylgalactosamine. Therefore, lipid nomenclature contains hexose (Hex) instead of glucose or galactose. Relative standard deviation (RSD%) has been calculated
from the QC samples (n=13). All p-values are corrected for multiple testing with the Benjamini Hochberg False Discovery Rate.

Class

Supplemental Table 2: Continued
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Chapter

5

137

138
C54H97NO18
C56H105NO19
C58H109NO19
C58H107NO18
C59H111NO19
C59H111NO18
C60H113NO19
C61H115NO19
C62H117NO19
C62H117NO18
C62H115NO18

Hex-Hex-HexCer(d18:1/18:2)
Hex-Hex-HexCer(d18:1/20:0(2-OH))
Hex-Hex-HexCer(d18:1/22:0(2-OH))*
Hex-Hex-HexCer(d18:1/22:1)
Hex-Hex-HexCer(d18:1/23:0(2-OH))*
Hex-Hex-HexCer(d18:1/23:0)
Hex-Hex-HexCer(d18:1/24:0(2-OH))*
Hex-Hex-HexCer(d18:1/25:0(2-OH))
Hex-Hex-HexCer(d18:1/26:0(2-OH))*
Hex-Hex-HexCer(d18:1/26:0)
Hex-Hex-HexCer(d18:1/26:1)

trihexosyl-phytoceramides

trihexosyl-dihydroceramides

C52H97NO19

Hex-Hex-HexCer(d18:1/16:0(2-OH))

trihexosyl-ceramides

C62H119NO19

Hex-Hex-HexCer(d18:0/24:0(2-OH))*
Hex-Hex-HexCer(d18:0/26:0(2-OH))*

C60H115NO20

C60H115NO19

Hex-Hex-HexCer(d18:0/22:0(2-OH))*

Hex-Hex-HexCer(t18:0/24:0(2-OH))

C52H99NO19
C58H111NO19

Hex-Hex-HexCer(d18:0/16:0(2-OH))*

2.40

3.25

4.78

3.28

2.86

2.95

3.51

5.35

4.47

3.58

1.89

3.54

7.87

3.24

2.03

1.85

1.93

1.67

1.71

C34H69NO3
C54H103NO14

Cer(d18:0/16:0)*
Hex-HexCer(d18:1/24:0(2-OH))*

dihydroceramides

dihexosyl-ceramides

ceramides

glycosphingolipids

Fold change

Molecular
structure

Lipid

Subclass

Class

Supplemental Table 3: Differentially expressed lipids in smokers without COPD and never-smokers

0.022

0.029

0.001

0.001

0.008

0.002

0.001

0.001

0.001

0.001

0.034

0.001

0.001

0.001

0.021

0.047

0.037

0.003

0.021

p-value

24.58

33.78

27.97

21.21

19.50

21.78

23.51

33.31

26.60

22.17

18.28

23.32

32.69

27.34

31.60

18.53

18.24

15.07

9.57

RSD QC (%)

Chapter 5

geranylfarnesylacetone

farnesylfarnesylacetone

bombiprenone

solanesyl stearate

nd
nd

C33H54O
C28H46O

nd

C61H104O2

solanesyl palmitate*

nd

nd

C45H74O

481.85

0.36

C65H118N2O21

NeuAc-Hex-HexCer(d18:1/24:1)

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.001

0.001

0.001

p-value

13.19

10.71

12.54

18.60

14.04

13.60

26.14

30.85

33.55

RSD QC (%)

Fold change = expression in smokers without COPD / expression in never smokers. A fold change >1 is up-regulation in smokers without COPD. A fold change between 0 and 1 is downregulation in smokers without COPD. nd - lipid not detected in never-smokers. * These lipids were also differently regulated after 2-month smoking cessation in individuals with and without COPD
(Supplemental table 4). The LipidMaps database was taken as the reference for the lipid nomenclature. LC-MS cannot discriminate between galactose and glucose, or N-acetylglucosamine and
N-acetylgalactosamine. Therefore, lipid nomenclature contains hexose (Hex) instead of glucose or galactose. Relative standard deviation (RSD%) has been calculated from the QC samples (n=34).
All p-values are corrected for multiple testing with the Benjamini Hochberg False Discovery Rate.

tobacco compounds

C43H70O

0.15

C61H112N2O21

NeuAc-Hex-HexCer(d18:1/20:0)

C63H108O2

3.25

C64H120N2O24

HexNAc-Hex-Hex-HexCer(t18:0/18:0)

N-acetylhexosamine-trihexosyl-ceramides

neuraminic acid containing dihexosylceramides
solanesol*

Fold change

glycosphingolipids
(other)

Molecular
structure

Subclass

Class

Lipid

Supplemental Table 3: Continued
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Chapter

5

139

140

glycosphingolipids

ceramides

ceramides

trihexosyl-phytoceramides

C62H119NO19

Hex-Hex-HexCer(d18:0/26:0(2-OH))*

C60H111NO19

C60H115NO19

Hex-Hex-HexCer(d18:0/24:0(2-OH))*

Hex-Hex-HexCer(t18:0/24:2)

C58H111NO19

Hex-Hex-HexCer(d18:0/22:0(2-OH))*

C60H113NO19

C56H107NO19

Hex-Hex-HexCer(d18:0/20:0(2-OH))

Hex-Hex-HexCer(t18:0/24:1)

C54H103NO19

Hex-Hex-HexCer(d18:0/18:0(2-OH))

C62H117NO19

Hex-Hex-HexCer(d18:1/26:0(2-OH))*

C52H99NO19

C60H113NO19

Hex-Hex-HexCer(d18:1/24:0(2-OH))*

Hex-Hex-HexCer(d18:0/16:0(2-OH))*

C59H111NO19

Hex-Hex-HexCer(d18:1/23:0(2-OH))*

trihexosyl-dihydroceramides

C58H109NO19

C40H81NO3

Cer(d18:0/22:0)

Hex-Hex-HexCer(d18:1/22:0(2-OH))*

C38H77NO3

Cer(d18:0/20:0)

trihexosyl-ceramides

C36H73NO3

Cer(d18:0/18:0)

C54H103NO14

C35H71NO3

Cer(d18:0/17:0)

Hex-HexCer(d18:1/24:0(2-OH))*

0.57

C34H69NO3

Cer(d18:0/16:0)*

0.56

0.27

0.37

0.40

0.37

0.32

0.38

0.52

0.49

0.46

0.44

0.49

0.81

0.76

0.70

0.62

0.56

0.70

C33H67NO3

0.76

Cer(d18:0/15:0)

C44H83NO3

Cer(d18:1/26:2)

0.75

0.69

C43H83NO3
C43H81NO3

Cer(d18:1/25:1)

Fold change

Molecular
structure

Cer(d18:1/25:2)

Lipid

dihexosyl-ceramides

dihydroceramides

Subclass

Class

Supplemental Table 4: Lipids that are differently regulated after 2-month smoking cessation in individuals with and without COPD

0.018

0.031

0.038

0.018

0.018

0.048

0.024

0.018

0.025

0.018

0.029

0.018

0.047

0.029

0.021

0.021

0.029

0.018

0.048

0.038

0.047

0.021

p-value

19.96

30.67

33.77

22.59

45.45

25.30

44.83

16.46

24.61

20.19

30.39

23.25

9.36

8.41

5.79

5.80

9.02

7.27

7.71

6.80

8.79

6.53

RSD QC (%)

Chapter 5

10.01

0.020

0.27
0.26
nd
nd

C70H128N2O23
C60H112N2O24
C45H74O
C61H104O2

HexNAc-Hex-Hex-HexCer(d18:1/26:1)
HexNAc-Hex-Hex-HexCer(d18:0/16:0)

solanesyl palmitate*

solanesol*

16.58

0.025

0.27

C68H126N2O24

0.020

0.018

0.018

17.63

50.09

36.60

26.60

HexNAc-Hex-Hex-HexCer(d18:1/24:0(2-OH))

0.048

0.61

C68H126N2O24

RSD QC (%)

HexNAc-Hex-Hex-HexCer(d18:1/16:0(2-OH))

p-value

Fold change

Molecular
structure

Lipid

Fold change = expression after smoking cessation / expression before smoking cessation. A fold change >1 is up-regulation after smoking cessation. A fold change between 0 and 1 is
down-regulation after smoking cessation. nd - lipid not detected after smoking cessation. * These lipids were also differently regulated in the comparison between smokers without COPD
and never-smokers (Supplemental table 3). The LipidMaps database was taken as the reference for the lipid nomenclature. LC-MS cannot discriminate between galactose and glucose, or
N-acetylglucosamine and N-acetylgalactosamine. Therefore, lipid nomenclature contains hexose (Hex) instead of glucose or galactose. Relative standard deviation (RSD%) has been calculated
from the QC samples (n=13). All p-values are corrected for multiple testing with the Benjamini Hochberg False Discovery Rate.

tobacco compounds

N-acetylhexosamine-trihexosyl-ceramides

glycosphingolipids
(other)

N-acetylhexosamine-trihexosyldihydroceramides

Subclass

Class

Supplemental Table 4: Continued
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142
0.523
0.549

Hex-Hex-HexCer(d18:0/16:0(2-OH))
<0.001

0.001

0.001

<0.001

0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.001

<0.001

<0.001

p-value

-0.538

-0.639

-0.641

-0.498

-0.617

-0.646

-0.578

-0.682

-0.641

-0.587

-0.536

-0.536

-0.534

Rho

<0.001

<0.001

<0.001

0.002

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

p-value

FEV1 % pred

-0.470

-0.546

-0.551

-0.592

-0.687

-0.675

-0.713

-0.707

-0.688

-0.625

-0.587

-0.632

-0.635

Rho

0.004

0.001

0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

p-value

FEV1/FVC

0.440

0.558

0.555

0.330

0.570

0.523

0.451

0.566

0.480

0.530

0.572

0.477

0.467

Rho

0.005

<0.001

<0.001

0.046

<0.001

0.001

0.004

<0.001

0.002

0.001

<0.001

0.002

0.003

p-value

RV/TLC % pred

-0.053

-0.178

-0.179

-0.328

-0.156

-0.106

-0.164

-0.254

-0.107

-0.273

-0.261

-0.355

-0.217

Rho

0.754

0.291

0.290

0.055

0.358

0.532

0.331

0.129

0.529

0.102

0.119

0.031

0.196

p-value

TLCOc/VA % pred

0.440

0.531

0.532

0.395

0.545

0.475

0.428

0.516

0.398

0.380

0.366

0.232

0.276

Rho

0.009

0.001

0.001

0.023

0.001

0.005

0.012

0.002

0.020

0.027

0.033

0.186

0.114

p-value

% Neutrophils

0.565

0.482

0.484

0.475

0.441

0.450

0.346

0.424

0.360

0.502

0.459

0.403

0.418

Rho

<0.001

0.004

0.004

0.005

0.009

0.008

0.045

0.012

0.036

0.002

0.006

0.018

0.014

p-value

% Eosinophils

FEV1 = forced expiratory volume in 1 second; FVC = forced vital capacity; RV = residual volume; TLC = total lung capacity; TLCOc = diffusion capacity for carbon mono-oxide corrected for
hemoglobin; VA = alveolar volume; pred = predicted; Rho = Spearman’s ranked correlation coefficient.

0.529

Hex-Hex-HexCer(d18:1/18:2)

0.631

0.499

Cer(d18:0/20:0)

Hex-Hex-HexCer(d18:1/16:0(2-OH))

0.545

Cer(d18:0/19:0)

SM(t18:0/24:2)

0.610

Cer(d18:0/18:0)

Glycosphingolipids

0.637

Cer(d18:0/16:0)

0.551

Cer(d18:1/22:0)
0.552

0.527

Cer(d18:1/21:0)

Cer(d18:0/15:0)

0.573

Cer(d18:1/20:1)

Rho
0.596

Cer(d18:1/20:0)

Sphingo-myelins

Dihydroceramides

Ceramides

Packyears

Supplemental Table 5: Correlation between lipid expression and clinical outcome variables
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Abstract
Rationale: Chronic obstructive pulmonary disease (COPD) is a sustained inflammatory
disorder of the lungs with progressive functional decline mainly caused by cigarette
smoking. The use of lipidomics, an emerging research field, may provide new insights in
the onset and progression of chronic inflammatory diseases like COPD.
Objective: To investigate whether the expression of the (intra)cellular lipidome is affected
by long-term cigarette smoke extract (CSE) exposure in the bronchial epithelial cell line
BEAS-2B. Additionally, we studied the mRNA expression of key lipid converting enzymes
specific by qPCR.
Methods: Cellular changes in lipidome expression was investigated with liquid
chromatography and high-resolution quadrupole time-of-flight mass spectrometry (LCQTOF-MS) in BEAS-2B cells exposed to 0%, 2,5% and 10% CSE for a period of 6 months.
Measurements and Main Results: We identified >1500 lipid compounds in BEAS-2B cells.
Six-month CSE exposure resulted in 13 up-regulated and 13 down-regulated intracellular
sphingolipids in BEAS2B cells. Additionally, the mRNA expression of sphingomyelin synthase
2 and fatty acid synthase was significantly reduced upon long-term CSE exposure.
Conclusions: Together, we show an altered lipidome in human bronchial epithelial cells
exposed to cigarette smoke for 6 months. Here, mainly lipids from the sphingolipid pathway
were affected, providing new insights in our understanding of the role of lipids in cigarette
smoke-induced disease.
Key words: Lipidomics, Cigarette Smoke Extract, COPD, Airway Epithelial Cells.
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Introduction
Lipidome analysis is an emerging technique that unravels the complex composition of the
lipidome of the cell. Lipids play an important role in various cellular processes, including
metabolism and energy storage, cellular signaling processes, cell survival and proliferation,
cell death and of course membrane integrity (1–4). However, the role of the lipidome in
the onset or progression of disease is still poorly understood. Several recent studies have
linked the disruption of lipid metabolizing enzymes and pathways to neurodegenerative
diseases, cancer and inflammatory diseases (3,5–7), indicating that the deregulation of the
lipidome may play a role in their pathogenesis. Chronic obstructive pulmonary disease
(COPD) is a sustained lung inflammatory disease affecting millions of people worldwide.
In the industrialized world, long-term cigarette smoking is the main risk factor for COPD,
in combination with a genetic predisposition (8,9). In an explorative study, we have
previously shown that lipidome profiles in sputum differ between healthy non-smokers,
smokers without COPD and smokers with COPD. Lipid quantity of over 200 individual lipid
components, covering four major lipid classes of the sphingolipid pathway, i.e. ceramids,
sphingomyelins, glycosphingolipids and ethanolamines, differed between smokers
without COPD and smokers with COPD (1). However, in this study we could not specify
which cell type contributed to these changes nor could we determine (intra)cellular
lipidome changes. As the airway epithelium is the first line of defense against noxious
particles such as cigarette smoke, epithelial cells are thought to contribute to the aberrant
inflammatory response to cigarette smoking in COPD (8,10–15). The lipidome may play a
role in the epithelial pro-inflammatory response to cigarette smoke, as pro-inflammatory
cytokines are known to affect the activity of lipid-modifying/metabolizing enzymes, such as
phospholipases, sphingomyelinases and sphingosine kinases, leading to changes in lipids
that are known to regulate inflammatory signaling (1,6).
We hypothesize that the lipidome may also be affected directly by cigarette smoking. We
have previously shown that long-term cigarette exposure of human airway epithelium
impairs the structure and function of mitochondria, which are lipid rich organelles
important for energy exchange (12). To assess whether cigarette smoking induces
alterations in the lipidome, we investigated long-term cigarette smoke exposure in human
bronchial epithelial BEAS-2B cells. We studied the effect of 6-month exposure to 2.5% and
10% cigarette smoke extract (CSE) on lipid expression and sphingomyelinase activity in
the human bronchial cell line BEAS-2B in vitro. Additionally, gene expression of 6 enzymes
that regulate lipid metabolism, Sphingomyelin synthase 1 and 2 (SGMS1 and 2), fatty acid
synthase (FASN), sphingomyelin phosphodiesterase 1 (SMPD1), neutral sphingomyelinase
activation associated factor (NSMAF) and ceramide kinase (CERK) was quantified by reversetranscription PCR (qRT-PCR).

147

Chapter

6

Chapter 6

Methods and materials
In vitro study
BEAS-2B cells were grown in RPMI 1640 (Lonza, Verviers, Belgium) supplemented with 15%
heat-inactivated Fetal Bovine Serum (FBS), penicillin (100 U/ml) (Lonza, Verviers, Belgium) and
streptomycin (100 μg/ml) (Lonza, Verviers, Belgium) on collagen-coated plates and 0%, 2.5%
and 10% CSE. Cells were grown to ~90 % confluence and passaged twice a week by trypsin.
Cigarette smoke extract (CSE) was prepared from filter-less research-grade cigarettes (3R4F,
Tobacco Research Institute, University of Kentucky, Lexington, KY) as described previously
(16). Smoke from 2 cigarettes was bubbled through 25 ml medium was considered as 100%
CSE. CSE was added freshly each time when the cells were passaged.

Airway epithelial (BEAS-2B) cell lipid extraction
Once cells were grown to ~ 90% confluence, medium was replaced by serum deprived
medium (containing 0 2.5 or 10% CSE) 24 hours before the experiment. Methanol was used
to extract the lipids by direct application to the mono-layer cell culture. 200 µL aliquots of
methanol extracts were transferred into 500 µL Eppendorf tubes and centrifuged at 15,000
rpm during 10 min. The resulting supernatant (185 µL) was transferred into a vial with insert,
dried in centrifugal vacuum evaporator (miVac duoconcentrator, Genevac Lim., Ipswich,
UK) and reconstituted in 37 µL chloroform/isopropanol 50/50 (v/v). 10 µL of this extract was
injected into the LC-MS system

Lipidomics analysis, experimental setup, preparation and use of quality
control (QC) samples
For each experiment, the use of QC samples allowed monitoring the repeatability and
stability of the lipid measurement. BEAS-2B cell lines were investigated after 6-month
exposure to cigarette smoke extract (CSE) (15 cell extracts, 6 QCs). To prepare QC samples
within each experiment, 60 µL aliquots of the samples were collected in a QC pool. This
QC pool was then divided into 120 µL aliquots to obtain representative QC samples. QC
samples were prepared simultaneously along with study samples and were analyzed
throughout the LC/MS analysis sequences every five study samples. These samples did not
contain any biological variability and can be considered as technical replicates. The relative
standard deviation percent (RSD%) of all significantly up- or downregulated lipids has been
calculated to demonstrate the measurement error of the lipidomics analytical platform. A
more detailed description of the lipidomic analysis is available in the supplement.
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Lipid Nomenclature
For this study the International Lipid Classification and Nomenclature Committee
(ILCNC) was used, i.e. ‘‘Comprehensive Classification System for Lipids’’ (17–19). Regarding
glycosphingolipids, LC-MS is not able to discriminate between galactose and glucose, or
N-acetylglucosamine and N-acetylgalactosamine. Therefore, lipid nomenclature of these
species contains hexose (Hex) instead of glucose or galactose.

qRT-PCR
RNA was extracted from homogenates from the long-term exposed cells using TriReagent
(Applied Biosystems/Ambion, Foster City, CA, USA), reverse transcribed to cDNA using
iScript cDNA Synthesis Kit (Bio-Rad, Herculus, CA, USA). Sphingomyelin synthase 1 and 2
(SGMS1 and 2), fatty acid synthase (FASN), sphingomyelin phosphodiesterase 1 (SMPD1),
neutral sphingomyelinase activation associated factor (NSMAF) and ceramide kinase (CERK)
expression was analyzed by real-time PCR using Taqman® (Applied Biosystems, Foster City,
CA, USA). Validated probes and housekeeping genes, B2M and PP1A and TaqMan Master
Mix were purchased from Applied Biosystems (Foster City, CA, USA).

Statistical analyses
Differences in expression levels were compared with a Mann-Whitney U test for all
comparison experiments. Multiple testing correction, according to the false discovery
rate, was performed for the results described in table 1 and table 2 (20). Compounds that
were significantly differentially expressed (p<0.05) were identified with tandem mass
spectrometry (MS/MS).

Results
Long-term exposure of BEAS-2B cells to CSE
We have previously shown that 6-month CSE exposure alters mitochondrial morphology
and function in the bronchial epithelial cell line BEAS-2B (22). Therefore, we first tested
whether 6-months exposure to 0% (control), 2.5% and 10% CSE also affects the lipidome
in BEAS-2B cells. Table 1 shows all lipid compounds that were detected in BEAS-2B cells
grown for 6 months without CSE. No significant changes were observed when the cells
were grown for 6 months in a low concentration of CSE (2.5%), although a trend towards
either up-regulation or down-regulation was visible for 12 sphingolipids (Table 1), including
2 ceramides, 1 dihydroceramide, 3 sphingomyelins, and 6 Glycoshingolipids GSLs (Table 1).
The high concentration of CSE (10%) significantly altered the expression of 26 sphingolipids:
4 ceramides, 1 dihydroceramide, 9 sphingomyelins and 12 GSLs (Table 2).
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Subclass

N-acetylhexosaminetrihexosyl-ceramides
neuraminic acid containing
dihexosyl-ceramides

glycosphingolipids
(other)

7.32
0.76
0.50
0.74

C68H126N2O23
C57H104N2O21
C65H120N2O21
C65H118N2O21

1.80

C54H103NO13

0.54

0.57

2.13

C47H91N2O6P

SM(d18:1/24:2)

0.75

0.55

0.35

0.19

Fold change

C48H91NO13

C37H73N2O6P

SM(d18:1/14:1)
HexHexCer(d18:1/18:0)
HexHexCer(d18:1/24:0)
HexNAc-Hex-HexHexCer(d18:1/24:0)
NeuAc-HexHexCer(d18:1/16:0)
NeuAc-HexHexCer(d18:1/24:0)
NeuAc-HexHexCer(d18:1/24:1)

C37H75N2O6P

SM(d18:1/14:0)

C32H65NO3

C40H77NO3

Cer(d18:0/14:0)

C32H61NO3

Cer(d18:1/22:1)

Molecular structure

Cer(d18:1/14:1)

Lipid

0.156

0.098

0.299

0.098

0.067

0.067

0.067

0.067

0.098

0.067

0.067

0.067

p-value

9.12

4.08

5.56

8.36

6.49

4.09

9.17

7.96

9.25

11.93

5.36

8.22

RSD QC (%)

Fold change = expression in exposed cells / in non-exposed cells. A fold change >1 is up-regulation in exposed cells. A fold change between 0 and 1 is down-regulation
in exposed cells. The LipidMaps database was taken as the reference for the lipid nomenclature. LC-MS cannot discriminate between galactose and glucose, or
N-acetylglucosamine and N-acetylgalactosamine. E.g. LacCer can also be Gal-GalCer. Therefore, lipid nomenclature contains hexose (Hex) instead of glucose or galactose.
Relative standard deviation (RSD%) has been calculated from the QC samples (n=6).

dihexosyl-ceramides

dihydroceramides

ceramides

glycosphingolipids
(2 sugars)

sphingomyelins

ceramides

Class

Table 1: Differentially regulated lipids after long-term exposure to low CSE concentration (2.5%)
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Subclass

dihexosyl-ceramides

trihexosyl-ceramides

glycosphingolipids
(3 sugars)

dihydroceramides

ceramides

glycosphingolipids
(2 sugars)

sphingomyelins

ceramides

Class
2.42
3.52
0.08
0.22

C34H67NO3
C35H69NO3
C32H61NO3
C40H77NO3

Cer(d18:1/16:0)
Cer(d18:1/17:0)
Cer(d18:1/14:1)
Cer(d18:1/22:1)

0.66
1.37
2.32
0.37
0.50
0.43
0.36

2.58
2.67
2.67
2.09

C39H79N2O6P
C40H81N2O6P
C37H73N2O6P
C39H77N2O6P
C41H81N2O6P
C47H91N2O6P
C46H87NO13
C54H103NO13
C52H97NO18
C56H105NO18
C60H113NO18

SM(d18:1/16:0)
SM(d18:1/17:0)
SM(d18:1/14:1)
SM(d18:1/16:1)
SM(d18:1/18:1)
SM(d18:1/24:2)
Hex-HexCer(d18:1/16:0)
Hex-HexCer(d18:1/24:0)
Hex-Hex-HexCer(d18:1/16:0)
Hex-Hex-HexCer(d18:1/20:0)
Hex-Hex-HexCer(d18:1/24:0)

2.48

0.33

C35H71N2O6P
C37H75N2O6P

SM(d18:1/12:0)

SM(d18:0/14:0)
SM(d18:1/14:0)

0.43

C32H65NO3
C37H77N2O6P

Cer(d18:0/14:0)
0.47

Fold change

Molecular structure

Lipid

Table 2: Differentially regulated lipids after long-term exposure to high CSE concentration (10%)

0.041

0.041

0.028

0.041

0.028

0.028

0.041

0.028

0.028

0.028

0.028

0.028

0.028

0.028

0.028

0.028

0.028

0.028

0.028

p-value

4.40

9.57

6.69

6.49

6.81

9.17

4.81

11.08

7.96

4.84

5.86

9.25

10.94

7.93

11.93

5.36

8.22

14.18

10.19

RSD QC (%)
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152
C65H120N2O21
C65H118N2O21

NeuAc-Hex-HexCer(d18:1/24:0)
NeuAc-Hex-HexCer(d18:1/24:1)

8.89

C68H126N2O23

0.56

0.48

0.54

3.45

C66H122N2O23

C57H104N2O21

6.63

C60H110N2O23

NeuAc-Hex-HexCer(d18:1/16:0)

9.07

Fold change

C68H124N2O23

neuraminic acid containing
dihexosyl-ceramides

Molecular structure

HexNAc-Hex-HexHexCer(d18:1/24:1)
HexNAc-Hex-HexHexCer(d18:1/16:0)
HexNAc-Hex-HexHexCer(d18:1/22:0)
HexNAc-Hex-HexHexCer(d18:1/24:0)

Lipid

N-acetylhexosaminetrihexosyl-ceramides

Subclass

0.028

0.028

0.041

0.028

0.028

0.028

0.028

p-value

9.12

4.08

5.56

8.36

15.65

10.41

11.17

RSD QC (%)

Fold change = expression in exposed cells / in non-exposed cells. A fold change >1 is up-regulation in exposed cells. A fold change between 0 and 1 is down-regulation
in exposed cells. The LipidMaps database was taken as the reference for the lipid nomenclature. LC-MS cannot discriminate between galactose and glucose, or
N-acetylglucosamine and N-acetylgalactosamine. E.g. LacCer can also be Gal-GalCer. Therefore, lipid nomenclature contains hexose (Hex) instead of glucose or galactose.
Relative standard deviation (RSD%) has been calculated from the QC samples (n=6).

glycosphinogolipids
(other)

Class

Table 2: Continued
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Neuraminic acid containing sphingolipids, ceramides and sphingomyelins were all downregulated, except for 2 specific ceramides and their related sphingomyelins (i.e. d18:1/16:0
and d18:1/17:0 species). In contrast, other glycosphingolipids were significantly up-regulated
in cells exposed to 10% CSE (3-9 fold), with the strongest effect on N-acetylhexosaminetrihexosyl-ceramides. Of note, all lipids that tended to increase or decrease in the 2.5%
CSE-exposed cells were significantly differentially regulated in 10% CSE-exposed cells in the
same direction.
Additionally, we investigated the effect of long-term CSE exposure on sphingomyelinase
activity by assessing the ratio of ceramides and sphingomyelin species with identical carbon
chain length and saturation (21). Here, a higher ratio indicates that more sphingomyelin
is converted to ceramides, reflecting a higher sphingomyelinase activity. The ceramide
to sphingomyelin ratio for d18:1/16:0 was increased both in 2.5% and 10% CSE-exposed
BEAS-2B cells, while the ratio of d18:1/17:0 and d18:1/18:0 was only significantly increased
in BEAS-2B exposed to 10% CSE (Figure 1).

10

Sphingomyelinase
activity

9
8
7

control
CSE 2.5%
CSE 10%

6
5
4
3
2
1
0

Chapter

**

*

6

*

Figure 1: Sphingomyelinase activity in BEAS.2B cells (mean+/-SEM). Sphingomyelinase activity was calculated as
the ratio between a ceramide and its related sphingomyelin, with identical sphingoid base and fatty acid chain,
e.g. Cer(d18:1/16:0) and SM(d18:1/16:0). Sphingomyelinase activity was increased for d18:1/16:0 (2.5% and 10%
CSE), d18:1/17:0 (10% CSE) and d18:1/18:0 (10% CSE) in CSE exposed BEAS.2B cells. AUC = area under the curve. *
= p<0.05 in comparison with control
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qRT-PCR of lipid modifying enzymes in BEAS-2B cells exposed to 0%, 2.5%
and 10% CSE for 6 months
To uncover which lipid modifying enzymes are affected by cigarette smoke and may be
responsible for the observed lipidome alterations, we investigated the transcriptional levels
of sphingomyelin synthase 1 and 2 (SGMS1 and 2), fatty acid synthase (FASN), sphingomyelin
phosphodiesterase 1 (SMPD1), neutral sphingomyelinase activation associated factor
(NSMAF) and ceramide kinase (CERK) in BEAS-2B cells exposed to 0%, 2.5% and 10% CSE
for 6 months. SGMS2 transcription was significantly lowered by 2.5% and more strongly
by 10% CSE (Figure 2). In contrast, SGMS1 was not significantly altered by 2.5% nor by 10%
CSE. Like SGMS2, transcriptional levels of FASN were already lowered by 2.5% CSE exposure
and further reduced by 10% CSE. SMPD1 was slightly reduced by the highest concentration
of 10% CSE, although this failed to reach statistical significance (p=0.0556). There was no
significant difference in transcriptional levels of NSMAF and CERK. These data show that
long-term CSE exposure alters the lipid profile in human bronchial epithelial cells and that
alterations in expression of FASN and SGMS2, but not SGMS1, may be responsible for the
observed changes.

Figure 2: qRT-PCR on long-term cigarette smoke exposed cells, 0% CSE, 2.5% CSE and 10%CSE, show a significant
decrease in transcriptional levels of FASN, SGMS2 in 2.5% CSE and 10% CSE when compared to control conditions.
A decreasing trend is visible for SMPD1 in cells exposed to 10% CSE when compared to control conditions. No
significant changes in transcriptional levels were found for SGMS1, NSMAF and CERK. SGMS = sphingomyelin
synthase; FASN = fatty acid synthase; SMPD1 = sphingomyelin phosphodiesterase 1; NSMAF = neutral
sphingomyelinase activation associated factor; CERK = ceramide kinase (CERK)
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Discussion
We hypothesized that cigarette smoke affects epithelial expression of lipids that are relevant
to the pathogenesis of COPD, regulating inflammatory signaling (1,6). In the current study,
we show that lipids from the sphingolipid pathway are altered by long-term CSE exposure
in human bronchial epithelial cells, which is in line with our previous study showing
that the same lipids are down-regulated in sputum of smokers with and without COPD
compared to non-smokers (1). This suggests that lipids derived from airway epithelial cells
may be responsible for the observed changes in the lipid profile in sputum upon longterm smoking. In our previous study, we found that all lipid components were increased in
smokers compared to non-smokers, except for neuraminic acid containing lipids, which was
down-regulated. Accordingly, we observed a decrease in three neuraminic acid containing
lipid components belonging to the glycosphinogolipids, i.e. sphingolipids, ceramides and
sphingomyelins. One identical component, NeuAc-Hex-HexCer(d18:1/24:1), was observed
to be elevated in smokers compared to non-smokers. Also, a second identical neuraminic
acid containing component, NeuAc-Hex-HexCer(d18:1/24:0), was observed to be increased
in COPD patients compared to healthy smokers. On the other hand, we observed an increase
in other glycosphinogolipids, especially lipids belonging to N-acetylhexosamine-trihexosylceramides. This is again in line with our previous findings, showing higher levels of the same
lipid class in sputum from smokers and especially in COPD (1). Two of the lipid components
increased by 10% CSE exposure, HexNAc-Hex-Hex-HexCer(d18:1/16:0) and HexNAc-HexHex-HexCer(d18:1/22:0), were also observed to be increased in sputum from COPD patients
compared to healthy smokers. Furthermore, we observed that long-term cigarette smoke
exposure significantly reduced the expression of the lipid converting enzymes SGMS2 and
FASN in bronchial epithelial cells, which may account for the observed changes in lipid
profile. The changes in lipidomic profile and regulating enzymes suggest that cigarette
smoke affects the expression of key components regulating lipid expression. Indeed,
sphingomyelinase activity, as determined by the ratio of ceramides and sphingomyelin,
was increased upon long-term CSE exposure for ceramides and sphingomyelins with a fatty
acid chain length of 16 to 18 carbon atoms. SGMS1 and SGMS2 catalyze the conversion
of phosphatidylcholine and ceramides to sphingomyelin (SM) and diacylglycerol. This is
in line with a recent publication showing that neutral sphingomyelinase 2 (nSMase2) is
the sole sphingomyelinase being activated during cigarette smoke-induced oxidative
stress and where src acts as a regulator in human airway epithelial cells (23). Thus, the
observed reduction in SGMS2 expression upon long-term cigarette smoke exposure may
be responsible for the increased sphingomyelinase activity. However, most sphingomyelins,
7 of 9, were down-regulated of which 5 components were identical to the increased
sphingomyelins found in COPD patients. These components include the only 2 increased
sphingomyelins, SM(d18:1/16:0) and SM(d18:1/17:0), found in 10% CSE exposed BEAS-2B
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cells. The conversion of phosphatidylcholine and ceramides is a process required for cell
growth and membrane stability. Sphingomyelin plays a key role in apoptosis regulation
(24–27) and alterations in its levels in airway epithelium may thus have consequences for
COPD (16,26,27). We also observed that long-term CSE exposure reduces mRNA expression
of FASN, a multifunctional enzyme that catalyzes the formation of long-chain fatty acids
from one of the most ubiquities lipid component, palmitate. Reduced FASN expression
has also been observed under hypoxia induced cell death conditions in hepatocytes (28),
whereas cigarette smoke augments hypoxic chemo-sensitivity in humans which may lead
to accelerated cell death (29). The observed reduction in FASN expression may also explain
the reduction in various long-chain lipid components, as the synthases of these lipids may
be hampered in bronchial epithelial cells upon smoke exposure. Thus, our findings on the
mRNA expression of FASN and SGM2 are in line with the observed changes in lipid profile,
although future studies will be required to confirm that protein levels of these enzymes are
also reduced upon long-term CSE exposure.
The reduction in neuraminic acid containing lipid components that was observed in vitro as
well as in sputum of smokers and COPD patients may have important implications for the
development of the disease. Neuraminic acids are terminal monosaccharides modifications
of most glycoconjugates and glycosphingolipids. Of these, N-acetylneuraminic acid is
involved in a variety of biological interactions including cell adhesion and migration
(30), thereby regulating damage and repair processes. Ceramides are known to affect
mitochondrial membrane permeability and induce the formation of membrane channels,
which in turn, may release pro-apoptotic proteins from the mitochondria (31–33). Thus,
the observed cigarette smoke-induced chances may have important implications for
mitochondrial function and cell survival, which is in line with our previous findings on the
effects of cigarette smoke on mitochondrial structure and function (12). Also, oxidative
stress and inflammatory stimuli were shown to induce ceramide generation, which has
been linked to the development and progression of COPD disease (26,27,34–36). Two
ceramides, Cer(d18:1/16:0) and Cer(d18:1/17:0), were increased in BEAS-2B cells exposed to
10% CSE. Both lipid components were also observed to be elevated in sputum from COPD
patients when compared to healthy smokers. The release of ceramides can induce cellular
apoptosis and cell death (6,26,27,37). In contrast, 3 other ceramides were actually down
regulated (of which 2 of them were actually increased in lung sputum of COPD patients)
in BEAS-2B cells exposed to 10% CSE. This might suggest a role for ceramides in possibly a
biological signaling response to cigarette smoke induced stress (37,38).
In conclusion, our findings show that long-term CSE exposure induces up and downregulation of lipids belonging to the same class of lipids that were up or down-regulated
in induced sputum of smokers with and without COPD. This demonstrates again that
LC-QTOF-MS(/MS) LC-MS with MS/MS is also a powerful tool to identify lipids profiles in
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vitro. Lipidome profiling may unravel cigarette-smoke induced changes important for the
pathogenesis of COPD.

Acknowledgements
This research was partially performed within the framework of the Top Institute Pharma
project T1-201 “COPD, transition of systemic inflammation into multi-organ pathology”,
with partners University Medical Center Groningen, University Medical Center Utrecht,
University Medical Center Maastricht, Nycomed BV, GlaxoSmithKline, Danone, AstraZeneca,
and Foundation TI Pharma.
This study was made possible by: Metablys, Research Institute for Chromatography (Kortrijk,
Belgium), Royal Netherlands Academy for Arts and Sciences, Lung Foundation Netherlands
(NAF 97.74), Stichting Astmabestrijding (SAB 2012/039) and the Agency for Innovation by
Science and Technology in Flanders (IWT-Flanders) Belgium.

Chapter

6

157

Chapter 6

References
1.

2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

12.
13.

14.
15.
16.

17.
18.
19.
20.
21.

22.
23.
24.
25.

158

Telenga ED, Hoffmann RF, Ruben t’Kindt, Hoonhorst SJM, Willemse BWM, van Oosterhout AJM et al. Untargeted
lipidomic analysis in chronic obstructive pulmonary disease. Uncovering sphingolipids. Am J Respir Crit Care
Med 2014;190:155–164.
Watson AD. Thematic review series: systems biology approaches to metabolic and cardiovascular disorders.
Lipidomics: a global approach to lipid analysis in biological systems. J Lipid Res 2006;47:2101–2111.
Wenk MR. The emerging field of lipidomics. Nat Rev Drug Discov 2005;4:594–610.
Shevchenko A, Simons K. Lipidomics: coming to grips with lipid diversity. Nat Rev Mol Cell Biol 2010;11:593–598.
Devendra G, Spragg RG. Lung surfactant in subacute pulmonary disease. Respir Res 2002;3:19.
Wymann MP, Schneiter R. Lipid signalling in disease. Nat Rev Mol Cell Biol 2008;9:162–176.
Uhlig S, Gulbins E. Sphingolipids in the lungs. Am. J. Respir. Crit. Care Med. 2008;178:1100–1114.
Barnes PJ. Immunology of asthma and chronic obstructive pulmonary disease. Nat Rev Immunol 2008;8:183–
192.
Postma DS, Kerkhof M, Boezen HM, Koppelman GH. Asthma and chronic obstructive pulmonary disease:
Common genes, common environments? Am J Respir Crit Care Med 2011;183:1588–1594.
Heijink IH, Brandenburg SM, Postma DS, van Oosterhout AJM. Cigarette smoke impairs airway epithelial barrier
function and cell-cell contact recovery. Eur Respir J Off J Eur Soc Clin Respir Physiol 2012;39:419–428.
Heijink I, van Oosterhout A, Kliphuis N, Jonker M, Hoffmann R, Telenga E et al. Oxidant-induced corticosteroid
unresponsiveness in human bronchial epithelial cells. Thorax Published Online First: 26 August 2013.
doi:10.1136/thoraxjnl-2013-203520
Hoffmann RF, Zarrintan S, Brandenburg SM, Kol A, de Bruin HG, Jafari S et al. Prolonged cigarette smoke
exposure alters mitochondrial structure and function in airway epithelial cells. Respir Res 2013;14:97.
Toorn M Van Der, Rezayat D, Kauffman HF, Bakker SJL, Gans ROB, Koe GH et al. Lipid-soluble components
in cigarette smoke induce mitochondrial production of reactive oxygen species in lung epithelial cells.
2009;:109–114.
Kirkham P, Rahman I. Oxidative stress in asthma and COPD: antioxidants as a therapeutic strategy. Pharmacol
Ther 2006;111:476–494.
Pouwels SD, Heijink IH, ten Hacken NHT, Vandenabeele P, Krysko D V, Nawijn MC et al. DAMPs activating innate
and adaptive immune responses in COPD. Mucosal Immunol 2014;7:215–226.
Van der Toorn M, Slebos D-J, de Bruin HG, Leuvenink HG, Bakker SJL, Gans ROB et al. Cigarette smoke-induced
blockade of the mitochondrial respiratory chain switches lung epithelial cell apoptosis into necrosis. Am J
Physiol Lung Cell Mol Physiol 2007;292:L1211–L1218.
Fahy E, Subramaniam S, Brown HA, Glass CK, Merrill AH, Murphy RC et al. A comprehensive classification
system for lipids. J Lipid Res 2005;46:839–861.
Fahy E, Subramaniam S, Murphy RC, Nishijima M, Raetz CRH, Shimizu T et al. Update of the LIPID MAPS
comprehensive classification system for lipids. J Lipid Res 2009;50 Suppl:S9–S14.
Fahy E, Cotter D, Sud M, Subramaniam S. Lipid classification, structures and tools. Biochim Biophys Acta - Mol Cell
Biol Lipids 2011;1811:637–647.
Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple
Testing. J R Stat Soc Ser B 1995;57:289–300.
Mielke MM, Bandaru VVR, McArthur JC, Chu M, Haughey NJ. Disturbance in cerebral spinal fluid sphingolipid
content is associated with memory impairment in subjects infected with the human immunodeficiency virus.
J Neurovirol 2010;16:445–456.
Lee JY, Sohn KH, Rhee SH, Hwang D. Saturated fatty acids, but not unsaturated fatty acids, induce the expression
of cyclooxygenase-2 mediated through Toll-like receptor 4. J Biol Chem 2001;276:16683–16689.
Samuel Chung, Simon Vu, Simone Filosto and TG. Src Regulates Cigarette Smoke–Induced Ceramide
Generation via Neutral Sphingomyelinase 2 in the Airway Epithelium. Am J Respir Cell Mol Biol 2015;52:738–748.
Wymann MP, Schneiter R. Lipid signalling in disease. Nat Rev Mol Cell Biol 2008;9:162–176.
Grösch S, Schiffmann S, Geisslinger G. Chain length-specific properties of ceramides. Prog Lipid Res 2012;51:50–
62.

Lipidomic analysis in BEAS-2B

26. Levy M, Khan E, Careaga M, Goldkorn T. Neutral sphingomyelinase 2 is activated by cigarette smoke to augment
ceramide-induced apoptosis in lung cell death. Am J Physiol Lung Cell Mol Physiol 2009;297:L125–L133.
27. Filosto S, Castillo S, Danielson A, Franzi L, Khan E, Kenyon N et al. Neutral sphingomyelinase 2: a novel target in
cigarette smoke-induced apoptosis and lung injury. Am J Respir Cell Mol Biol 2011;44:350–360.
28. Jung SY, Jeon HK, Choi JS, Kim YJ. Reduced expression of FASN through SREBP-1 down-regulation is responsible
for hypoxic cell death in HepG2 cells. J Cell Biochem 2012;113:3730–3739.
29. Yamamoto H, Inaba S, Nishiura Y, Kishi F, Kawakami Y. Acute inhalation of cigarette smoke augments hypoxic
chemosensitivity in humans. J Appl Physiol 1985;58:717–723.
30. Keppler OT, Horstkorte R, Pawlita M, Schmidt C, Reutter W. Biochemical engineering of the N-acyl side chain of
sialic acid: biological implications. Glycobiology 2001;11:11R – 18R.
31. Lindner K, Uhlig U, Uhlig S. Ceramide alters endothelial cell permeability by a nonapoptotic mechanism. Br J
Pharmacol 2005;145:132–140.
32. Tatsuta T, Scharwey M, Langer T. Mitochondrial lipid trafficking. Trends Cell Biol. 2014;24:44–52.
33. Siskind LJ, Kolesnick RN, Colombini M. Ceramide forms channels in mitochondrial outer membranes at
physiologically relevant concentrations. Mitochondrion 2006;6:118–125.
34. Ravid T, Tsaba A, Gee P, Rasooly R, Medina EA, Goldkorn T. Ceramide accumulation precedes caspase-3
activation during apoptosis of A549 human lung adenocarcinoma cells. Am J Physiol Lung Cell Mol Physiol
2003;284:L1082–L1092.
35. Moreno L, Moral-Sanz J, Morales-Cano D, Barreira B, Moreno E, Ferrarini A et al. Ceramide mediates acute
oxygen sensing in vascular tissues. Antioxid Redox Signal 2014;20:1–14.
36. Chan C, Goldkorn T. Ceramide path in human lung cell death. Am J Respir Cell Mol Biol 2000;22:460–468.
37. Zheng W, Kollmeyer J, Symolon H, Momin A, Munter E, Wang E et al. Ceramides and other bioactive sphingolipid
backbones in health and disease: lipidomic analysis, metabolism and roles in membrane structure, dynamics,
signaling and autophagy. Biochim Biophys Acta 2006;1758:1864–1884.
38. Avraham-Davidi I, Grunspan M, Yaniv K. Lipid signaling in the endothelium. Exp Cell Res 2013;:1–8.

Chapter

6

159

CHAPTER

Summary, general discussion,
conclusions and future perspectives

7

Summary, general discussion, conclusions and future perspectives

Summary
Chronic Obstructive Pulmonary Disease (COPD), a chronic respiratory disease, is one of the
leading causes of death today, with a worldwide increase in incidence. It is currently the
fourth leading cause of death (97, 98). The majority of COPD patients (excluding alpha1AT
deficiency) are characterized by a chronic inflammatory response in the lungs in response
to noxious particles and gasses, including cigarette smoke, leading to accelerated lung
function decline. Epithelial cells are the first line of defense against inhaled insults such
as cigarette smoke. In this thesis we investigated how epithelial cells respond to oxidative
stress, specifically with respect to mitochondrial function, and whether mitochondrial
dysfunction contributes to the pathogenesis of COPD (5, 6, 15, 72, 80). Because only 1015% of the smokers eventually develop COPD, we propose that a genetic susceptibility
contributes to the onset and progression of the disease (21), leading to overproduction or
poor neutralization of ROS. This is supported through GWAS and specific gene association
studies (12, 29, 64, 65, 73, 74) as well as familial aggregation studies (52, 61, 75), which
may contribute to the onset or progression of the disease. In contrast to asthma, where
inhaled glucocorticoids (IGC) are able to suppress inflammatory responses, glucocorticoid
(GC) treatment is less beneficial in COPD patients. Reduced sensitivity to IGCs has been
clinically associated with neutrophilic airway inflammation. Although neutrophils are
considered relatively unresponsive to glucocorticoids, the production of pro-inflammatory
cytokines/chemokines involved in neutrophilic infiltration, e.g. CXCL8, by airway epithelium
is normally suppressed by corticosteroids (24). However, recent studies have shown that
macrophages (37) and bronchial epithelial cells (30) of COPD patients are less responsive to
GC, which may thus lead to the development of GC-insensitive airway inflammation. Here,
oxidative stress has been implicated as mediator of the observed GC unresponsiveness (30,
44, 69). GCs normally exert a broad spectrum of anti-inflammatory effects after binding to
their GC receptor (GRα). After ligand-binding, translocation of the receptor to the nucleus
suppresses pro-inflammatory gene transcription through the recruitment of histone
deacetylases (HDACs), in particular HDAC2. HDAC2 is able to induce deacetylation of
histones containing inflammatory genes, thereby restricting access of the transcriptional
machinery and inhibiting transcription (4). It has been shown in COPD macrophages that
HDAC2 expression and activity is reduced, and therefore unsuccessful in suppressing the
inflammatory response (18, 36, 37). Furthermore, overexpression of HDAC2 in macrophages
could overcome GC insensitivity (38). Increased expression of the dominant negative form
of the receptor, GRβ, which is seen in steroid resistant neutrophils, may also contribute
to GC insensitivity in other cells (81). Furthermore, GCs can directly influence gene
transcription and are able to bind to glucocorticoid response elements (GREs) that are
present in the promoter of several anti-inflammatory genes (17). Here, posttranslational
modification of the GR, by phosphorylation, nitration, acetylation or ubiquitination may
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influence the receptors function and induce GC insensitivity. Cigarette smoke has been
shown to induce oxidative stress-dependent activation of p38 MAPK pathway, resulting in
GR phosphorylation and inhibiting its translocations to the nucleus (50). Oxidative radicals
can either derive from cigarette smoke directly or be generated intracellularly mainly by
mitochondria (43). The long term-effects of smoking on mitochondrial function have never
been thoroughly investigated in COPD, although some studies that indicate mitochondrial
function changes caused by acute cigarette smoke exposure, resulting in OXPHOS and
apoptotic abnormalities (77, 84, 85). This thesis aimed to assess the effects of long-term
cigarette smoke-induced oxidative stress on GC responsiveness as well as on mitochondrial
structure and function in bronchial epithelial cells and the relation between these processes
in COPD. Furthermore, we used a novel technique, lipidomics, to monitor cigarette smokeinduced and/or disease related-changes in sputum from COPD patients as well as in longterm cigarette smoke exposed bronchial epithelial cells.
To address our hypothesis that cigarette smoke-induced oxidative stress in lung epithelial
cells results in mitochondrial defects, in chapter 2 we studied the effect of long-term
cigarette smoke exposure on mitochondrial function and morphology in human bronchial
epithelial cells. We were especially interested in the long-term effects of CSE, because COPD
usually develops after smoking for 20 years or longer. Surprisingly, most in vitro studies rely
on relative short cigarette smoke exposure (ranging from 15 min to 48 hours) to understand
the acute effects of cigarette smoke on cells that are thought to play key roles in COPD
disease. We know from previous studies that long-term cigarette smoke exposure induces
changes in the airway epithelial layer, with increased mucus cell hyperplasia and decreased
numbers of cilia and ciliated cells (57, 76). In addition to these changes, we hypothesized
that long-term cigarette smoke exposure induces mitochondrial dysfunction in airway
epithelial cells. In long-term CSE-exposed human bronchial epithelial BEAS-2B cells, we
observed increased expression of oxidative stress marker MnSOD and of the inflammatory
cytokines CXCL8, IL-1β and IL-6 at mRNA and protein level, which was accompanied by a
damaged mitochondrial phenotype including increased fragmentation and branching, and
reduced numbers of cristae. All these changes, except for fragmentation, remained present
after CSE depletion, suggesting that these are persistent upon smoking cessation. This is
in line with the increased mRNA expression levels of OPA1, a critical regulator of cristae
formation and fission/fusion, observed in these long-term CSE-exposed cells. We compared
the findings in long-term cigarette smoke-exposed BEAS-2B cells with mitochondrial
abnormalities in bronchial epithelial cells derived from ex-smoking COPD patients. Here
we observed striking similarities, including cristae depletion and increased mitochondrial
branching and fragmentation when compared to cells from non-smoking individuals. Also,
in bronchial epithelial cells from current smoking COPD patients, we observed higher mRNA
expression levels of mitochondrial damage markers PPARGC1α and PINK1 than in cells from
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nonsmoking controls, with an intermediate level of these markers in cells from smoking
controls. Both markers are involved in mitochondrial biogenesis and clearance, suggesting
an increased mitochondrial turnover due to damage in epithelial cells from COPD patients.
Together, our data from this study show that long-term exposure to CSE leads to structural
and functional changes in mitochondria that persist upon smoking cessation which could
all contribute to (the onset of ) COPD disease by inducing chronic inflammation and hamper
tissue repair.
In chapter 3, we investigated the mechanism of cigarette smoke-induced GC
unresponsiveness in airway epithelial as well as inflammatory cells. We hypothesized that
exposure to cigarette smoke induces GC unresponsiveness by inducing oxidative stress,
especially in innate immune cells (e.g. epithelial cells and macrophages) of COPD patients.
Previous studies already linked an increased burden of oxidative stress to GC responsiveness
in COPD patients (15, 30, 44, 69). We recently observed that oxidative stress reduces GC
responsiveness in bronchial epithelial cells and that epithelial cells from COPD patients
display reduced GC sensitivity compared to those from non-smokers, with an intermediate
effect on control smokers (30). In chapter 3, we confirm that the treatment of epithelial
cells with cigarette smoke extract induces oxidative stress, and that this leads to reduced
GC responsiveness in bronchial epithelial cells. We next assessed whether GSK3β, a multifunctional redox-sensitive serine/threonine kinase, may be involved in oxidative stressinduced GC unresponsiveness in COPD. Importantly, we found that bronchial epithelial
cells and monocytes in lung tissue from smokers and COPD patients display higher levels
of phosphorylated GSK3β than in non-smoking controls, a finding that was recapitulated
in isolated epithelial cells. We observed that (CSE-induced) oxidative stress is capable
of inactivating GSK3β by phosphorylation at serine-9, and that CSE also reduces GC
responsiveness in bronchial epithelial cells. We also observed that the pharmacological
inhibition of GSK3β leads to reduced GC responsiveness, with a loss of suppressive effects
on pro-inflammatory cytokine production. Thus, the increased levels of phopsho-GSK3β
in epithelial cells and monocytes may be related to the reduced responsiveness that has
been observed in COPD. With respect to the involved mechanism, several studies proposed
that oxidative stress-induced histone deacetylase 2 (HDAC2) inactivation in oxidative
stress is involved in GC unresponsiveness (4, 5, 17, 53, 93). Although loss of HDAC2 activity
appeared, at least in part, responsible for the loss of GC responsiveness upon GSK3β
inactivation in monocytes, our data showed that a phospho-p65-dependent mechanism is
more likely involved in bronchial epithelial cells (Chapter 2 Supplement). Thus, although the
functional output of GSK3β inactivation was similar in inflammatory and structural cells, the
downstream mechanisms involved were actually cell-specific.
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GSK3β is involved in the regulation of several mitochondrial processes (13, 51, 59, 79)
and in chapter 2 we have shown that cigarette smoking affects mitochondrial function
and morphology in lung epithelial cells. This raised the question whether mitochondrial
dysfunction in these cells contributes to reduced GC responsiveness as well as chronic
airway inflammation and impaired lung tissue repair. In chapter 4 of this thesis, we
studied the effect of mitochondrial dysfunction on pro-inflammatory responses, barrier
function, wound healing and GC responsiveness in lung epithelial A549 cells depleted
of mitochondrial DNA (Rho-0). We have shown that the depletion of mtDNA induces an
increase in the baseline production of the pro-inflammatory cytokine IL-6 and chemokines
CXCL8 (IL-8), CCL20, CCL3 (MIP1α) and CCL4 (MIP1β). When assessing the suppressive effect
of the inhaled glucocorticoid budesonide on the pro-inflammatory response, we observed
that the A549-Rho0 cells, depleted of mtDNA, are insensitive to budesonide, in contrast to
A549 wild-type cells. In addition, we observed that GCs were unable to significantly improve
the barrier function of A549-Rho0 cells, in contrast to A549 wild type cells, while the wound
healing response of A549-Rho0 cells was also impaired. Increased lactate levels in A549Rho0 cells indicated activity of a compensatory secondary metabolism, glycolysis. PI3K, a
mediator of the glycolysis, has been linked to GC unresponsiveness in COPD (35, 48, 49).
Therefore, we studied the effect of a pharmacological PI3K/Akt inhibitor and observed that
this induced a significant decrease in the release of CXCL8. Moreover, in the presence of the
Akt inhibitor, the unresponsiveness of A549-Rho0 to budesonide was completely reversed,
the suppressive effect on CXCL8 almost returning to the effect in wild type cells. This
suggests a role for increased PI3K/Akt signaling in GC unresponsiveness in cells harboring
a mitochondrial dysfunction. Together, our data from this chapter demonstrate that
mitochondrial dysfunction in epithelial cells may have important consequences for COPD,
leading to increased pro-inflammatory activity that cannot be reduced by glucocorticoids
and impaired restoration of barrier function upon injury. Thus, the reduced mitochondrial
function as observed in epithelial cells from COPD patients (chapter 2) could contribute to
the reduced GC responsiveness previously observed in these cells (30).
In chapter 5, we used a novel methodology, lipidomics, to evaluate whether lipid levels
in induced sputum of COPD patients may serve as specific markers for COPD. This was
especially of interest as changes in lipid metabolism may reflect changes in mitochondrial
function. This because the mitochondrial matrix is responsible for fatty acid degradation, a
process in which fatty acids are broken down, resulting in release of energy. Induction of
sputum by inhaling hypertonic saline has shown to be a useful tool to investigate obstructive
airway diseases. Also, in elderly patients with COPD it is considered to be a safe tool for
assessing airway inflammation (7, 23), although a disadvantage of induced sputum is that
the cellular origin of the lipid compounds cannot be determined. We were able to identify
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more than 1,500 lipid compounds in induced sputum of the participating individuals.
Levels of sphingolipids, a major class of lipids, were significantly higher in smokers with
COPD than in smokers without COPD. Of these, we have identified more than 200 known
single lipid compounds: 168 sphingolipids and 36 phosphatidylethanolamine lipids. In
addition, 5 tobacco-related compounds were significantly higher in smokers with COPD
compared to smokers without COPD. This latter observation may reflect the differences in
pack-years between these groups. In comparison to the never-smoking controls, only 20
(glyco)sphingolipids and 6 tobacco-related compounds were higher expressed in smokers
without COPD. After two-months of smoking cessation, we observed a reduction in
expression of only 26 sphingolipids in smokers with and without COPD, while the other 175
were still significantly enhanced compared to non-smokers, indicating persistent changes
in lipidome profile. In line with these results, several histopathological studies suggest that
airway inflammation persists in ex-smoking individuals, although other studies indicate that
smoking cessation improves respiratory symptoms and bronchial hyper-responsiveness
(90, 91). We cannot exclude that longer periods of smoking cessation will eventually lead
to lower expression of additional individual lipid compounds in induced sputum, which
requires further investigation. Additionally, we found only one lipid component to be
reduced in induced sputum of smokers and COPD patients compared to non-smokers,
which was identified as neuraminic acid, a terminal monosaccharides modification of most
glycoconjugates and glycosphingolipids. After smoking cessation, neuraminic acid levels
were restored, further indicating that its increase was due to cigarette smoking and not a
disease-related effect. To conclude, expression of lipids from the sphingolipid pathway is
higher in smokers with COPD compared with smokers without COPD.
Many different lung cell types including epithelial cells, macrophages and neutrophils, may
be responsible for the observed changes in lipid compounds, either upon active secretion
or release of their lipid (membrane) compounds into the lung sputum upon necrotic cell
death. The release of lipids may contribute to airway inflammation (86, 92). Free fatty acids
can activate TLR-4, thereby inducing similar inflammatory responses as lipopolysaccharides
(47). In line with this, we found a correlation with inflammation in sputum and lung
function decline for the 13 lipids with the highest increase in smokers with and compared
to those without COPD. Furthermore, lipids released from the sphingolipid pathway, such
as ceramides, are major players in the induction of apoptosis and cellular senescence, and
both cellular responses are increased in the lungs of COPD patients (28, 86). Additionally,
cigarette smoke-induced changes in lipid accumulation and/or composition have been
reported to be harmful to the cell as they compromise integrity of cell membranes and
organelle membranes, including those from mitochondria (47, 92). Thus, the observed
changes in lipid profile of smoking COPD patients may be related to the abnormalities
in mitochondrial structure in epithelial cells from COPD patients. There are already initial
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studies that use lipidomics and airway epithelial cells for determining airway disease (95).
As a follow-up on chapter 5, in chapter 6 we studied whether epithelial cells may be
responsible for the observed changes in lipid profile in sputum of smokers, by assessing
how long-term cigarette smoke exposure affects the intracellular lipidome expression in
human bronchial epithelial cell line BEAS-2B. In this study we showed that lipids from the
sphingolipid pathway are altered by long-term CSE exposure in epithelial cells, which is
in line with our findings in chapter 5, indicating that the sphingolipids in sputum from
smoking individuals may be derived from airway epithelial cells. In further line with our
data from chapter 5, we observed significant alterations in 9 sphingomyelins of which 2
components were up-regulated and 7 were down-regulated in long-term CSE-exposed
BEAS-2B cells. Additionally, we found significant changes in 5 ceramides, of which 2 were
up-regulated and 3 were down-regulated, and we observed and a reduction in 3 neuraminic
acid containing lipid components belonging to the class of glycosphinogolipids. Thus,
cigarette smoke exposure strongly reduces neuraminic acid containing lipid components
both in vivo in sputum and in epithelial cell in vitro. N-acetylneuraminic acid is one of the
most important members of this sugar family and is involved in a variety of biological
interactions including cell adhesion and migration (42). Moreover, it is an important
addition to mucins and has shown to be an antioxidant scavenger (34). Therefore, we
expect that alterations in its levels may have implications in cell infiltration and aberrant
cellular repair responses of COPD patients. Nine other glycosphinogolipids belonging
to the same lipid class showed strong up-regulation upon CSE exposure, especially
lipids belonging to N-acetylhexosamine-trihexosyl-ceramides. In line with the observed
upregulation of sphingomyelins, sphingomyelinase activity, as determined by the ratio of
ceramides and sphingomyelin, showed increased activity in epithelial cells upon long-term
exposure to CSE. Furthermore, we observed that CSE exposure lowered the expression of
the lipid converting enzymes SGMS2, FASN and SMPD1, which could be responsible for the
observed CSE-induced changes in lipid profile in bronchial epithelial cells. We anticipate
that especially the CSE-induced changes in sphingolipid compounds may have important
consequences, as they regulate various cellular processes like apoptosis, regeneration and
senescence (26, 28, 92), all of which are of relevance to COPD.
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General discussion
Together, our study shows that cigarette smoke-induced oxidative stress induces
mitochondrial function and morphology changes and that epithelial cells from COPD
patients display mitochondrial abnormalities. We hypothesized that oxidative stress
results in stronger mitochondrial damage in epithelial cells from COPD patients than
control smokers as a consequence of impaired antioxidant responses (15, 22). Normally,
cigarette smoking induces an upregulation of antioxidant genes. Increased expression of
16/44 antioxidant-related genes has been observed in airway epithelium from smokers
compared to non-smokers (27), while levels of the ROS scavenger Vitamin E were reduced
with disease severity in lung tissue of COPD patients (1). Mitochondrial damage may be
related to increased pro-inflammatory activity and reduced GC responsiveness in COPD,
as depletion of mitochondrial DNA in lung epithelial cells resulted in loss of suppressive
effects of glucocorticoids on epithelial pro-inflammatory cytokine production. In addition,
mitochondrial dysfunction led to increased glycolysis, which has been associated
with increased PI3K activity. PI3K has been implicated in oxidative-stress induced GC
unresponsiveness (48, 49). Indeed, we observed that inhibition of PI3K/Akt activity
restored the responsiveness of pro-inflammatory epithelial responses to GCs in mtDNAdepleted cells. Of note, PI3K can induce phosphorylation of GSK3β at Ser-9 (94), which
results in a reduction of GSK3β activity. We further demonstrated that this inhibitory
phosphorylation of GSK3β mediates GC insensitivity in bronchial epithelial cells, and that
levels of phosphorylated GSK3β are increased in bronchial epithelial cells of COPD patients.
Of interest, it is well known that inhibition of GSK3β activity stimulates glycolytic processes
(87), supporting the notion that it may play a role in mitochondrial function. Mitochondria
may also be important as sensors of cellular stress by quantitating the local accumulation
of specific lipids and glycolipids and initiate stress-induced apoptosis (83). Sphingolipids
have been implicated in apoptotic and autophagy processes (46). Accumulation of the
sphingolipid ceramide can affect mitochondrial functions either direct or indirectly (82,
83). In early stage apoptosis, a ganglioside (GD3) is actively synthesized and relocates to
the mitochondrial membrane initiating apoptosis by opening the transition pore complex
(83). Thus, it is tempting to speculate that the cigarette smoke-induced changes in lipid
compounds may contribute to the observed mitochondrial abnormalities in COPD
and thus the pathogenesis of the disease. We observed higher levels of lipids from the
sphingolipid pathway in smokers with COPD compared with smokers without COPD.
Specifically, ceramides has been shown to induce alveolar epithelial apoptosis and alveolar
enlargement in a mouse model (63). Furthermore, Bowler and co-workers recently reported
an association between sphingomyelins and emphysema and between glycosphingolipids
and COPD exacerbations (8). Together, we propose that cigarette smoke-induced oxidative
stress and changes in lipidome lead to mitochondrial damage and a switch to glycolysis,
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which is accompanied by the activation of PI3K/Akt, with subsequent activation of proinflammatory pathways and inactivation of GSK3β, leading to reduced responsiveness to
glucocorticoids. In turn, we show that a proper mitochondrial function is important for
restoration of the epithelial barrier upon injury, and may thus play a role in the abnormal
tissue repair, another important pathological feature of COPD. Excessive ROS production
by damaged mitochondria may increase pro-inflammatory signaling (e.g. the PI3K/Akt
pathway) and further damage mtDNA components, leading to further impairment of
mitochondrial function and enhancement of pro-inflammatory responses (chapter 2,
(33)). Mitochondrial impairment in epithelial cells from COPD patients is supported by our
finding that the expression of mitochondrial biogenesis gene expression marker PPARGC1α
was increased in epithelial cells from COPD patients compared to control smokers. This
indicates a necessity for generating new mitochondria in epithelial cells from COPD
patients. In contrast to epithelial cells, it was found lowered in skeletal muscle from COPD
patients (70). Another mitochondrial damage marker, PINK1, was also significantly increased
in epithelial cells from COPD patients compared to non-smokers, although not when
compared to control smokers. This is in line with a recent study showing elevated levels
of PINK1 in epithelium of COPD patients. Here, authors also showed that PINK1 knock-out
mice are protected from cigarette smoke-induced COPD manifestations including airspace
enlargement (54).
We have not studied effects of cigarette smoke on cell death in epithelial cells from COPD
patients this thesis, but increased epithelial apoptosis has also been observed in COPD (11).
GSK3β is able to mediate apoptosis through p53 and BAX activation, triggering the caspase
cascade and induce programmed cell death (20, 32, 39, 59). p53 can also influence cell
metabolism at specific points, notably through the up-regulation of glutamate synthesis
and inhibition of fatty acid synthesis and glycolysis (41, 55, 68). GSK3β, together with the
Akt-dependent kinase tau protein kinase 1, is able to interact with pyruvate dehydrogenase
(PDH), thereby reducing levels of acetyl-CoA and blocking the TCA cycle, thus impacting
on mitochondrial respiration (25, 40). Additionally, GSK3β can negatively regulate several
aspects of insulin signaling and thus limit the uptake of glucose (71). Inactivation of
GSK3β promotes glucose uptake and together with reduced levels of PDH will generate
a metabolic shift towards glycolysis (20, 31). We speculate that especially the effects of
GSK3β on the apoptotic response might force the cell to go into necrosis, which may
subsequently result in the release various cellular components, including membrane lipids
and damage associated danger signals (66) into the environment, contributing to the
chronic inflammatory response.
An overview of these processes is illustrated in figure 1. Taken together, we expect that more
knowledge about mitochondrial function, GSK3β regulation and lipid release will greatly
contribute to improve our insight in the inflammatory processes and cellular regeneration
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of COPD disease and might improve the method of treatment and the outcome of this
general permanent and progressive disease. This may provide new insights in the role
of mitochondria in the development and treatment of Chronic Obstructive Pulmonary
Disease.
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Figure 1. Model of molecular mitochondrial processes in A) lung epithelial cells from healthy individual and B) lung
epithelial cells from COPD patient. A) In epithelial cells from healthy individuals, the majority of ATP is produced by
oxidative phosphorylation and an adequate anti-oxidant response (e.g. Vitamin E, Catalase, MnSOD) will neutralize
the produced reactive oxygen species. A balanced active and inactive form of GSK3β will ensure limited glycolysis,
steroid sensitivity and a proper apoptotic response. B) Hypothetical model of the effects of mitochondrial damage
in epithelial cells of COPD patients. Increased ROS production and/or an inadequate anti-oxidant response
can trigger an inflammatory response and further mitochondrial damage. Mitochondrial dysfunction can lead
to cellular decay, amplify the pro-inflammatory response, and lead to impaired wound healing upon injury.
Inactivation of GSK3β reduces steroid responsiveness, and stimulates the glycolysis and can block cells from going
into mitochondrial induced apoptosis, potentially inducing necrosis, leading to the release of lipid components.
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Future perspectives
For a COPD patient, the moments that “take your breath away” are worst in life. COPD is a
slow progressive disease and especially the end stage is characterized by very severe airflow
limitation and exacerbations that are sometimes life-threatening. A severely impaired
quality of life is also common at this stage. Smoking cessation and improvement of physical
health until now are considered the only effective interventions inhibiting the further
progression of COPD; in particular the further decline in lung function, however, inflicted
lung damage cannot be restored. Current treatment of COPD is based on suppressing the
inflammatory response in the lung using corticosteroids but this appears to exert little
benefit because of an impaired response mechanism. Current research aims to improve
the sensitivity of corticosteroids studying the involvement of reactive oxygen species
and HDAC2 activity. Studies have shown that oxidative stress induces steroid insensitivity
mediated by the activation of Akt and the inhibition of HDAC2 activity (4, 17, 36, 38, 48,
53). Our study supplements these results as we have shown that Akt is indeed involved
in GC unresponsiveness in mtDNA-depleted cells, however, we found only partial HDAC2
involvement in steroid insensitivity in human monocytes and no involvement of HDAC2 in
bronchial epithelial cells. We did identify a novel player regulating GC response, GSK3β, in
both cell types. Pharmacological inhibition of GSK3β led to complete steroid insensitivity
in cultured human monocytes and bronchial epithelial cells. Future studies should focus
on preventing inactivation/phosphorylation of GSK3β when using corticosteroids to treat
COPD patients. Additionally, it would be of interest to study the possible link and role of
GSK3β and mitochondrial function. It might be interesting to study the effect of antioxidants and/or an Akt inhibitor on the inflammatory response in combination with GC
treatment. (Mitochondrial targeted) antioxidants may also prove beneficial in protecting the
mitochondria against excessive ROS production. Ahmad et al. have shown that mitochondrial
targeted antioxidants greatly improved impaired mitophagy, a phenotype observed in
mouse lungs with emphysema as well as in lungs of chronic smokers and patients with
COPD (2). Additionally, protection of the mitochondria and stimulating the formation of new
mitochondria might be a novel therapeutic strategy for COPD. In this respect, substances
like L-carnitine, lipoic acid, and coenzyme Q10 are known to protect mitochondria, while
pyrroloquinoline quinone (PQQ) has been shown to stimulate mitochondrial biogenesis
by increasing the expression of PPARGC1α (14, 78). We observed that mRNA expression of
PPARGC1α is increased in epithelial cells from COPD patients potentially as consequence of
an unsuccessful attempt to upregulate mitochondrial biogenesis. Reducing the formation
of ROS may also prove beneficial in preventing GSK3β phosphorylation and thus protect
mitochondria and promoting the sensitivity to GCs.
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In the future, it will further be of interest to explore abnormalities in autophagy/mitophagy
processes in lung epithelial cells of COPD patients. In chapter 2, we imaged epithelial cells
of COPD patients and found structural and functional abnormalities in the mitochondria.
Normally, when autophagy/mitophagy is hampered, defective mitochondria accumulate.
The persistent presence of the defective mitochondria in epithelial cells from COPD patients
raised the question whether clearance by mitophagy could be disturbed. A recent study
showed that mitophagy-dependent necroptosis contributes to the progression of COPD
(54). Also, it has been shown that when autophagy is hampered, this leads to increased
release of the pro-inflammatory cytokine IL-1β upon mtDNA exposure. Enhanced levels
of IL-1β have been observed in COPD and disturbed autophagy may thus have important
consequences for the inflammatory response in COPD (3, 9, 56). mtDNA is also able to
induce various inflammatory cytokines next to IL-1β including CLCX8, IL-6 and TNF-α (10,
45, 60, 62, 96). These cytokines can also be released by exposure through cigarette smoke
directly or indirectly due to the induction of necrotic cell death leading to the release of
DAMPs in the environment. It would be interesting to study whether pro-inflammatory
responses of epithelial cells are reduced upon cigarette smoke or DAMP exposure when
the autophagy/mitophagy process is blocked.
In addition, restoring the neuraminic/sialic acid concentration in respiratory mucus might
be a promising therapeutic strategy. The airway epithelium is covered by a renewable layer
of gelatinous mucus. Mucus lining the respiratory tract is thought to act as scavenger of free
radicals, consisting mostly of water, salt, lipids, ascorbic acid, reduced glutathione (GSH) and
mucin (19, 58, 67). Mucins are large neuraminic acid or sialic acid containing glycoproteins
present at the interface between epithelium and their extracellular environment. A recent
study indicated that sialic acid is the key component in hydroxyl oxidant savaging capacity
of mucins (58). Also, sialic acid has been proposed to inhibit viral entry by mimicking
sialylated receptors on the cell surface, thus a reduction of sialic acid in the mucus lining
could increase the susceptibility for viral infections (16). This may lead to more frequent
COPD exacerbations, which are often associated with viral or bacterial infections (88, 89).
Neuraminic/Sialic acid containing components were the only components lowered in our
lipidomic study (chapter 5). Lowered levels were found in smokers as well as COPD patients,
indicating that this was caused by cigarette smoking. This is in line with our prolonged CSE
exposed BEAS-2B cell study where neuraminic/sialic acid components were also lowered
(chapter 6). This cigarette smoke-induced loss of neuraminic/sialic acid may lead to increased
epithelial damage due to impaired scavenging of oxidants. Restoring neuraminic/sialic acid
concentration in the airways might protect the respiratory epithelium from further decay.
Future research may also focus on the use of lipidomics in recognizing mitochondrial
dysfunction in cells or biopsies. We used lipidomics successfully to identify specific lipid
components in induced sputum of COPD patients and in lung epithelial cells exposed
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to cigarette smoke. A cell line harboring a mitochondrial dysfunction (Rho-0 or cybrids, a
cytoplasmic hybrid formed by the fusion of a whole cell lacking mtDNA with a cytoplast)
could serve as a model to generate a specific lipid spectrum specifically for mitochondrial
impairment. Mitochondrial fractions can also be isolated from healthy- and affected cells to
investigate which lipidomic profile is specific for healthy and dysfunctional mitochondria.
These lipidomics spectra can be compared to individual patient samples/spectra for
diagnostics use of COPD disease. This would especially be of interest for a disease like COPD
because it reduces the invasiveness of current procedures.

Concluding remarks
Taken together, our findings suggest an important role for mitochondrial functionality in
COPD disease. Mitochondrial function is affected by cigarette smoke-induced oxidative
stress, especially in epithelial cells from COPD patients, leading to increased inflammatory
signaling, reduced wound healing capabilities and reduced GC responsiveness. These
abnormalities observed in mitochondrial function in epithelial cells from COPD patients
are accompanied by increased phosphorylation/inactivation of GSK3β. Our data show that
both deficiencies lead to GC responsiveness. Glucocorticoids have broad anti-inflammatory
effects, but exert little benefit in COPD patients. Understanding the mechanisms of this
unresponsiveness may lead to important novel avenues in the treatment of COPD disease.
Furthermore, we show that the novel technique lipidomics may be suitable for diagnostic
use in induced sputum of COPD patients. This thesis may thus open avenues for further
research on the cellular and molecular mechanism underlying the pathophysiology of
COPD, and provide novel insights for future therapeutic strategies.

174

Summary, general discussion, conclusions and future perspectives

References
1.

AH Agler, RG Crystal, JG Mezey J Fuller, C Gao, JG Hansen and PC. Differential Expression of Vitamin E and
Selenium-Responsive Genes by Disease Severity in Chronic Obstructive Pulmonary Disease. COPD 29: 997–
1003, 2012.

2.

Ahmad T, Sundar IK, Lerner CA, Gerloff J, Tormos AM, Yao H, Rahman and I. Impaired mitophagy leads to
cigarette smoke stress-induced cellular senescence: Implications for chronic obstructive pulmonary disease.
FASEB J. (2015). doi: 10.1096/fj.14-268276.

3.

Arnoult D, Soares F, Tattoli I, Girardin SE. Mitochondria in innate immunity. EMBO Rep 12: 901–10, 2011.

4.

Barnes PJ, Adcock IM. Glucocorticoid resistance in inflammatory diseases. Lancet 373: 1905–17, 2009.

5.

Barnes PJ, Ito K, Adcock IM. Corticosteroid resistance in chronic obstructive pulmonary disease: inactivation of
histone deacetylase. Lancet 363: 731–3, 2004.

6.

Barnes PJ. Immunology of asthma and chronic obstructive pulmonary disease. Nat Rev Immunol 8: 183–92,
2008.

7.

Bathoorn E, Liesker J, Postma D, Koëter G, Van Oosterhout AJM, Kerstjens H a M. Safety of sputum induction
during exacerbations of COPD. Chest 131: 432–438, 2007.

8.

Bowler RP, Jacobson S, Cruickshank C, Hughes GJ, Siska C, Ory DS, Petrache I, Schaffer JE, Reisdorph N, Kechris
K. Plasma Sphingolipids Associated with Chronic Obstructive Pulmonary Disease Phenotypes. Am J Respir Crit
Care Med 191: 275–284, 2015.

9.

Calfee CS, Matthay MA. Culprits with evolutionary ties. 464, 2010.

10. Cao H, Ye H, Sun Z, Shen X, Song Z, Wu X, He W, Dai C, Yang J. Circulatory Mitochondrial DNA Is a ProInflammatory Agent in Maintenance Hemodialysis Patients. PLoS One 9: e113179, 2014.
11. Chen ZH, Kim HP, Sciurba FC, Lee SJ, Feghali-Bostwick C, Stolz DB, Dhir R, Landreneau RJ, Schuchert MJ, Yousem
S a., Nakahira K, Pilewski JM, Lee JS, Zhang Y, Ryter SW, Choi AMK. Egr-1 regulates autophagy in cigarette
smoke-induced chronic obstructive pulmonary disease. PLoS One 3, 2008.
12. Cho MH, Castaldi PJ, Wan ES, Siedlinski M, Hersh CP, Demeo DL, Himes BE, Sylvia JS, Klanderman BJ, Ziniti JP,
Lange C, Litonjua A a., Sparrow D, Regan E a., Make BJ, Hokanson JE, Murray T, Hetmanski JB, Pillai SG, Kong
X, Anderson WH, Tal-Singer R, Lomas D a., Coxson HO, Edwards LD, MacNee W, Vestbo J, Yates JC, Agusti A,
Calverley PM a, Celli B, Crim C, Rennard S, Wouters E, Bakke P, Gulsvik A, Crapo JD, Beaty TH, Silverman EK. A
genome-wide association study of COPD identifies a susceptibility locus on chromosome 19q13. Hum Mol
Genet 21: 947–957, 2012.
13. Chou C-H, Lin C-C, Yang M-C, Wei C-C, Liao H-D, Lin R-C, Tu W-Y, Kao T-C, Hsu C-M, Cheng J-T, Chou A-K, Lee C-I,
Loh J-K, Howng S-L, Hong Y-R. GSK3beta-mediated Drp1 phosphorylation induced elongated mitochondrial
morphology against oxidative stress. PLoS One 7: e49112, 2012.
14. Chowanadisai W, Bauerly K A., Tchaparian E, Wong A, Cortopassi G A., Rucker RB. Pyrroloquinoline quinone
stimulates mitochondrial biogenesis through cAMP response element-binding protein phosphorylation and
increased PGC-1α expression. J Biol Chem 285: 142–152, 2010.
15. Chung KF, Marwick J A. Molecular mechanisms of oxidative stress in airways and lungs with reference to
asthma and chronic obstructive pulmonary disease. Ann N Y Acad Sci 1203: 85–91, 2010.
16. Cohen M, Zhang X-Q, Senaati HP, Chen H-W, Varki NM, Schooley RT, Gagneux P. Influenza A penetrates host
mucus by cleaving sialic acids with neuraminidase. Virol J 10: 321, 2013.
17. Cosío BG, Torrego A, Adcock IM. [Molecular mechanisms of glucocorticoids]. Arch Bronconeumol 41: 34–41,
2005.
18. Cosio BG, Tsaprouni L, Ito K, Jazrawi E, Adcock IM, Barnes PJ. Theophylline restores histone deacetylase activity
and steroid responses in COPD macrophages. J Exp Med 200: 689–95, 2004.
19. Cross CE, Van der Vliet A, O’Neill CA, Louie S, Halliwell B. Oxidants, antioxidants, and respiratory tract lining
fluids. In: Environmental Health Perspectives. 1994, p. 185–191.
20. Doble BW. GSK-3: tricks of the trade for a multi-tasking kinase. J Cell Sci 116: 1175–1186, 2003.

175

Chapter

7

Chapter 7

21. Fischer BM, Voynow JA, Ghio AJ. COPD : balancing oxidants and antioxidants. .
22. Gongora MC, Lob HE, Landmesser U, Guzik TJ, Martin WD, Ozumi K, Wall SM, Wilson DS, Murthy N, Gravanis M,
Fukai T, Harrison DG. Loss of extracellular superoxide dismutase leads to acute lung damage in the presence of
ambient air: a potential mechanism underlying adult respiratory distress syndrome. Am J Pathol 173: 915–26,
2008.
23. Grant LR, Hammitt LL, Murdoch DR, O’Brien KL, Scott JA. Procedures for collection of induced sputum
specimens from children. Clin Infect Dis 54, 2012.
24. Green RH, Brightling CE, Woltmann G, Parker D, Wardlaw a J, Pavord ID. Analysis of induced sputum in adults
with asthma: identification of subgroup with isolated sputum neutrophilia and poor response to inhaled
corticosteroids. Thorax 57: 875–879, 2002.
25. Grimes CA, Jope RS. NIH Public Access. 78: 1219–1232, 2007.
26. Grösch S, Schiffmann S, Geisslinger G. Chain length-specific properties of ceramides. Prog Lipid Res 51: 50–62,
2012.
27. Hackett NR, Heguy A, Harvey B-G, O’Connor TP, Luettich K, Flieder DB, Kaplan R, Crystal RG. Variability of
antioxidant-related gene expression in the airway epithelium of cigarette smokers. Am J Respir Cell Mol Biol 29:
331–43, 2003.
28. Hannun Y A, Obeid LM. Principles of bioactive lipid signalling: lessons from sphingolipids. Nat Rev Mol Cell Biol
9: 139–50, 2008.
29. Hansel NN, Ruczinski I, Rafaels N, Sin DD, Daley D, Malinina A, Huang L, Sandford A, Murray T, Kim Y, Vergara
C, Heckbert SR, Psaty BM, Li G, Elliott WM, Aminuddin F, Dupuis J, O’Connor GT, Doheny K, Scott AF, Boezen
HM, Postma DS, Smolonska J, Zanen P, Mohamed Hoesein FA, De Koning HJ, Crystal RG, Tanaka T, Ferrucci L,
Silverman E, Wan E, Vestbo J, Lomas DA, Connett J, Wise RA, Neptune ER, Mathias RA, Paré PD, Beaty TH, Barnes
KC. Genome-wide study identifies two loci associated with lung function decline in mild to moderate COPD.
Hum Genet 132: 79–90, 2013.
30. Heijink I, van Oosterhout A, Kliphuis N, Jonker M, Hoffmann R, Telenga E, Klooster K, Slebos D-J, ten Hacken N,
Postma D, van den Berge M. Oxidant-induced corticosteroid unresponsiveness in human bronchial epithelial
cells. Thorax 69: 5–13, 2014.
31. Henriksen EJ, Dokken BB. Role of glycogen synthase kinase-3 in insulin resistance and type 2 diabetes. [Online].
Curr Drug Targets 7: 1435–41, 2006.
32. Hodge S, Hodge G, Holmes M, Reynolds PN. Increased peripheral blood T-cell apoptosis and decreased Bcl-2
in chronic obstructive pulmonary disease. Immunol Cell Biol 83: 160–6, 2005.
33. Hoffmann RF, Zarrintan S, Brandenburg SM, Kol A, de Bruin HG, Jafari S, Dijk F, Kalicharan D, Kelders M, Gosker
HR, Ten Hacken NH, van der Want JJ, van Oosterhout AJ, Heijink IH. Prolonged cigarette smoke exposure alters
mitochondrial structure and function in airway epithelial cells. Respir Res 14: 97, 2013.
34. Iijima R, Takahashi H, Namme R, Ikegami S, Yamazaki M. Novel biological function of sialic acid
(N-acetylneuraminic acid) as a hydrogen peroxide scavenger. FEBS Lett 561: 163–166, 2004.
35. Ito K, Caramori G, Adcock IM. Therapeutic Potential of Phosphatidylinositol 3-Kinase Inhibitors in Inflammatory
Respiratory Disease. Pharmacology 321: 1–8, 2007.
36. Ito K, Ito M, Elliott WM, Cosio B, Caramori G, Kon OM, Barczyk A, Hayashi S, Adcock IM, Hogg JC, Barnes PJ.
Decreased histone deacetylase activity in chronic obstructive pulmonary disease. N Engl J Med 352: 1967–76,
2005.
37. Ito K, Lim S, Caramori G, Chung KF, Barnes PJ, Adcock IM, Medicine T, Heart N, Street D. Cigarette smoking
reduces histone deacetylase 2 expression, enhances cytokine expression, and inhibits glucocorticoid actions
in alveolar macrophages. 2001.
38. Ito K, Yamamura S, Essilfie-Quaye S, Cosio B, Ito M, Barnes PJ, Adcock IM. Histone deacetylase 2-mediated
deacetylation of the glucocorticoid receptor enables NF-kappaB suppression. J Exp Med 203: 7–13, 2006.
39. Jope RS, Yuskaitis CJ, Beurel E. Glycogen synthase kinase-3 (GSK3): inflammation, diseases, and therapeutics.
Neurochem Res 32: 577–95, 2007.

176

Summary, general discussion, conclusions and future perspectives

40. Kanninen K, White AR, Koistinaho J, Malm T. Targeting Glycogen Synthase Kinase-3β for Therapeutic Benefit
against Oxidative Stress in Alzheimer’s Disease: Involvement of the Nrf2-ARE Pathway. Int J Alzheimers Dis 2011:
985085, 2011.
41. Kawauchi K, Araki K, Tobiume K, Tanaka N. p53 regulates glucose metabolism through an IKK-NF-kappaB
pathway and inhibits cell transformation. Nat Cell Biol 10: 611–618, 2008.
42. Keppler OT, Horstkorte R, Pawlita M, Schmidt C, Reutter W. Biochemical engineering of the N-acyl side chain of
sialic acid: biological implications. Glycobiology 11: 11R–18R, 2001.
43. Kirkham P A., Barnes PJ. Oxidative stress in COPD. Chest 144: 266–273, 2013.
44. Kirkham P, Rahman I. Oxidative stress in asthma and COPD: antioxidants as a therapeutic strategy. Pharmacol
Ther 111: 476–94, 2006.
45. Krysko D V., Agostinis P, Krysko O, Garg AD, Bachert C, Lambrecht BN, Vandenabeele P. Emerging role of
damage-associated molecular patterns derived from mitochondria in inflammation. Trends Immunol. 32: 157–
164, 2011.
46. Lee J, Yeganeh B, Ermini L, Post M. Sphingolipids as cell fate regulators in lung development and disease.
Apoptosis 20: 740–757, 2015.
47. Lee JY, Sohn KH, Rhee SH, Hwang D. Saturated Fatty Acids, but Not Unsaturated Fatty Acids, Induce the
Expression of Cyclooxygenase-2 Mediated through Toll-like Receptor 4. J Biol Chem 276: 16683–16689, 2001.
48. Marwick JA, Caramori G, Casolari P, Mazzoni F, Kirkham P A, Adcock IM, Chung KF, Papi A. A role for
phosphoinositol 3-kinase delta in the impairment of glucocorticoid responsiveness in patients with chronic
obstructive pulmonary disease. J Allergy Clin Immunol 125: 1146–53, 2010.
49. Marwick JA, Caramori G, Stevenson CS, Casolari P, Jazrawi E, Barnes PJ, Ito K, Adcock IM, Kirkham PA, Papi A.
Inhibition of PI3Kdelta restores glucocorticoid function in smoking-induced airway inflammation in mice. Am
J Respir Crit Care Med 179: 542–8, 2009.
50. Marwick JA, Kirkham PA, Stevenson CS, Danahay H, Giddings J, Butler K, Donaldson K, Macnee W, Rahman I.
Cigarette smoke alters chromatin remodeling and induces proinflammatory genes in rat lungs. Am J Respir Cell
Mol Biol 31: 633–42, 2004.
51. Maurer U, Charvet C, Wagman AS, Dejardin E, Green DR. Glycogen synthase kinase-3 regulates mitochondrial
outer membrane permeabilization and apoptosis by destabilization of MCL-1. Mol Cell 21: 749–60, 2006.
52. McCloskey SC, Patel BD, Hinchliffe SJ, Reid ED, Wareham NJ, Lomas DA. Siblings of patients with severe chronic
obstructive pulmonary disease have a significant risk of airflow obstruction. Am J Respir Crit Care Med 164:
1419–1424, 2001.
53. Meja KK, Rajendrasozhan S, Adenuga D, Biswas SK, Sundar IK, Spooner G, Marwick J A, Chakravarty P, Fletcher
D, Whittaker P, Megson IL, Kirkham P A, Rahman I. Curcumin restores corticosteroid function in monocytes
exposed to oxidants by maintaining HDAC2. Am J Respir Cell Mol Biol 39: 312–23, 2008.
54. Mizumura K, Cloonan SM, Nakahira K, Bhashyam AR, Cervo M, Kitada T, Glass K, Owen C A, Mahmood A, Washko
GR, Hashimoto S, Ryter SW, Choi AMK. Mitophagy-dependent necroptosis contributes to the pathogenesis of
COPD. J Clin Invest 124: 1–17, 2014.
55. Muñoz-Pinedo C, El Mjiyad N, Ricci J-E. Cancer metabolism: current perspectives and future directions. Cell
Death Dis 3: e248, 2012.
56. Nakahira K, Haspel JA, Rathinam VAK, Lee S-J, Dolinay T, Lam HC, Englert JA, Rabinovitch M, Cernadas M, Kim
HP, Fitzgerald KA, Ryter SW, Choi AMK. Autophagy proteins regulate innate immune responses by inhibiting
the release of mitochondrial DNA mediated by the NALP3 inflammasome. Nat Immunol 12: 222–230, 2011.
57. Ning Y, Shang Y, Huang H, Zhang J, Dong Y, Xu W, Li Q. Attenuation of cigarette smoke-induced airway mucus
production by hydrogen-rich saline in rats. PLoS One 8, 2013.
58. Ogasawara Y, Namai T, Yoshino F, Lee MC Il, Ishii K. Sialic acid is an essential moiety of mucin as a hydroxyl
radical scavenger. FEBS Lett 581: 2473–2477, 2007.
59. Ohori K, Miura T, Tanno M, Miki T, Sato T, Ishikawa S, Horio Y, Shimamoto K. Ser9 phosphorylation of mitochondrial
GSK-3β is a primary mechanism of cardiomyocyte protection by erythropoietin against oxidant-induced
apoptosis. (2008). doi: 10.1152/ajpheart.00092.2008.

177

Chapter

7

Chapter 7

60. Oka T, Hikoso S, Yamaguchi O, Taneike M, Takeda T, Tamai T, Oyabu J, Murakawa T, Nakayama H, Nishida K, Akira
S, Yamamoto A, Komuro I, Otsu K. Corrigendum: Mitochondrial DNA that escapes from autophagy causes
inflammation and heart failure. Nature 490: 292–292, 2012.
61. Patel BD, Coxson HO, Pillai SG, Agustí AGN, Calverley PMA, Donner CF, Make BJ, Müller NL, Rennard SI, Vestbo
J, Wouters EFM, Hiorns MP, Nakano Y, Camp PG, Fauerbach PVN, Screaton NJ, Campbell EJ, Anderson WH, Paré
PD, Levy RD, Lake SL, Silverman EK, Lomas D a. Airway wall thickening and emphysema show independent
familial aggregation in chronic obstructive pulmonary disease. Am J Respir Crit Care Med 178: 500–505, 2008.
62. Pazmandi K, Agod Z, Kumar B V., Szabo A, Fekete T, Sogor V, Veres A, Boldogh I, Rajnavolgyi E, Lanyi A, Bacsi
A. Oxidative modification enhances the immunostimulatory effects of extracellular mitochondrial DNA on
plasmacytoid dendritic cells. Free Radic Biol Med 77: 281–290, 2014.
63. Petrache I, Medler TR, Richter AT, Kamocki K, Chukwueke U, Zhen L, Gu Y, Adamowicz J, Schweitzer KS, Hubbard
WC, Berdyshev E V, Lungarella G, Tuder RM. Superoxide dismutase protects against apoptosis and alveolar
enlargement induced by ceramide. Am J Physiol Lung Cell Mol Physiol 295: L44–L53, 2008.
64. Pillai SG, Ge D, Zhu G, Kong X, Shianna K V., Need AC, Feng S, Hersh CP, Bakke P, Gulsvik A, Ruppert A, Carlsen
KCL, Roses A, Anderson W, Rennard SI, Lomas DA, Silverman EK, Goldstein DB. A Genome-Wide association
study in chronic obstructive pulmonary disease (COPD): Identification of two major susceptibility loci. PLoS
Genet 5, 2009.
65. Postma DS, Kerkhof M, Boezen HM, Koppelman GH. Asthma and chronic obstructive pulmonary disease:
Common genes, common environments? Am J Respir Crit Care Med 183: 1588–1594, 2011.
66. Pouwels SD, Heijink IH, ten Hacken NHT, Vandenabeele P, Krysko D V, Nawijn MC, van Oosterhout AJM. DAMPs
activating innate and adaptive immune responses in COPD. Mucosal Immunol 7: 215–26, 2014.
67. Progress M, Fahy J V, Dickey BF. Airway mucus function and dysfunction. N Engl J Med 364: 978, 2011.
68. Puzio-Kuter AM. The Role of p53 in Metabolic Regulation. Genes Cancer 2: 385–391, 2011.
69. Rahman I. Antioxidant therapies in COPD. [Online]. Int J Chron Obstruct Pulmon Dis 1: 15–29, 2006.
70. Remels A. H, Schrauwen P, Broekhuizen R, Willems J, Kersten S, Gosker HR, Schols A. M. Peroxisome proliferatoractivated receptor expression is reduced in skeletal muscle in COPD. Eur Respir J 30: 245–252, 2007.
71. Ring DB, Johnson KW, Henriksen EJ, Nuss JM, Goff D, Kinnick TR, Ma ST, Reeder JW, Samuels I, Slabiak T, Wagman
AS, Hammond MEW, Harrison SD. Selective glycogen synthase kinase 3 inhibitors potentiate insulin activation
of glucose transport and utilization in vitro and in vivo. Diabetes 52: 588–595, 2003.
72. Schaaf MJ., Cidlowski JA. Molecular mechanisms of glucocorticoid action and resistance. J Steroid Biochem Mol
Biol 83: 37–48, 2002.
73. Siedlinski M, Van Diemen CC, Postma DS, Vonk JM, Boezen HM. Superoxide dismutases, lung function and
bronchial responsiveness in a general population. Eur Respir J 33: 986–992, 2009.
74. Siedlinski M, Postma DS, Boer JMA, van der Steege G, Schouten JP, Smit HA, Boezen HM. Level and course of
FEV1 in relation to polymorphisms in NFE2L2 and KEAP1 in the general population. Respir Res 10: 73, 2009.
75. Silverman EK, Chapman HA, Drazen JM, Weiss ST, Rosner B, Campbell EJ, O’Donnell WJ, Reilly JJ, Ginns L,
Mentzer S, Wain J, Speizer FE. Genetic epidemiology of severe, early-onset chronic obstructive pulmonary
disease: Risk to relatives for airflow obstruction and chronic bronchitis. Am J Respir Crit Care Med 157: 1770–
1778, 1998.
76. Simet SM, Sisson JH, Pavlik J A., DeVasure JM, Boyer C, Liu X, Kawasaki S, Sharp JG, Rennard SI, Wyatt T A. Longterm cigarette smoke exposure in a mouse model of ciliated epithelial cell function. Am J Respir Cell Mol Biol 43:
635–640, 2010.
77. Slebos D-J, Ryter SW, van der Toorn M, Liu F, Guo F, Baty CJ, Karlsson JM, Watkins SC, Kim HP, Wang X, Lee JS,
Postma DS, Kauffman HF, Choi AMK. Mitochondrial localization and function of heme oxygenase-1 in cigarette
smoke-induced cell death. Am J Respir Cell Mol Biol 36: 409–17, 2007.
78. Small DM, Gobe GC. Oxidative Stress and Antioxidant Therapy in Chronic Kidney and Cardiovascular Disease. .
79. Spokoini R, Kfir-Erenfeld S, Yefenof E, Sionov RV. Glycogen synthase kinase-3 plays a central role in mediating
glucocorticoid-induced apoptosis. Mol Endocrinol 24: 1136–50, 2010.

178

Summary, general discussion, conclusions and future perspectives

80. Di Stefano A., Caramori G, Oates T, Capelli A., Lusuardi M, Gnemmi I, Ioli F, Chung KF, Donner CF, Barnes PJ,
Adcock IM. Increased expression of nuclear factor- B in bronchial biopsies from smokers and patients with
COPD. Eur Respir J 20: 556–563, 2002.
81. Strickland I, Kisich K, Hauk PJ, Vottero A, Chrousos GP, Klemm DJ, Leung DY. High constitutive glucocorticoid
receptor beta in human neutrophils enables them to reduce their spontaneous rate of cell death in response
to corticosteroids. J Exp Med 193: 585–593, 2001.
82. Tirodkar TS, Voelkel-Johnson C. Sphingolipids in apoptosis. Exp Oncol 34: 231–242, 2012.
83. Tomassini B, Testi R. Mitochondria as sensors of sphingolipids. Biochimie 84: 123–129, 2002.
84. Toorn M Van Der, Rezayat D, Kauffman HF, Bakker SJL, Gans ROB, Koe GH, Choi AMK, Oosterhout AJM Van,
Slebos D. Lipid-soluble components in cigarette smoke induce mitochondrial production of reactive oxygen
species in lung epithelial cells. (2009). doi: 10.1152/ajplung.90461.2008.
85. Van der Toorn M, Slebos D-J, de Bruin HG, Leuvenink HG, Bakker SJL, Gans ROB, Koëter GH, van Oosterhout
AJM, Kauffman HF. Cigarette smoke-induced blockade of the mitochondrial respiratory chain switches lung
epithelial cell apoptosis into necrosis. Am J Physiol Lung Cell Mol Physiol 292: L1211–8, 2007.
86. Uhlig S, Gulbins E. Sphingolipids in the lungs. Am J Respir Crit Care Med 178: 1100–1114, 2008.
87. Vene R, Tosseti F. 5. The role of glycogen synthase kinase-3 in the decision between cell survival and cell death
[Online]. Emerg Signal Pathways Tumor Biol 661: 95–116, 2010.
88. Wedzicha J A, Donaldson GC. Exacerbations of chronic obstructive pulmonary disease. Respir Care 48: 1204–
1213; discussion 1213–1215, 2003.
89. Wedzicha J A. Role of viruses in exacerbations of chronic obstructive pulmonary disease. Proc Am Thorac Soc 1:
115–120, 2004.
90. Willemse BWM, ten Hacken NHT, Rutgers B, Lesman-Leegte IG A T, Timens W, Postma DS. Smoking cessation
improves both direct and indirect airway hyperresponsiveness in COPD. Eur Respir J 24: 391–396, 2004.
91. Willemse BWM, Postma DS, Timens W, ten Hacken NHT. The impact of smoking cessation on respiratory
symptoms, lung function, airway hyperresponsiveness and inflammation. Eur Respir J 23: 464–476, 2004.
92. Wymann MP, Schneiter R. Lipid signalling in disease. Nat Rev Mol Cell Biol 9: 162–76, 2008.
93. Yang S-R, Chida AS, Bauter MR, Shafiq N, Seweryniak K, Maggirwar SB, Kilty I, Rahman I. Cigarette smoke
induces proinflammatory cytokine release by activation of NF-kappaB and posttranslational modifications of
histone deacetylase in macrophages. Am J Physiol Lung Cell Mol Physiol 291: L46–57, 2006.
94. Ye Z, Xia P, Cheng Z, Guo Q. Neuroprotection induced by sevoflurane-delayed post-conditioning is attributable
to increased phosphorylation of mitochondrial GSK-3β through the PI3K/Akt survival pathway. J Neurol Sci 348:
216–225, 2015.
95. Zehethofer N, Bermbach S, Hagner S, Garn H, Müller J, Goldmann T, Lindner B, Schwudke D, König P. Lipid
Analysis of Airway Epithelial Cells for Studying Respiratory Diseases. Chromatographia 78: 403–413, 2014.
96. Zhang JZ, Liu Z, Liu J, Ren JX, Sun TS. Mitochondrial DNA induces inflammation and increases TLR9/NF-κB
expression in lung tissue. Int J Mol Med 33: 817–824, 2014.
97. Mannino DM, Kiriz VA. Changing the burden of COPD mortality. Int J Chron Obstruct Pulmon Dis 2006;1:219–
233.
98. Lopez A. D, Shibuya K, Rao C, Mathers CD, Hansell A. L, Held LS et al. Chronic obstructive pulmonary disease:
Current burden and future projections. Eur Respir J 2006;27:397–412.

179

Chapter

7

CHAPTER

Nederlandse samenvatting

8

Nederlandse Samenvatting

Wat is COPD
Chronische obstructieve longziekte (COPD) is een ziekte die zich voornamelijk in de longen manifesteert
en, vooral bij ouderen, gepaard gaat met een hogere kans op morbiditeit en mortaliteit. De meest
prominente risicofactor van COPD is actief roken of passief meeroken. Daarnaast vormt de inademing
van andere schadelijke deeltjes en gassen zoals fijnstof, brandstoffen, chemicaliën en houtrook een
risico. Slechts 10-15% van de rokers ontwikkelt COPD, wat wijst op een genetische vatbaarheid die
bijdraagt aan de ontwikkeling van COPD. Er zijn ook niet-omgeving gerelateerde risicofactoren voor
het ontwikk e len van COPD zoals genetische afwijkingen, in het bijzonder de alfa1-antitrypsinedeficiëntie . Het roken van tabak is voor de gezondheidszorg een groot probleem in de westerse
wereld en in de opkomende industrielanden. Schattingen van de `World Health Organization` (WHO)
stellen dat 65 miljoen mensen wereldwijd een matige tot ernstige vorm van COPD hebben, wat leidt
tot hoge zorgkosten. Het is momenteel de vierde belangrijkste doodsoorzaak, en de verwachting is
dat het in 2030 de derde belangrijkste doodsoorzaak wereldwijd zal zijn.
COPD wordt gekenmerkt door chronische ontsteking in de longen die gepaard gaat met toenemende
longschade , onomkeerbare luchtwegobstructie, en versnelde achteruitgang van de longfunctie.
Ingeademde sigarettenrook prikkelt en beschadigt het bekledende luchtwegepitheel, en zorgt ervoor
dat zowel epitheelcellen als macrofagen (beiden behorend tot het aangeboren immuunsysteem)
geactiveerd raken en er een ontstekingsreactie optreedt. De cellen van COPD patiënten reageren
heftiger op de ingeademde rookdeeltjes dan cellen van rokers die geen COPD ontwikkelen, waardoor
er meer on t steking optreedt. Bij COPD patiënten produceren bovengenoemde epitheelcellen en
macrofagen chemische signaalstoffen (cytokines en chemokines, waaronder het zogenaamde
CXCL8/IL-8 ) , die op hun beurt weer andere immuuncellen in de longen en het bloed aantrekken
en activeren, waaronder neutrofielen en cellen van het aangeleerde immuunsysteem, T-cellen. Deze
geactiveerde cellen dragen bij aan het onderhouden van de boven beschreven ontstekingsreactie en
zorgen er voor dat er meer schade optreedt aan het longweefsel (Figuur 1). COPD omvat chronische
bronchitis en longemfyseem. Chronische bronchitis wordt gekenmerkt door een ontstekingsreactie
(‘itis`) in de grote en kleine luchtwegen (de bronchi), die leidt tot verdikking van de luchtwegwand. Bij
patiënten die lijden aan chronische bronchitis toont longfunctie onderzoek een luchtwegobstructie
bij uitademing aan, en de patiënten hebben vaak last van hoesten en slijm opgeven. Longemfyseem
wordt gekenmerkt door een ontstekingsreactie die tot afbraak van eiwitten in de longblaasjes (alveoli)
leidt en uiteindelijk tot verlies van het alveolair weefsel. Hierbij is de rek uit de longen (“slappe long”),
wat leidt t ot verlies van longfunctie, en de patiënt heeft last van kortademigheid bij inspanning.
Deze ziektebeelden kunnen afzonderlijk voorkomen, maar ook naast elkaar aanwezig zijn bij dezelfde
patiënt.
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Figuur 1. Overzicht van een sigarettenrook ontstekingsreactie in de longen. A) beschadiging van
de longblaasjes (Emfyseem) en/of B) aantasting van de grote luchtwegen met slijmproductie (Chronische
Bronchitis). Sigarettenrook activeert epitheelcellen en Marcofagen in de long die vervolgens chemokines en
cytokines uitscheiden zoals, CXCL8, G-CSF, TGFβ, IL-6. Hierdoor worden andere cellen van het immuunsysteem,
zoals Neutrofielen (Neu), Natural Killer (NK) cellen en T-cellen, aangetrokken en geactiveerd. Deel van dit figuur
was gemodificeerd aan de hand van een figuur getoond op de site van Beth Israël Deaconess Medical Center
(http://www.bidmc.org/Centers-and-Departments/Departments/Surgery/Chest-Disease-Center/Programs-andServices/COPDEmphysemaClinic/DiagnosingCOPD.aspx).

Behandeling van COPD
Er is momenteel geen behandeling beschikbaar die COPD kan genezen. De belangrijkste maatregel
is stoppen met roken, waarvan aangetoond is dat het de verslechtering van COPD een halt toe
roept, hoewel het de achteruitgang in longfunctie niet kan terugdraaien. Griepvaccinaties kunnen
virusinfecties en daarmee gepaard gaande longaanvallen (plotselinge verslechtering van het
ziektebeeld) gedeeltelijk voorkomen. Verder kan longrevalidatie de patiënt leren omgaan met
zijn/haar ziekte. Wat betreft de behandeling met geneesmiddelen is deze vooral gericht is op
symptoombestrijding. Voorbeelden hiervan zijn luchtwegverwijders die geïnhaleerd worden zoals
antibiotica, slijmverdunners en glucocorticoïden (GC). GC hebben een sterke ontstekingsremmende
werking en worden daardoor effectief gebruikt bij bijvoorbeeld astma, maar bij COPD patiënten zijn
ze helaas weinig effectief en onderdrukken ze de onderliggende ontstekingsreactie onvoldoende.
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De vraag is waarom deze GC niet effectief zijn bij astma bij COPD. Mogelijk is een van de mogelijke
oorzaken de oxidatieve stress (zie hieronder) die wordt veroorzaakt door het roken bij COPD patiënten.

Roken en oxidatieve stress
Sigarettenrook veroorzaakt de productie van zogenaamde vrije zuurstofradicalen. Dit zijn
agressieve en uiterst reactieve deeltjes die de cellen in ons lichaam kunnen aanvallen. Als deze vrije
zuurstofradicalen niet op tijd geneutraliseerd worden door antioxidanten, kunnen ze voor het lichaam
belangrijke biologische moleculen beschadigen. Het betreft moleculen zoals vetten en eiwitten, die
ook voorkomen in onze longcellen. De productie van vrije zuurstofradicalen wordt oxidatieve stress
genoemd. Men neemt aan dat de longcellen van COPD patiënten niet de capaciteit hebben om
al deze oxidatieve stress te neutraliseren. Onder meer het eiwit genaamd glucocorticoïdreceptor
α, dat verantwoordelijk is voor een goede werking van GC, kan hierdoor beschadigd raken en
zijn ontstekingsremmende functie verliezen. Ook kunnen vrije radicalen inwerken op andere
belangrijke eiwitten die de ontstekingsremmende activiteit verminderen of kunnen ze deze
eiwitten zelfs `uitzetten`. Van enkele eiwitten (zoals Histone Deacetylase 2, HDAC2, wat een rol
speelt bij de ontstekingsremmende werking van GC) is in de literatuur inderdaad beschreven dat
ze door in-activatie, veroorzaakt door vrije radicalen, de GC-gevoeligheid kunnen verminderen. Of
dit mechanisme ook een rol speelt bij verminderde GC gevoeligheid van een belangrijke aandrijver
van de ontstekingsreactie bij COPD, het longepitheel, is op dit moment onbekend. Het begrijpen
van de specifieke mechanismen van GC ongevoeligheid bij COPD kan leiden tot belangrijke nieuwe
mogelijkheden voor de behandeling van COPD.
			

Mitochondriën
Mitochondriën zijn organellen in de cel die vaak ‘energie fabrieken` worden genoemd. Ze zijn
samengesteld uit verschillende compartimenten die meerdere gespecialiseerde functies uitoefenen
met betrekking tot de energieproductie in de cel. Mitochondriën zijn ovale of staafvormige
organellen die een dubbele membraanstructuur hebben. Het binnenste membraan wordt lobulair
gevormd waardoor het oppervlak sterk vergroot wordt ten behoeve van de productie van adenosine
trifosfaat (ATP) (Figuur 2). Energie wordt geproduceerd uit een proces dat oxidatieve fosforylering
(OXPHOS) heet. Bij dit proces geven elektronen hun energie af door middel van redoxreacties
die worden uitgewisseld via het binnenmembraan. Vervolgens kunnen de protonenpompen de
productie van energie verzorgen in de vorm van ATP. Naast het produceren van energie zijn de
mitochondriën verantwoordelijk voor het reguleren van geprogrammeerde celdood, calcium opslag,
celgroei (proliferatie), hormoon- en heemsynthese en de overdracht van signalen binnen de cel.
Mitochondriën zijn dus erg belangrijk voor de functie van de cel en het functioneren van het lichaam.
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Figuur 2. Een voorbeeld van een mitochondrion. De zwarte pijlen geven de lobulaire binnenmembraan
structuren aan die cristae genoemd worden. Hier wordt energie in de vorm van ATP geproduceerd.

De rol van mitochondriën bij COPD
Mitochondriën spelen een belangrijke rol in ziekten die geassocieerd worden met oxidatieve stress,
waaronder COPD. Dit komt omdat mitochondriën tijdens de energieproductie een bijproduct in de
vorm van vrije radicalen aanmaken. Deze vrije radicalen zorgen voor oxidatieve stress in de cel, maar
worden normaliter geneutraliseerd door zeer gespecialiseerde enzymen met antioxidant werking,
zoals Superoxide Dismutase, Glutathion en Catalase. Uiteindelijk zetten deze enzymen de agressieve
radicalen om in water (H2O) en zuurstof (O2). Het lijkt er op dat dit proces bij COPD patiënten niet
meer in balans is, omdat er in verhoogde mate oxidatieve stress aanwezig is. Dit kan komen doordat
de mitochondriën teveel vrije radicalen produceren als het gevolg van het roken (sigarettenrook
bevat ook veel vrije radicalen die vervolgens de mitochondriën), of dat de mitochondriën mogelijk te
weinig (actieve) enzymen hebben die deze radicalen neutraliseren, of een combinatie hiervan. Door
langdurige blootstelling aan oxidatieve stress treedt er in de cel schade op. Deze door oxidatieve
stress geïnduceerde schade is het grootst op de plek waar vrije zuurstofradicalen geproduceerd
worden, en dat is in de mitochondriën zelf. Uiteindelijk leidt dit theoretisch tot een zodanige schade
aan de mitochondriën, dat deze zelf extra vrije radicalen gaan produceren en/of helemaal niet meer
werken. Dit noemen wij een mitochondriale disfunctie.

186

Nederlandse Samenvatting

In ons onderzoek veronderstellen wij dat de schadelijke effecten van sigarettenrook-geïnduceerde
oxidatieve stress een negatieve invloed hebben op de mitochondriale functie in luchtwegepitheelcellen,
en dat COPD patiënten hiervoor gevoeliger zijn dan rokers die geen COPD ontwikkelen. Ook
vermoeden wij dat een mitochondriale disfunctie bijdraagt aan het ontstaan en verergeren van de
chronische ontsteking bij COPD en dat luchtwegepitheel cellen met slecht werkende mitochondriën
minder goed kunnen herstellen na beschadigende stimuli in het algemeen en roken in het bijzonder.
Bovendien verwachten wij dat oxidatieve stress en mitochondriale disfunctie tot GC-ongevoeligheid
leiden van luchtwegepitheelcellen.
Om aan te tonen of langdurige blootstelling aan sigarettenrook invloed heeft op de werking van
mitochondriën hebben we ons in hoofdstuk 2 gericht op de effecten hiervan in menselijke (humane)
luchtwegepitheelcellen. In het bijzonder hebben we gekeken naar de mitochondriale vorm en functie
in de humane luchtweg/bronchiale epitheelcellijn, welke 6 maanden lang was bloot gesteld aan
sigarettenrookextract. Daarnaast hebben we onderzocht of en hoe de mitochondriale vorm en functie is
veranderd in bronchiale epitheelcellen van COPD patiënten ten opzichte van niet-rokende en rokende
individuen zonder COPD. In zowel de bronchiaal epitheel cellijn als in de luchtwegepitheelcellen van
COPD patiënten, konden we duidelijke afwijkingen in mitochondriale vorm en functie waarnemen.
Zo waren in de langdurig aan sigarettenrookextract blootgestelde luchtwegepitheelcellen meer
vertakte mitochondriën aanwezig en minder cristae zichtbaar in vergelijking tot epitheelcellen die
even lang werden gekweekt, maar niet aan rook werden blootgesteld. Vertakking van mitochondriën
duidt vaak op veroudering van mitochondriën en minder cristae betekent minder oppervlak voor het
produceren van energie (ATP). Soortgelijke afwijkingen vonden we ook in mitochondriën van COPD
patiënten ten opzichte van mitochondriën in gekweekt luchtwegepitheel van gezonde personen
en rokers zonder COPD. In de langdurig aan sigarettenrook blootgestelde luchtwegepitheelcellen
ging dit gepaard met de productie van verschillende ontstekingsbevorderende cytokines zoals
CXCL8, IL-1β en IL-6, die onder meer neutrofielen kunnen aantrekken. Ook zagen we dat belangrijke
mitochondriale stress-markers, zoals PINK1, meer tot expressie kwamen in luchtweg epitheelcellen
van COPD patiënten. Samenvattend bevestigen de bevindingen van dit hoofdstuk de hypothese dat
sigarettenrook schadelijk is voor de mitochondriale functie, dat dit met name in luchtwegepitheel
va COPD patiënten voor mitochondriële afwijkingen zorgt en dat mitochondriale disfunctie gepaard
gaat met de productie van ontstekingsfactoren.
Glycogen Synthese Kinase (GSK3)β is een eiwit dat veelal in het cytosol van de cel is gelokaliseerd
maar daarnaast ook in de mitochondriën voorkomt, waar het een zeer hoge activiteit laat zien en
belangrijke processen reguleert. GSK3β is een eiwit dat reageert op signalering van oxidatieve stress.
Het speelt een rol bij verschillende ontstekingsziekten en in eerder onderzoek T-cellen is gevonden
dat het mogelijk ook een rol speelt bij GC ongevoeligheid. Oxidatieve stress remt de activiteit van
GSK3β en stimuleert de glycolyse, een proces dat energie genereerd uit het omzetten van glucose, ten
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koste van mitochondriale ATP productie via OXPHOS. In hoofdstuk 3 hebben we de mechanismen
voor sigarettenrook geïnduceerde GC-ongevoeligheid cellen van het aangeboren immuunsysteem
van COPD patiënten bestudeerd en gekeken of GSK3β hierbij betrokken is. GSK3β bleek verhoogd
inactief in de macrofagen en epitheelcellen van COPD patiënten vergeleken met gezonde personen
en rokers zonder COPD (zowel in het longweefsel als in gekweekte cellen). In macrofaag- en epitheelcellijnen toonden wij aan dat (sigarettenrook geïnduceerde) oxidatieve stress deze inactiviteit konden
veroorzaken. Verder vonden wij dat het (farmacologisch) blokkeren van de werking van GSK3β in
zowel epitheelcellen als macrofagen voor een sterk verminderde gevoeligheid voor GC bleek te
zorgen. Hiermee hebben wij laten zien dat het inactiveren van het eiwit GSK3β door sigarettenrook
in cellen van COPD patiënten mogelijk kan bijdragen aan de ontwikkelingen van GC-ongevoelige
ontsteking bij COPD.
Omdat uit hoofdstuk 2 is gebleken dat er na langdurige blootstelling van epitheel aan sigarettenrook
afwijkingen in de mitochondriën optreden, waren we benieuwd of een mitochondriale disfunctie
ontstekingsreacties en GC ongevoeligheid kan veroorzaken. Daarnaast wilden we bestuderen of
verlies van mitochondriale functie gevolgen heeft voor de herstelreactie van het epitheel als gevolg
van het aanbrengen van schade. We hebben dit in hoofdstuk 4 van dit proefschrift onderzocht
door gebruik te maken van een longepitheel cellijn waarin geen mitochondriaal DNA (mtDNA) meer
aanwezig is, met andere woorden, de mitochondriën zijn disfunctioneel. De vindingen in dit hoofdstuk
laten zien dat een mitochondriale disfunctie een verhoging van meerdere ontstekingsbevorderende
cytokines, zoals CXCL8, CCL20 en IL-6, tot gevolg heeft en dat GC minder effectief in het remmen van
deze factoren in cellen met een mitochondriale disfunctie vergeleken met gezonde cellen. Ook zien
we een minder goed herstel na het aanbrengen van epitheliale schade wanneer de mitochondriën
disfunctioneel zijn. Samenvattend toont dit aan dat goed functionerende mitochondriën belangrijk
zijn bij schadeherstel. Verder kan de mitochondriale disfunctie die we aantroffen in epitheelcellen
van COPD patiënten bijdragen aan de ontstekingsbevorderende activiteit en de verminderde
gevoeligheid voor GC.
COPD wordt gekenmerkt door een chronische ontsteking en lipiden kunnen hieraan mogelijk een
belangrijke bijdrage leveren, omdat lipiden kunnen dienen als signaalmoleculen die een inflammatie
kunnen starten. De mitochondriale afwijking die we in COPD epitheel hebben gevonden, kunnen
ook van invloed zijn op de expressie van lipiden aangezien de mitochondriën de vetstofwisseling
reguleren in de cel. Daarom vroegen wij ons af of er veranderingen optreden in het lipiden profiel van
patiënten met COPD. In hoofdstuk 5 onderzochten we het potentieel om lipidomics, een techniek
die het mogelijk maakt om expressie van specifieke lipiden componenten te herkennen, te gebruiken
om sigarettenrook-geïnduceerde en/of ziekte-gerelateerde veranderingen in het sputum van COPDpatiënten te herkennen. Het lipidenprofiel van sputum hebben we vergeleken met dat van rokers
zonder COPD en niet-rokers. We hebben meer dan 200 specifieke lipidenmarkers kunnen detecteren
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in sputum van rokende COPD patiënten t.o.v. rokers zonder COPD. Stoppen met roken reduceerde
de expressie van slechts 26 van deze lipiden, wat aangeeft dat de veranderingen in lipidenprofiel van
COPD patiënten grotendeels persistent zijn. 20 (glyco)sphingolipiden componenten waren verhoogd
in rokers zonder COPD in vergelijking met niet-rokers, wat het effect van sigarettenrook weergeeft.
Al deze lipiden behoren tot de sphingolipiden en zouden verantwoordelijk kunnen zijn voor het
induceren van een ontstekingsreactie, aangezien deze groep lipiden sterk wordt geassocieerd met het
veroorzaken van ontsteking. De 13 hoogst tot expressie gebrachte lipiden in rokers met COPD, lieten
een correlatie zien met betrekking tot een minder goede longfunctie. Deze resultaten suggereren
een belangrijke rol voor veranderingen in sphingolipiden expressie bij het ontstaan van COPD. Tevens
zouden sphingolipiden in de toekomst misschien gebruikt kunnen worden als bio-marker voor COPD.
Omdat het nog niet duidelijk is waardoor deze veranderingen in het sputum van COPD patiënten
veroorzaakt werden, en of dit kan komen door de blootstelling van epitheel aan sigarettenrook, hebben
we in hoofdstuk 6 onderzocht of langdurig aan sigarettenrook blootgestelde luchtwegepitheel (zie
hoofdstuk 2) soortgelijke veranderingen laat zien in lipide-profiel. Hier bleek dat dezelfde lipiden van
de sphingolipiden cascade als gevonden in het sputum van COPD patiënten veranderd tot expressie
kwamen in aan sigarettenrook blootgestelde luchtwegepitheel cellen. 13 lipiden waren gestegen in
expressie, maar er waren ook 13 lipiden gedaald in expressie wat mogelijk een rol in lipidensignalering
betekend. Verder was de RNA expressie van `sphingomyelin synthase 2` en `fatty acid synthase`,
enzymen die betrokken zijn bij de expressie van sphingolipiden, flink gereduceerd in de langdurig aan
sigarettenrook blootgestelde longepitheel cellen. Dit betekent dat deze verlaging verantwoordelijk
zou kunnen zijn voor de rook-geïnduceerde verschuiving in lipiden expressie. Deze resultaten geven
duidelijk weer dat het lipiden profiel in epitheelcellen verandert onder invloed van sigarettenrook.

Conclusie
Samengevat wijzen onze resultaten er op dat een mitochondriële disfunctie betrokken is bij
de toegenomen ontstekingsbevorderende activiteit, verminderd schade herstel en de GC
ongevoeligheid van het longepitheel bij COPD. De mitochondriale functie wordt beïnvloed door
sigarettenrook geïnduceerde oxidatieve stress en deze waargenomen afwijkingen in mitochondriale
functie in epitheelcellen van COPD patiënten bleken gepaard te gaan met verminderde activiteit
van GSK3β, wat verantwoordelijk kan zijn voor de GC ongevoeligheid. Ook reguleert GSK3β
belangrijke mitochondriale processen waar inactiviteit van GSK3β mogelijk verantwoordelijk is voor
de geobserveerde mitochondriale veranderingen in COPD patiënten. Verder laten we zien dat de
relatief nieuwe techniek, lipidomics, geschikt is voor diagnostische doeleinden in het sputum van
COPD patiënten. Verandering in lipiden profiel kan een verandering in de vetstofwisseling aanduiden
wat een proces is dat door mitochondriën gereguleerd word. Onze resultaten geven aan dat het
van belang is de rol van mitochondriale functie en het eiwit GSK3β bij het ontstaan COPD verder te
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onderzoeken, onder meer door de mitochondriale functie te remmen of de functie van GSK3β uit te
schakelen in proefdiermodellen van COPD. Daarnaast bieden de resultaten nieuwe openingen voor
behandelmogelijkheden gericht op mitochondriale bescherming en reactiveren van GSK3β, wat zou
kunnen leiden tot verhoogde GC gevoeligheid. Verder biedt de lipidomics techniek mogelijkheden
voor betere diagnose van COPD.
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