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Abstract: Chronic obstructive pulmonary disease (COPD) is a devastating lung disease primarily
caused by exposure to cigarette smoke (CS). During the pyrolysis and combustion of tobacco, reactive
aldehydes such as acetaldehyde, acrolein, and formaldehyde are formed, which are known to be
involved in respiratory toxicity. Although CS-induced mitochondrial dysfunction has been implicated
in the pathophysiology of COPD, the role of aldehydes therein is incompletely understood. To
investigate this, we used a physiologically relevant in vitro exposure model of differentiated human
primary bronchial epithelial cells (PBEC) exposed to CS (one cigarette) or a mixture of acetaldehyde,
acrolein, and formaldehyde (at relevant concentrations of one cigarette) or air, in a continuous flow
system using a puff-like exposure protocol. Exposure of PBEC to CS resulted in elevated IL-8 cytokine
and mRNA levels, increased abundance of constituents associated with autophagy, decreased protein
levels of molecules associated with the mitophagy machinery, and alterations in the abundance of
regulators of mitochondrial biogenesis. Furthermore, decreased transcript levels of basal epithelial
cell marker KRT5 were reported after CS exposure. Only parts of these changes were replicated in
PBEC upon exposure to a combination of acetaldehyde, acrolein, and formaldehyde. More specifically,
aldehydes decreased MAP1LC3A mRNA (autophagy) and BNIP3 protein (mitophagy) and increased
ESRRA protein (mitochondrial biogenesis). These data suggest that other compounds in addition to
aldehydes in CS contribute to CS-induced dysregulation of constituents controlling mitochondrial
content and function in airway epithelial cells.

Keywords: acetaldehyde; acrolein; formaldehyde; cigarette smoke; primary bronchial epithelial cells;
mitochondria; inhalation toxicology

1. Introduction

Inhalation of cigarette smoke (CS) is responsible for 6.5 million deaths annually
as a result of tobacco-related diseases including chronic obstructive pulmonary disease
(COPD) [1,2]. CS contains over 6000 chemicals [3]. One class of chemicals well-known to
be generated during the pyrolysis and combustion of tobacco are aldehydes. These include
the short-chain aldehydes acetaldehyde, acrolein, and formaldehyde, which have similar
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mechanisms of formation, molecular structures, and chemical properties [4–6]. The airways
of smokers are exposed to these aldehydes in peak concentrations [7]. Smoking-associated
exposure to these aldehydes are thought to induce cellular mechanisms underlying respira-
tory toxicity, which have been studied particularly in response to acrolein [8–10]. Taking
into consideration their chemical characteristics and detrimental impact on health, these
three short-chain aldehydes are considered representative for the chemical class of alde-
hydes present in CS of all brands and human smoking regimes [4–6,11] and have been
shortlisted for regulation in CS by the World Health Organization Study Group on Tobacco
Product Regulation [12,13].

Inhaled toxicants, such as compounds that are abundantly present in CS, primarily
reach the epithelial cells of the respiratory tract [14], which include a variety of cell types
such as ciliated, club, and goblet cells [15,16]. The mitochondria present in these distinct
cell types differ in number and intracellular organization, and are essential for proper
function of these cell types (e.g., ciliary function and mucus production) [17,18]. Moreover,
mitochondria play a key role in the regulation of inflammation, oxidative stress, and
cell death [17], all of which are processes known to be involved in the pathogenesis of
COPD [19]. As a relevant example, mitochondrial dysfunction induces production of
pro-inflammatory cytokines in alveolar epithelial cells [20]. Moreover, based on recent
evidence, a mechanistic link has been suggested between mitochondrial-derived reactive
oxygen species and the mediation of mitochondrial dysfunction-induced inflammatory
processes, which can contribute to the pathogenesis of inflammation-related diseases such
as COPD [21].

Mitochondrial homeostasis is regulated by several processes which together coor-
dinate adequate quality control of mitochondria. These processes include mitophagy,
mitochondrial biogenesis, and mitochondrial fission and fusion [17]. Mitophagy is re-
sponsible for the breakdown of damaged or defective mitochondria via autophagy. The
degradation of mitochondria is triggered by activation of mitochondrial receptors (i.e.,
receptor-mediated mitophagy) or a loss of membrane potential resulting in accumulation
or activation of specific proteins (i.e., ubiquitin-mediated mitophagy) [22]. To replenish
damaged or destroyed mitochondria, the generation of new mitochondria (i.e., mitochon-
drial biogenesis) is facilitated via the peroxisome proliferator-activated receptor gamma,
coactivator 1 (PPARGC1) signaling network accompanied by PPARGC1 alpha coactiva-
tors [23,24]. The dynamic processes of fission and fusion are essential in facilitating these
mitochondrial quality-control processes [25].

Emerging evidence suggests a role for CS-induced mitochondrial dysfunction in the
airway pathogenesis of COPD [18,26,27]. Indeed, abnormal mitochondrial morphology has
been observed in airway epithelial cells from COPD patients and in several experimental
smoke-exposure models in vivo and in vitro [28–37]. Moreover, the literature describes
an upregulation of key regulators controlling the mitophagy machinery and constituents
associated with autophagy in various in vitro smoke-exposure models of human bronchial
epithelial cells [31,33,37–47]. Importantly, Cloonan et al. also demonstrated that blocking of
CS-induced mitochondrial dysfunction in mice prevented the development of COPD-like
features such as bronchitis and emphysema [29].

The exact chemical constituents of CS responsible for these mitochondrial abnormali-
ties are unknown. Interestingly, Morita et al. previously showed an association between
the presence of an inactive allele of aldehyde dehydrogenase (an enzyme that detoxifies
aldehydes) and increased incidence of smoking-related chronic airway obstruction in a
Japanese population [48]. Moreover, it has been shown that in vivo acrolein exposure
resulted in impaired lung function and structure [49].

Studies assessing the impact of aldehydes on mitochondrial function in cells of the
airways are scarce. The available studies focus primarily on the impact of individual
aldehydes on mitochondrial metabolism, in particular the most reactive aldehyde acrolein.
As CS consists of a complex combination of aldehydes, varying in concentration due
to tobacco brand and smoking regime [11], these abovementioned individual aldehyde-
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exposure studies are not representative of the exposure of airways of smokers to aldehydes.
Moreover, airborne exposure methods (such as we deployed) have not commonly been
used in studies regarding aldehydes or CS, due to the complexity of the models.

Therefore, the aim of this study was to investigate the impact of a mixture of three
aldehydes (representative for CS) on a comprehensive panel of constituents involved
in molecular mechanisms controlling mitochondrial content and mitochondrial quality-
control (mitochondrial biogenesis vs mitophagy). We used a physiologically relevant
in vitro model of the human bronchial epithelium. To this end, fully differentiated human
primary bronchial epithelial cells (PBEC) from non-COPD subjects (n = 4) were exposed to
CS (1 cigarette), or a mixture of acetaldehyde, acrolein, and formaldehyde (at concentrations
equivalent to one cigarette), or air (control), in a continuous flow system using a puff-like
exposure protocol. After recovery for 6 h or 24 h, suitable timepoints to detect CS-induced
changes at transcript and protein levels, respectively [50,51], we assessed cytotoxicity,
inflammatory protein secretion, and ciliary beating, as well as protein and transcript levels
of key constituents involved in mitochondrial metabolic pathways and quality control.
With regard to these timepoints, we and others have previously shown that 6 h and 24 h
after CS exposure are adequate timepoints to detect changes in the regulatory pathways
controlling mitochondrial content and function (mitochondrial biogenesis vs mitophagy)
respectively, at the mRNA and protein levels [50,51]. We hypothesized that acute exposure
to a mixture of aldehydes, representative for CS, disrupts the molecular regulation of
mitochondrial content and mitochondrial function.

2. Materials and Methods
2.1. PBEC Isolation

Lung tissue used for the isolation of PBEC was obtained from the Maastricht Pathology
Tissue Collection (MPTC). The scientific board of the MPTC (MPTC 2010-019) and the local
Medical Ethic Committee (METC 2017-0087; date: 19 October 2017) provided approval
for use of lung tissue for research purposes. In line with the Human Tissue and Medical
Research Code of Conduct for Responsible Use, the available lung tissue was coded
and handled anonymously with respect to patient data, tissue collection, storage, and
further use, within the framework of patient care at Maastricht University Medical Center+
(MUMC+). Isolation, culture, and characterization of cells were performed by the Primary
Lung Culture (PLUC) facility at the MUMC+ as previously described [52,53]. PBEC were
isolated from resected lung tissue of 4 patients without known history of chronic lung
disease, who underwent surgery for solitary pulmonary nodules. Characteristics of the
subjects are described in Table 1.

Table 1. Characteristics of primary human bronchial epithelial cell donors.

Experiment Primary Bronchial Epithelial Cell Donors

N 4

Male/female 3/1

Age (years) 69.75 ± 2.02

Body mass index 28.00 ± 4.38

Pack years (years) 35.00 ± 15.00 $

FEV1 absolute (L) 2.73 ± 0.19

Tiffeneau Index 76.06 ± 2.06
Subject characteristics of human primary bronchial epithelial cell donors. Data are presented as mean ± s.e.m.
$ Missing values for two donors. FEV1: forced expiratory volume in first second.

2.2. PBEC Proliferation and Differentiation

PBEC of four donors without known history of COPD (5 × 105 cells, passage 1)
were thawed, seeded, and expanded in T75-flasks (passage 2; Corning Costar, Corn-
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ing, NY, USA) on pre-coated growth areas (coating: BSA, human fibronectin, PureCol
Type I collagen solution) in PneumacultTM-Ex medium including PneumacultTM-Ex basal
medium, PneumacultTM-Ex 50× supplement, hydrocortisone stock solution (96 µg/mL)
(all StemCell Technologies, GmbH, Cologne, Germany) and 1% penicillin/streptomycin
(10.000 U/mL/10.000 µg/mL) (Gibco, Billings, MT, USA) following the manufacturer’s
protocol for PneumacultTM-Ex medium (#5008; StemCell Technologies). PBEC were
washed every other day with Hank’s Balanced Salt Solution (HBSS; no calcium, no magne-
sium, no phenol red) (Gibco) followed by refreshment of the PneumacultTM-Ex medium.
Upon reaching 80–90% confluency (approximately 5–7 days of proliferation), PBEC were
seeded at a density of 40.000 cells (passage 3) on pre-coated 1.12 cm2 polycarbonate mem-
brane cell-culture inserts (Corning) using the PneumacultTM-Ex medium. Upon reaching
90% confluency (approximately 5–7 days of proliferation) on the inserts, PBEC were air-
lifted by removing apical medium. Differentiation at the air–liquid interface (ALI) was
maintained for 28–32 days by replacing basolateral medium with PneumacultTM-ALI
maintenance medium containing PneumacultTM-ALI basal medium, PneumacultTM-ALI
10× supplement, PneumacultTM-ALI maintenance 100× supplement, heparin solution
(0.2%), hydrocortisone stock solution (96 µg/mL) (all StemCell Technologies) and 1% peni-
cillin/streptomycin (10.000 U/mL/10.000 µg/mL) (Gibco) following the manufacturer’s
protocol for PneumacultTM-ALI maintenance medium (#5001; StemCell Technologies).
PBEC were washed every other day with HBSS, both apically and basolaterally, and the
basolateral PneumacultTM-ALI maintenance medium was subsequently changed. PBEC
were differentiated for up to 28–32 days in an incubator at 37 ◦C with 5% CO2 in humidified
air, until exposure.

2.3. Validation and Characterization of Differentiation of PBEC at ALI

To validate and characterize our model of differentiation of PBEC at the ALI using the
above-mentioned culturing protocol, we analyzed mRNA expression and immunohisto-
chemistry staining of cell-type-specific markers associated with basal and luminal cells from
two representative donors. Undifferentiated PBEC (day 0; moment of airlift) and PBEC
during differentiation (days 14, 21, and 28 post-airlift) were harvested in TRIzolTM reagent
or fixed in 4% paraformaldehyde in PBS (all from Thermo Fisher Scientific, Waltham,
MA, USA) to evaluate the abundance of basal and luminal characterization markers re-
flecting differentiation status by gene-expression analysis (see Section 2.7: RNA isolation
and real-time quantitative PCR) and immunohistochemistry (see Section 2.9: Fixation for
paraffin-embedded section and immunohistochemistry staining).

2.4. Monitoring PBEC Differentiation and Monolayer Integrity

Several measurements were taken during the differentiation of the PBEC to vali-
date the development of a basal monolayer into a pseudostratified epithelium, for all
four donors. First, monolayer integrity was monitored during differentiation of all PBEC
cultures from all donors before exposure to CS and aldehydes. The trans-epithelial elec-
trical resistance (TEER) was assessed at day 0 (day of airlift) in apical and basolateral
PneumacultTM-Ex medium, and post-airlift at days 7, 14, 21, and 28, as well as 24 h before
exposure (this timepoint was in some cases equivalent to day 28 post-airlift) in apical
HBSS or PneumacultTM-ALI maintenance medium and basolateral PneumacultTM-ALI
maintenance medium. An epithelial volt–ohm meter (World Precision Instruments, Sara-
sota, FL, USA) was employed to analyze the TEER of the PBEC cultures as indication
of an intact monolayer of the pseudostratified epithelium. TEER (Ω·cm2) was corrected
for the surface of the 12-well inserts and the background measurements of the medium
used. Then, cell-layer permeability was analyzed using fluorescein isothiocyanate-dextran
(FITC-dextran) immediately after analysis of the bead motion in a flow induced by ciliary
beating. FITC-dextran solution (Sigma-Aldrich, Saint Louis, MO, USA; 1 mg/mL) was
prepared in PneumacultTM-ALI maintenance medium. Subsequently 0.5 mL FITC-dextran
was added to the apical side of the inserts. After incubation in the dark for 2 h in the incu-
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bator at 37 ◦C and 5% CO2 in humidified air, the inserts were transported to a new 12-well
plate to prevent spillage and to guarantee similar incubation times among the inserts.
Technical triplicates of 100 µL of the basolateral medium for each insert were analyzed by
fluorescence measurement (Molecular Devices, San Jose, CA, Spectramax M2) (485/535 nm;
intensity 7000) in a 96-well plate (black; Corning Costar). Fluorescence was corrected for
background of PneumacultTM-ALI maintenance medium and expressed relative to 2%
Triton-X-100 (i.e., cell lysis resulting in complete permeability of the membrane).

2.5. Dosimetry and Exposure Regime

As shown in Supplementary Figure S1, an experimental puff-like exposure system
was designed to expose differentiated PBEC cultures directly to CS or to a mixture of
aldehydes (at concentrations equivalent to 1 cigarette) via the air, using two Vitrocell®

12/3 CF stainless steel modules for 12-well sized inserts (Vitrocell, Waldkirch, Germany).
Exposure to CS or aldehydes was conducted according to the Health Canada Intense
(HCI) exposure regime. We opted for Marlboro Red as a choice of tobacco product as
Marlboro Red is one of the leading commercially-available brands worldwide. Moreover, it
has been shown that smoking of Marlboro Red resulted in exposure to concentrations of
this study’s three target aldehydes in higher ranges than 11 analyzed commercial brands
(11). Importantly, the concentrations are comparable in Marlboro Red and 3R4F (the most
frequently used reference cigarette in the literature). Specifically, 8 puffs were taken by
the smoking machine (VC1, Vitrocell, Waldkirch, Germany) from 1 cigarette (Marlboro
Red; taped) or the gaseous mixture of aldehydes in the buffer tank following the HCI
Bell regime (2 puffs/min, 55 mL puff volume, 2 s puff duration, 4 s puff exhaust time;
taped). The generated streams of CS or aldehydes were distributed (and diluted) in the
exposure manifold by a mass-flow-controlled stream of 500 mL/min compressed dry air.
Subsequently, streams of 5 mL/min per insert were extracted from the exposure manifold.
These streams were individually humidified by passage through Nafion humidifiers in
a water bath at 33.8 ◦C. After humidification, the streams were delivered to the cells. As
control, the PBEC cultures were exposed to clean compressed air with a similar flow rate
and similar humidification within the control module.

To match the target concentrations of aldehydes present in the mixture to the concen-
trations present in CS of one Marlboro Red cigarette, we analyzed the total concentrations
of three aldehydes, i.e., acetaldehyde, acrolein, and formaldehyde, in a Marlboro Red
cigarette. Marlboro Red cigarettes were taped following the World Health Organization
SOP1 standard operating procedure for intense smoking of cigarettes [54] and subsequently
‘smoked’ following the above-described HCI regime. Directly prior to the measurement of
aldehydes in the CS, the exposure system was primed by smoking 3 cigarettes. After prim-
ing, three single cigarettes were consecutively smoked to analyze the aldehydes present in
the smoke. The stream of smoke from one cigarette was trapped using a Cambridge filter
and Carboxen adsorbent cartridge (external filter) placed next to the smoking machine.
Next to using the primary trapping cartridge, an additional cartridge was included to
measure possible flow through. The conditions were 1 L/min continuous sample flow,
using an exhaust-flow smoking machine complemented with clean compressed air. Ex-
traction and analysis of the trapped aldehydes followed the World Health Organization
TobLabNet SOP8 for determination of aldehydes in mainstream CS under International
Standardization Organization (ISO) intense smoking conditions, with the exception of 1
min extraction instead of 30 min [55]. Flow through was measured for acetaldehyde and
formaldehyde in the CS (~10–15%), and the mean concentrations of all three aldehydes
including flow through (mg/m3) measured in the CS of 1 Marlboro Red cigarette were
as expected compared to the literature (Supplementary Table S1) [11]. Based on these
concentrations, the target concentrations of the mixture of aldehydes were set.

The mixture of 3 aldehydes was generated by evaporating syringe-pump-controlled
flows of aldehydes in streams of mass-flow-controlled compressed dry air, using two
Dimroth evaporators (one for formaldehyde, the other for acrolein and acetaldehyde).
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After evaporation, the generated formaldehyde and acrolein/acetaldehyde streams were
mixed in a buffer chamber. To reach the target concentrations of each aldehyde, the
target settings of the syringe pumps were calculated using the density and purity of
each aldehyde, and the total flow of the test atmosphere. For formaldehyde, a flow of
2.55 µL/min 37 wt% formaldehyde solution (Sigma Aldrich, Saint Louis, MO, USA) with
a density of 1.09 mg/µL was evaporated in a stream of 5 L/min of compressed dry air,
to obtain a calculated concentration of 102.8 mg/m3 (83 ppm). A flow of 1.64 µL/min of
pure acrolein (Sigma Aldrich) with a density of 0.839 mg/µL was evaporated in a stream of
5 L/min compressed air, together with 27.99 µL/min of pure acetaldehyde (Sigma Aldrich)
with a density of 0.76 mg/µL. The calculated concentrations of acrolein and acetaldehyde
were 137.5 mg/m3 (59 ppm) and 2126 mg/m3 (1162 ppm), respectively.

A total carbon analyzer (TCA, Ratfisch, Poing, Germany) was employed to monitor
the concentrations of aldehydes during every exposure. The response of the TCA was used
as an indicator of the presence of each of the aldehydes in the gaseous mixture (located
before the smoking machine); for an example of the TCA measurement during exposure,
see Supplementary Figure S2. Together with the nominal calculated concentrations, this
confirmed the exposure of the cells to each of the aldehydes.

2.6. PBEC Exposure to CS or Mixture of Aldehydes

PBEC of four donors without known history of COPD were differentiated for up
to 29–32 days until exposure. 24 h prior to treatment, fully differentiated PBEC were
apically and basolaterally washed with HBSS, followed by basolateral replacement of the
PneumacultTM-ALI maintenance medium. PBEC were transported in a portable incubator
at 37 ◦C to the laboratory for exposure.

After priming the system, as explained above, the PBEC were placed into Vitrocell®

12/3 CF stainless steel modules (exposure or control module) which were preheated to 37 ◦C
and filled with fresh PneumacultTM-ALI maintenance medium. PBEC were exposed to
8 puffs of CS, aldehyde mixture, or compressed dry air following the HCI smoking regime
described in Section 2.5. Immediately after exposure to CS or the mixture of aldehydes,
PBEC were placed on a new 12-well plate in fresh PneumacultTM-ALI maintenance medium.
Thereafter, the exposed PBEC were transported in a portable incubator at 37 ◦C for analysis
of bead motion induced by ciliary beating, or placed in the incubator at 37 ◦C and 5%
CO2 in humidified air for recovery for 6 h or 24 h until harvesting. To control for possible
impact of transporting the PBEC to another lab, exposure to a non-sterile environment, and
airflow in the exposure system, we also included incubator-controlled PBEC cultures in
our experiment. The experiments were conducted in triplicate per donor per exposure or
control condition.

2.7. RNA Isolation and Real-Time Quantitative PCR

Following recovery for 6 h or 24 h, total RNA was extracted from the PBEC by lysis in
TRIzolTM reagent (InvitrogenTM, Carlsbad, CA, USA). The lysates were processed following
the manufacturer’s instructions (catalog numbers 15596026 and 15596018, InvitrogenTM)
using glycogen blue co-precipitant (Thermo Fisher Scientific). To verify the quantity and
quality of the total RNA, the RNA was analyzed using the NanoDrop ND 1000 UV-vis
spectrophotometer (Isogen Life Sciences, Utrecht, Netherlands). Next, total RNA (100 or
400 ng) was reverse transcribed into cDNA using an iScriptTM cDNA synthesis kit (Bio-Rad,
Lunteren, Netherlands) including a no-reverse transcription control and a no-template
control. cDNA was diluted in milliQ (1:50) and stored at −20 ◦C until use. Real-time
quantitative PCR amplification was performed by mixing 4.4 µL of 1:50 diluted cDNA,
5 µL 2 × SensiMixTM SYBR® & Fluorescein Kit (Bioline, Little Clacton, UK), and 0.6 µL
primers specific for genes of interest, in white LightCycler480 384 multiwell plates (Roche,
Basel, Switzerland), and subsequently running a thermal cycling protocol of 10 min at
95 ◦C, 55 cycles of 10 s at 95 ◦C, 20 s at 60 ◦C, on the LightCycler480 machine (Roche).
Supplementary Table S2 shows the list of target-specific primers used for qPCR analysis.
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Qualitative analysis of the melt curves was conducted using LightCycler480 software
(Roche), and quantitative gene expression analysis was performed in LinRegPCR software
2014.x (LinRegPCR v11.0. http://LinRegPCR.nl.0, accessed on 1 July 2022). The geometric
mean of a combination of at least two and up to four reference genes (ACTB, B2M, PPIA,
RPL13A) was calculated in GeNorm software 3.4 (Primerdesign, Austin, TX, USA). This
geometric mean was used for normalization of the relevant gene-expression levels. Samples
with no amplification, no plateau phase, too low Cq value, or outside 5% of the group
mean were automatically excluded from the LinRegPCR analysis. In addition, qualitative
analysis of melt curves and peaks revealed by the LightCycler480 software resulted in the
exclusion of outliers.

2.8. DNA Isolation and Analysis of Mitochondrial DNA (mtDNA) Copy Number

After 24 h of recovery, PBEC were lysed in TRIzolTM reagent (InvitrogenTM) as indi-
cated in the previous section. Isolation of DNA was conducted following the manufac-
turer’s instructions (MAN0016385; catalog numbers 15596026 and 15596018, InvitrogenTM).
The DNA pellet was dissolved in 50 µL TE buffer (10 mM tris HCI pH 8.0, 1 mM EDTA
pH 8.0). To increase solubility, the samples were heated to 55 ◦C for 1 h and stored at 4 ◦C
overnight. The next day, samples were centrifuged to remove insoluble materials, and
supernatants were stored at −20 ◦C until use. The quantity and quality of the DNA was ver-
ified using the NanoDrop ND 1000 UV-vis spectrophotometer (Isogen Life Sciences, Utrecht,
Netherlands). 200 ng of DNA (diluted in TE buffer) was analyzed by real-time quantitative
PCR amplification using 2 × SensiMixTM SYBR® and Fluorescein Kit (Bioline, Netherlands;
also see Section 2.7: RNA isolation and real-time quantitative PCR). Assessment of mtDNA
copy numbers was performed by analyzing the ratio of mtDNA, mitochondrial encoded
MT-CO2 versus genomic DNA, and ACTB (Supplementary Table S2).

2.9. Fixation for Paraffin-Embedded Section and Immunohistochemistry Staining

PBEC inserts were harvested for immunohistochemistry staining at day 0 (undiffer-
entiated; at moment of airlift) and day 28 (differentiated) in order to assess differentiation
status. At the day of harvest, the PBEC inserts were gently washed with ice-cold HBSS
(apical and basolateral). Next, 4% paraformaldehyde in PBS was added to the basolateral
(1 mL) and apical (0.5 mL) sides of the insert. After at least 1.5 h incubation at room temper-
ature, the paraformaldehyde was replaced by 70% ethanol. Fixed inserts were embedded
in paraffin, cut, and stained with hematoxyline-eosine (H&E), periodic acid-Schiff (PAS;
polysaccharides and mucosubstances) (Periodic acid solution 0.5% (Sigma 1004821000) and
Schiff Reagent (Sigma Aldrich, 3952016-500ML)), or target-specific antibodies, as listed
in Supplementary Table S3. The target-specific antibodies were employed to verify the
differentiation status of the PBEC donors, basal cell and differentiation markers were
stained using the antibodies P63 (nuclei), Clara cell secretory protein-16 (CC16; Clara cell
protein 16), and acetylated tubulin (AcTub; present in cilia).

2.10. Cytotoxicity Assay

Following 6 h or 24 h of recovery after exposure, we collected the apical wash (HBSS)
and basolateral medium (PneumacultTM-ALI maintenance medium) in order to measure
the lactate dehydrogenase (LDH) activity using the cytotoxicity detection kit (LDH Roche,
USA). The cytotoxicity was analyzed within 7 days after harvesting, according to the man-
ufacturer’s protocol with the minor adaptation of dilution of the reagents 1:1 in HBSS. The
positive control reflecting maximum cytotoxicity, referred to as LDHmaximum (LDHmax),
was determined by optimal lysis of an incubator-control insert of fully differentiated PBEC
at the 24 h harvesting timepointh via shaking for 10 min in 2% Triton-X-100. Triplicate sam-
ples of 1/10 diluted LDHmax in PneumacultTM-ALI maintenance medium were analyzed
for each experiment to determine the relative LDH response. Colorimetric spectropho-
tometry (Molecular Devices, San Jose, CA, USA, Spectramax M2) was applied to detect
cytotoxicity, after correction for the background of the medium (apical: HBSS; basolateral:

http://LinRegPCR.nl.0
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PneumacultTM-ALI maintenance medium), and cytotoxicity was calculated relative to the
LDHmax (%).

2.11. Inflammatory Protein Secretion

Following the manufacturer’s protocol, with minor modifications, the LEGENDplexTM

Human Essential Immune Response Panel (13-plex) (BioLegend, San Diego, CA, USA)
was employed to analyze the levels of 13 inflammatory proteins involved in the immune
response, respectively interleukin (IL) 4, IL-2, C-X-C motif chemokine ligand (CXCL) 10
(IP-10), IL-1β, tumor necrosis factor alpha (TNF-α), C-C motif chemokine ligand (CCL2;
MCP-1), IL-17A, IL-6, IL-10, interferon gamma (IFN-γ), IL-12p70, CXCL8 (IL-8), and
free active transforming growth factor beta 1 (TGF-β1). Using FACS (BD FACSCanto II),
these interleukins, cytokines, and chemokines were measured in the undiluted apical and
basolateral supernatant of the PBEC exposed to CS or the mixture of aldehydes (6 or 24 h
post-exposure). Thereafter, levels of cytokines and chemokines were calculated based on
the standard curve (0.169–10.000 pg/mL).

2.12. Protein Isolation and Western Blotting

Following recovery for 6 h or 24 h, total protein of PBEC was isolated in 200 µL
of whole cell lysis buffer (20 mM tris pH 7.4, 150 mM NaCl, 1% Nonidet P40 in MilliQ)
or Pierce RIPA buffer (Thermo Fisher Scientific) including PhosSTOP phosphatase and
cOmplete Mini EDTA-free protease inhibitor cocktail tablets (both Roche). Next, whole
cell lysates were mixed by rotation for 30 min at 4 ◦C and centrifuged at 20,000× g for
30 min at 4 ◦C. Based on the determination of total protein content using the PierceTM

BCA protein assay kit (catalog number 23225 and 23227, Thermo Fisher Scientific), whole
cell lysates were diluted (1 µg/µL) in a final concentration of 1 × Laemmli buffer (0.25 M
tris pH 6.8, 8% (w/v) sodium dodecyl sulphate, 40% (v/v) glycerol, 0.4 M dithiothreitol,
0.02% (w/v) bromophenol blue). Thereafter, lysates were boiled for 5 min at 100 ◦C and
stored at −80 ◦C until analysis. The samples (10 µg of protein per lane) and corresponding
protein ladders (Precision Plus Protein™ All Blue Standards #161-0373, Bio-Rad) were
separated by electrophoresis (100–130 V for 1 h) on Criterion XT Precast 4–12% or 12%
bis-tris gel (Bio-Rad) in 1 × MES running buffer (Bio-Rad). Next, transfer of the proteins
from the gel to a 0.45 µM nitrocellulose transfer membrane (Bio-Rad) was conducted by
electroblotting (Bio-Rad Criterion Blotter) (100 V for 1 h). Staining of total protein content
on the blotted membrane was performed by incubation of the nitrocellulose membranes
with 0.2% Ponceau S in 1% acetic acid (Sigma-Aldrich), followed by visualization using
an Amersham™ Imager 600 (GE Healthcare, Eindhoven, Netherlands). Staining for the
target-specific proteins started with washing off the Ponceau S staining and blocking the
membranes for 1 h in 5% (w/v) non-fat dry milk (Campina, Amersfoort, Netherlands)
dissolved in Tween20 tris-buffered saline (TBST; 20 mM Tris, 137 mM NaCl, 0.1% (v/v)
Tween20, pH 7.6). After washing with TBST, the membranes were incubated with a target-
specific primary antibody diluted in 3% (w/v) BSA (Supplementary Table S4) at 4 ◦C
overnight. Next, a TBST wash of the membranes was followed by incubation with a
horseradish-peroxidase-conjugated secondary antibody (Supplementary Table S3) diluted
in 5% (w/v) non-fat dry milk in TBST for 1 h at room temperature. The membranes
were subsequently washed, stained with either 1 × Supersignal West FEMTO or 0.5 ×
Supersignal West PICO chemiluminescent substrate (Thermo Fisher Scientific), and imaged
using the Amersham™ Imager 600. Quantification of total protein content and target-
specific proteins was performed on original unaltered images using Image Quant software
(GE Healthcare). Total protein content was quantified using the Ponceau-S-stained images,
where possible, over the entire size range of the proteins (250 kDa–10 kDa). For analysis of
target-specific proteins, correction was applied for total protein loading. As some proteins
of different molecular mass were analyzed on the same gel, quantification of these proteins
was based on normalization with the same Ponceau S staining. The analyses using Gel I
were for hexokinase 2 (HK2), dynamin 1-like (DNM1L), OXPHOS complexes including
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NADH ubiquinone oxidoreductase subunit B8 (NDUFB8; CI), succinate dehydrogenase
complex iron sulfur subunit B (SDHB; CII), ubiquinol-cytochrome C reductase core protein 2
(UQCRC2; CIII), ATP synthase F1 subunit alpha (ATP5F1A; CV), sequestosome 1 (SQSTM1),
and translocase of outer mitochondrial membrane 20 (TOMM20). Those carried out on Gel
II were for parkin RBR E3 ubiquitin protein ligase (PRKN), BCL2 interacting protein 3-like
(BNIP3L), BCL2 interacting protein 3 (BNIP3), FUN14 domain containing 1 (FUNDC1),
PTEN induced kinase 1 (PINK1), and microtubule-associated protein 1 light chain 3 beta
(MAP1LC3B). Analysis on Gel III included detection of peroxisome proliferator-activated
receptor gamma, coactivator 1 alpha (PPARGC1A), nuclear respiratory factor 1 (NRF1),
GABA type A receptor associated protein like 1 (GABARAPL1), and estrogen-related
receptor alpha (ESRRA).

Representative Western blot images in the figures of this manuscript have been ad-
justed for brightness and contrast equally throughout the picture. Moreover, the 85 kDa
Ponceau S bands included in the figures are representative of the whole Ponceau S staining,
and the selected target-specific band shown for one replicate from one donor per experiment
is reflective of the mean changes in all donors as quantified in the corresponding graph.

2.13. Analysis of Bead Motion Induced by Ciliary Beating

Immediately after exposure, PBEC were transported in a portable incubator at 37 ◦C
for analysis of bead motion induced by ciliary beating. The exposed PBEC were placed
under the microscope (Leica Dmi8), and maintained at 37 ◦C and 5% CO2 in humidified
air. Directly before video was recorded, 10 µL of 2.1 µM beads (RED PSRF 2.1 µM 2.5%
PSFR3961A-1219; Magsphere) diluted 1:50,000 in PneumacultTM-ALI maintenance medium
were added to the apical side of the exposed PBEC in the middle of the well. Recording of
the bead motion started circa 5–10 min after addition of the beads, to facilitate spreading of
the beads over the well and their movement in a flow induced by ciliary beating. Videos
were acquired from 30 min until 2.5 h post-exposure using a LEICA DFC7000 GT camera
with a 4× objective, along with LAS X 3.4.2 software. Videos were recorded with a frame
interval of 0.33 s for 20–60 s.

Automatic tracking of the beads was conducted in ImageJ version 1.53 [56] using the
MTrackJ plugin for motion tracking and analysis [57]. First, we selected videos recording
the motion of the beads at the edge of the well, to retain a consistent position because flow
speed varied according to position within the well. Moreover, beads were followed outside
the mucus, because flow speed differed between inside and outside the mucus. For each
exposure condition (CS, mixture of aldehydes, or air), one to three videos per well were
selected for each donor, where available. Videos were loaded into ImageJ, and scale was
modified to 0.2065 pixels/µM. Beads located as close as possible to the edge of the well
and following a smooth path were selected for tracking (Figure S9A). Within one video
(i.e., one well), 5–6 beads were tracked for 2.97–5.00 s (i.e., 9–16 frames) (see example in
Figure S9B). Subsequently, mean distance per second was calculated for each exposure
condition for each donor, according to tracked beads from 1–3 videos, respectively resulting
in 5–12 tracked beads per donor exposed to air or CS and 6–23 tracked beads per donor
exposed to air or aldehydes. In summary, results for total numbers of tracked beads across
all donors were air: 29 vs. CS: 24, and air: 18 vs. aldehydes: 41.

2.14. Statistical Analysis

Statistical analysis and data graphing were carried out using GraphPad Prism 8.0
software (USA). The experiments were conducted in triplicate for each independent donor
under each condition. The mean values for each donor are represented in the bar charts
by open circles (donor 1), triangles (donor 2), squares (donor 3), or diamonds (donor 4).
The data are presented as mean fold change (FC) compared to air control ± standard
error of the mean (s.e.m.). Statistical differences between air vs. CS and air vs. mixture of
aldehydes were tested using a two-tailed paired parametric t-test. Statistical significances
were indicated as p-values below 0.05 (* p < 0.05) or below 0.01 (** p < 0.01).
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3. Results
3.1. Validation and Characterization of Differentiation of PBEC at ALI

To validate and characterize our model of differentiation of PBEC at the ALI, we
analyzed mRNA expression of markers associated with basal and luminal cells during the
differentiation of donors. Basal epithelial cells were identified by markers KRT5, KRT14,
and the nuclear TP63. Moreover, club cells were identified by SCGB1A1, ciliated cells with
FOXJ1, and goblet cells with MUC5AC.

As depicted in Supplementary Figure S3A,B, mRNA levels of basal epithelial cell
markers decreased, while increased transcript abundance of markers associated with cilia,
club, and goblet cells were observed in fully differentiated cultures (day 28) compared with
non-differentiated cultures (day 0 at moment of airlift). To further verify differentiation
status of the PBEC donors (14, 21, 28 days post-airlift), we conducted H&E staining as
well as immunohistochemistry staining of nuclei, Clara cell protein 16, polysaccharides,
mucosubstances, and cilia. The presence of a pseudostratified epithelium as well as
identification of markers associated with specific cell types were confirmed from one
representative donor at 28 days post-airlift, visualized in Figure S3C,D. Based on these
findings, PBEC cultures at the ALI differentiated for at least 28 days included several cell
types representing the pseudostratified epithelium.

In addition, to monitor monolayer integrity during differentiation, TEER was mea-
sured in all PBEC cultures from all donors at different timepoints. As depicted in Sup-
plementary Figure S4, the TEER (Ω·cm2) of all PBEC donors increased over time and
stabilized at 28 days post-airlift, indicating a confluent intact monolayer before exposure to
CS and aldehydes.

3.2. No Impact of CS or Aldehydes Exposure on Cell Viability and Monolayer Integrity

After validation and characterization of differentiation of PBEC at the ALI, we assessed
the effects of single exposure to CS or aldehydes on cell viability and monolayer integrity.
Exposure to CS or aldehydes did not impact cell viability 6 h or 24 h post-exposure
(Supplementary Figure S5A,B). Moreover, immediately (±3 h) after exposure, permeability
of PBEC cultures assessed by the FITC-dextran assay was negligible, indicating the integrity
of the monolayer (Supplementary Figure S5C). In addition, we took into account the
potential stressful impact of the exposure system (e.g., transport, air-flow) by including
incubator controls in our study. In general, no pronounced impact of dynamic exposure
to air was observed for any of the analyzed markers (incubator versus air control), except
for small but significant increases in secretion levels of IL-8, IL-6, and CCL-2 in apical
supernatants of PBEC after 6 h of exposure (data not shown). Moreover, small decreases in
transcript levels of genes encoding for IL-8, autophagy, and fission or fusion were observed
in response to air-flow (data not shown). These findings support a negligible impact of
air-flow per se on our cultures.

3.3. CS Exposure Affects Inflammatory Protein Production and Antioxidant Gene Expression

Next, we investigated the production of several inflammatory proteins (interleukins,
cytokines, chemokines) as well as mRNA expression of inflammatory genes and antioxidant
enzymes in response to CS or aldehydes. Although IL-8, IL-6, and CCL2 were detectable in
both apical and basolateral media at baseline, only IL-8 levels were found to be significantly
increased in the basolateral medium of CS-exposed PBEC (Figure 1A–F). Moreover, we
observed elevated gene expression of Il-8 in response to CS exposure (Figure 1G). In general,
no profound changes in response to aldehydes were observed in these inflammatory
proteins, nor in terms of inflammatory gene expression, except for decreased CCL2 levels
in apical medium (Figure 1C). Secretion of IL-4, IL-2, CXCL10, IL-1β, TNF-α, IL-17A, IL-10,
IFN-γ, IL-12p7, and free active TGF-β1 was in general non-detectable (data not shown).
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Figure 1. Impact of CS exposure on inflammatory proteins and inflammatory gene expression. Differ-
entiated human primary bronchial epithelial cells (PBEC) from non-COPD subjects (n = 2–4 donors)
were exposed to smoke of one Marlboro Red cigarette (CS), or a mixture of acetaldehyde, acrolein,
and formaldehyde (at concentrations equivalent to one cigarette), or air (control), under a continuous
flow system using a puff-like exposure protocol. Following recovery for 6 h or 24 h, supernatants and
whole cell lysates were harvested. Inflammatory protein levels: (A,B) IL-8, (C,D) CCL-2, and (E,F)
IL-6 in apical and basolateral supernatants were analyzed. Transcript levels of inflammatory markers
(G) IL-8 and (H) CCL-2 in whole cell lysates were analyzed. Data are presented as mean fold change
compared to air control ± s.e.m. The mean values of biological triplicate results per independent
donor are represented by open circles, triangles, squares, or diamonds. Statistical differences between
CS vs. air and the mixture of aldehydes vs. air were tested using a two-tailed paired parametric t-test.
Statistical significance is indicated as * p < 0.05 vs. air (control).
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With respect to the expression of antioxidant genes, the transcript levels of SOD1 were
significantly elevated 24 h post-CS exposure, while the expression of SOD2 was unaltered.
Exposure to the aldehydes mixture did not alter antioxidant gene expression (Figure 2A,B).
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Figure 2. CS exposure affects expression of antioxidant genes. Differentiated human primary
bronchial epithelial cells (PBEC) from non-COPD subjects (n = 4 donors) were exposed to smoke
of one Marlboro Red cigarette (CS) or a mixture of acetaldehyde, acrolein, and formaldehyde (at
concentrations equivalent to one cigarette) or air (control), under a continuous flow system using a
puff-like exposure protocol. Following recovery for 6 h or 24 h, whole cell lysates were harvested
for transcript analysis of oxidative stress markers (A) SOD1 and (B) SOD2. Data are presented as
mean fold change compared to air control ± s.e.m. The mean values of biological triplicate results
per independent donor are represented by open circles, triangles, squares, or diamonds. Statistical
differences between CS vs. air and a mixture of aldehydes vs. air were tested using a two-tailed
paired parametric t-test. Statistical significance is indicated as * p < 0.05 vs. air (control).

In conclusion, although CS exposure affected the secretion levels of IL-8 as well
as the transcript abundance of inflammatory and antioxidant genes, aldehydes had a
minor impact.

3.4. Altered Abundance of Molecules Associated with Autophagy Following CS or
Aldehyde Exposure

The autophagosomal pathway has an important role clearing (sub)cellular damage,
and previous in vitro studies suggested that acute exposure of PBEC to CS resulted in
increased abundance of autophagic components [50]. We therefore assessed the expression
of specific autophagy proteins in response to CS or aldehydes. After 6 h or 24 h of recovery
following exposure to CS, protein and transcript levels of SQSTM1 and GABARAPL1 were
significantly increased (Figure 3A–E). These results were not replicated in response to
aldehyde exposure. The protein ratio of MAP1LC3BII/MAP1LC3BI did not change after
exposure to CS, while this protein ratio was decreased in PBEC exposed to aldehydes
(Figure 3A,F). Exposure to CS as well as to aldehydes resulted in decreased MAP1LC3A
and/or increased MAP1LC3B mRNA abundance (Figure 3G,H).
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Figure 3. Changes in the abundance of autophagic components in response to exposure to CS or aldehydes.
Differentiated human primary bronchial epithelial cells (PBEC) from non-COPD subjects (n = 4 donors)
were exposed to smoke of one Marlboro Red cigarette (CS), or a mixture of acetaldehyde, acrolein, and
formaldehyde (at concentrations equivalent to one cigarette), or air (control), in a continuous flow system
using a puff-like exposure protocol. Following recovery for 6 h or 24 h, whole cell lysates were harvested
for analysis of the (A,B,D,F) protein and (C,E,G,H) transcript abundance of constituents associated with
autophagy, respectively SQSTM1, GABARAPL1, ratio MAP1LC3BII/I, and MAP1LC3A and MAP1LC3B.
Representative Western blot images are shown of one replicate of one donor per experiment, reflective
of the changes in all donors as quantified in the corresponding graph. Data are presented as mean fold
change compared to air control ± s.e.m. The mean values from biological triplicates per independent
donor are represented by open circles, triangles, squares, or diamonds. Statistical differences between
CS vs. air and the mixture of aldehydes vs. air were tested using a two-tailed paired parametric t-test.
Statistical significance is indicated as * p < 0.05 and ** p < 0.01 vs. air (control).



Cells 2022, 11, 3481 14 of 32

3.5. Exposure to CS Decreases Expression of Components of the Mitophagy Machinery

Because exposure to aldehydes or CS is associated with alterations in the abundance of
specific autophagy proteins, and these proteins are critical for facilitating the degradation
of damaged or dysfunctional mitochondria (i.e., mitophagy), we further assessed the effect
of smoking-associated aldehyde exposure on the abundance of constituents within the
mitophagy machinery.

Firstly, we investigated the impact of CS or the mixture of aldehydes on the abundance
of proteins involved in receptor-mediated mitophagy. As shown in Figure 4, significantly
decreased protein levels of BNIP3L and BNIP3 were observed following CS exposure, while
the impact of aldehydes was less pronounced. Moreover, protein levels of FUNDC1 as well
as mRNA levels of markers of receptor-mitophagy did not significantly change following
CS or aldehyde exposure.
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Figure 4. Decreased protein levels of markers associated with receptor-mediated mitophagy after
CS exposure. Differentiated human primary bronchial epithelial cells (PBEC) from non-COPD
subjects (n = 3–4 donors) were exposed to smoke of one Marlboro Red cigarette (CS), or a mixture
of acetaldehyde, acrolein, and formaldehyde (at concentrations equivalent to one cigarette), or
air (control), under a continuous flow system using a puff-like exposure protocol. After recovery
for 6 h or 24 h, whole cell lysates were harvested for analysis of (A,B,D,F) protein and (C,E,G)
transcript abundance of key regulators involved in receptor-mediated mitophagy: BNIP3L, BNIP3,
and FUNDC1. Representative Western blot images are shown for one replicate of one donor per
experiment, reflective of the changes in all donors as quantified in the corresponding graph. Data
are presented as mean fold change compared to air control ± s.e.m. The mean values of biological
triplicates for each independent donor are represented by open circles, triangles, squares, or diamonds.
Statistical differences between CS vs. air and the mixture of aldehydes vs. air were tested using a
two-tailed paired parametric t-test. Statistical significance is indicated as * p < 0.05 and ** p < 0.01 vs.
air (control).

Secondly, the abundance of key regulators involved in ubiquitin-mediated mitophagy
was examined. As depicted in Supplementary Figure S6, exposure to CS or aldehydes
resulted in decreased transcript levels of PINK1 after 6 h of recovery, while other markers
related to ubiquitin-mediated mitophagy were unaltered both at protein and mRNA level.

In summary, although CS had a significant impact on the abundance of key regulators
involved in autophagy and mitophagy, the effect of aldehydes on constituents associated
with these processes was less pronounced.

3.6. Alterations in the Expression of Proteins and Genes Involved in Mitochondrial Biogenesis in
Response to CS

Next, we investigated the abundance of key transcription factors involved in mi-
tochondrial biogenesis, specifically molecules co-activated by PPARGC1. Although we
observed decreased protein abundance of PPARGC1A, protein levels of ESRRA and the
mRNA expression of other coactivators in this pathway (PPRC1, NRF2) were upregulated
in response to CS (Figures 5 and 6). The abundance of PPARGC1 transcription factors was
in general unchanged upon aldehyde exposure, with the exception of significantly elevated
ESRRA protein levels 24 h post-exposure to aldehydes.
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Figure 5. Altered abundance of constituents controlling mitochondrial biogenesis following CS
exposure. Differentiated human primary bronchial epithelial cells (PBEC) from non-COPD subjects
(n = 3–4 donors) were exposed to smoke of one Marlboro Red cigarette (CS), or a mixture of acetalde-
hyde, acrolein, and formaldehyde (at concentrations equivalent to one cigarette), or air (control),
under a continuous flow system using a puff-like exposure protocol. Following recovery for 6 h
or 24 h, whole cell lysates were harvested and (A,B) protein levels of PPARGC1A, as well as (C–E)
transcript levels of PPARGC1 molecules: PPARGC1B, PPARA, PPRC1 were analyzed. Representative
Western blot images are shown for one replicate of one donor per experiment, reflective of the changes
in all donors as quantified in the corresponding graph. Data are presented as mean fold change
compared to air control ± s.e.m. The mean values of biological triplicates for each independent donor
are represented by open circles, triangles, squares, or diamonds. Statistical differences between CS
vs. air and the mixture of aldehydes vs. air were tested using a two-tailed paired parametric t-test.
Statistical significance is indicated as * p < 0.05 vs. air (control).
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Figure 6. CS exposure results in changes in the abundance of PPARGC1-coactivated transcription
factors. Differentiated human primary bronchial epithelial cells (PBEC) from non-COPD subjects
(n = 2–4 donors) were exposed to smoke of one Marlboro Red cigarette (CS), or a mixture of acetalde-
hyde, acrolein, and formaldehyde (at concentrations equivalent to one cigarette), or air (control), in a
continuous flow system using a puff-like exposure protocol. After recovery for 6 h or 24 h, whole
cell lysates were harvested to analyze (A) protein levels of (B) NRF1 and (C) ESSRA. Representative
Western blot images are shown for one replicate from one donor per experiment, reflective of the
changes in all donors as quantified in the corresponding graph. Transcript levels of (D) NRF2 and
(E) TFAM were analyzed. Data are presented as mean fold change compared to air control ± s.e.m.
The mean values of biological triplicates per independent donor are represented by open circles,
triangles, squares, or diamonds. Statistical differences between CS vs. air and a mixture of aldehydes
vs. air were tested using a two-tailed paired parametric t-test. Statistical significance is indicated as *
p < 0.05 vs. air (control).
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These data indicate that CS exposure especially resulted in altered expression of
constituents controlling mitochondrial biogenesis pathways in PBEC, while the aldehy-
des present in CS had a minimal impact on the abundance of mitochondrial biogenesis
transcription factors.

3.7. CS and Aldehydes Affect the Abundance of Mitochondrial Fission and Fusion Regulators

In addition to mitophagy and mitochondrial biogenesis, mitochondrial fission and
fusion are essential processes in mitochondrial quality control and homeostasis. To study
whether the CS- and/or aldehyde-induced changes in the abundance of regulators in-
volved in mitophagy and mitochondrial biogenesis were accompanied by disruption of
mitochondrial dynamics, we examined the abundance of fission- and fusion-associated
proteins and genes following CS and aldehyde exposure.

Regarding the response of fission-associated markers, we observed minimal decreases
in DNM1L protein levels following aldehyde exposure (6 h) (Figure 7A,B). Transcript level
analysis of the fission genes DNM1L and FIS1 showed no differences following exposure to
CS or aldehydes, compared to air control (Figure 7C,D). A similar pattern was observed
when investigating the expression of fusion-associated genes. mRNA levels of MFN1 and
MFN2 were increased 24 h post-exposure to CS, while MFN2 and OPA1 mRNA levels were
significantly decreased in response to aldehydes (6 h) (Figure 7E–G).
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Figure 7. Abundance of mitochondrial fission- and fusion-associated markers is altered after exposure
to CS or aldehydes. Differentiated human primary bronchial epithelial cells (PBEC) from non-COPD
subjects (n = 3–4 donors) were exposed to smoke of one Marlboro Red cigarette (CS), or a mixture of
acetaldehyde, acrolein, and formaldehyde (at concentrations equivalent to one cigarette), or air (control),
under a continuous flow system using a puff-like exposure protocol. After recovery for 6 h or 24 h, whole
cell lysates were harvested for analysis of fission-associated markers, (A,B) DNM1L protein as well as
(C) DNM1L and (D) FIS1 transcript levels. Representative Western blot images are shown for one replicate
from one donor per experiment, reflective of the changes in all donors as quantified in the corresponding
graph. In addition, the expression of fusion-associated genes (E) MFN1, (F) MFN2, and (G) OPA1 was
analyzed. Data are presented as mean fold change compared to air control ± s.e.m. The mean values of
biological triplicates for each independent donor are represented by open circles, triangles, squares, or
diamonds. Statistical differences between CS vs. air and the mixture of aldehydes vs. air were tested using
a two-tailed paired parametric t-test. Statistical significance is indicated as * p < 0.05 and ** p < 0.01 vs.
air (control).

In summary, we observed that exposure to CS resulted in increased transcript abun-
dance of fusion-associated markers 24 h post-stimulation, while aldehyde exposure re-
sulted in a transient decrease in expression of these dynamic mitochondrial fission and
fusion markers.

3.8. Minor Changes in the Abundance of Subunits of Oxidative Phosphorylation Complexes in
Response to Smoking-Associated Aldehyde Exposure

Next, we assessed whether exposure to CS or aldehydes affected the abundance of
constituents of the electron transport chain. Protein levels of a complex I subunit were
decreased following exposure to CS (24 h), which was not replicated upon aldehyde
exposure (Figure S7A,B). Additionally, protein abundance levels of investigated subunits
of complexes II, III, and V were unaltered after exposure (Figure S7A,C–E). Interestingly,
transcript abundance of a subunit of complex I (NDUFB3) was not changed, while mRNA
levels of complex III (CYC1) were elevated after aldehyde exposure (Figure S8). In addition,
exposure to the mixture of aldehydes resulted in a slight decrease in protein abundance
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of the outer mitochondrial membrane receptor TOMM20 (Figure S7A,F). Assessment of
mtDNA copy numbers showed no differences between CS or aldehyde exposure vs. air
control (Figure S7G).

3.9. CS or Aldehyde Exposure Induced Expression of Genes Involved in Glucose Metabolism

Considering the observed impact on the molecular mechanisms controlling mitochon-
drial function, we also assessed the abundance of key molecules involved in other metabolic
processes (i.e., glycolysis). CS exposure increased transcript abundance of the glycolytic
enzyme HK2 (6 h), while protein abundance was unaltered (Figure 8A–C). This effect was
absent in response to aldehydes. Moreover, PDK4 expression, which regulates the influx of
pyruvate into the mitochondria, increased after aldehyde exposure (6 h) (Figure 8D).
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Figure 8. Increased abundance of genes associated with glucose metabolism upon CS or aldehyde
exposure. Differentiated human primary bronchial epithelial cells (PBEC) from non-COPD subjects
(n = 2–4 donors) were exposed to smoke of one Marlboro Red cigarette (CS), or a mixture of acetalde-
hyde, acrolein, and formaldehyde (at concentrations equivalent to one cigarette), or air (control),
under a continuous flow system using a puff-like exposure protocol. After recovery for 6 h or 24 h,
whole cell lysates were harvested to analyze (A,B) protein levels of HK2. Representative Western blot
images are shown for one replicate from one donor per experiment, reflective of the changes in all
donors as quantified in the corresponding graph. Transcript levels of (C) HK2 and (D) PDK4 were
analyzed. Data are presented as mean fold change compared to air control ± s.e.m. The mean values
of biological triplicates for each independent donor are represented by open circles, triangles, squares,
or diamonds. Statistical differences between CS vs. air and the mixture of aldehydes vs. air were
tested using a two-tailed paired parametric t-test. Statistical significance is indicated as * p < 0.05 vs.
air (control).
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3.10. The Expression of Basal Epithelial Cell Marker KRT5 Is Decreased after CS Exposure

As depicted in Figure 9A–C, CS exposure resulted in decreased expression of KRT5
while other basal epithelial cell markers (KRT14 and TP63) did not change in response to CS.
These alterations in the expression of cell-specific markers were not replicated in response
to the mixture of aldehydes. No pronounced impacts of CS or aldehydes were detected for
club cell marker SCGB1A1, ciliogenesis marker FOXJ1, or goblet cell differentiation marker
MUC5AC (Figure 9D–F).
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 Figure 9. Transcript levels of basal epithelial cell marker KRT5 are decreased in response to CS
exposure. Differentiated human primary bronchial epithelial cells (PBEC) from non-COPD subjects
(n = 4 donors) were exposed to smoke of one Marlboro Red cigarette (CS), or a mixture of acetalde-
hyde, acrolein, and formaldehyde (at concentrations equivalent to one cigarette), or air (control),
under a continuous flow system using a puff-like exposure protocol. After recovery for 6 h or 24 h,
whole cell lysates were harvested to analyze transcript levels of basal epithelial cell markers (A) KRT5,
(B) KRT14, and (C) nuclear basal epithelial cell marker TP63. Expression levels were analyzed for
(D) club cell secretory marker SCGB1A1, (E) ciliogenesis marker FOXJ1, and (F) goblet cell differen-
tiation marker MUC5AC. Data are presented as mean fold change compared to air control ± s.e.m.
The mean values of biological triplicates for each independent donor are represented by open circles,
triangles, squares, or diamonds. Statistical differences between CS vs. air and the mixture of aldehy-
des vs. air were tested using a two-tailed paired parametric t-test. Statistical significance is indicated
as * p < 0.05 vs. air (control).

3.11. Impact of CS or Aldehyde Exposure on Cilia Bead Flow

Because mitochondria are essential for the proper function of epithelial cells of the
airways (e.g., ciliary function and mucus production), we next investigated the impact of
CS-associated aldehyde exposure on the motions of bead in a flow induced by cilia beating.
As shown in Supplementary Figure S9, no differences were observed in the distances
travelled per second by beads in CS- or aldehyde-exposed cells compared with air.

4. Discussion

In this study, CS exposure resulted in increased IL-8 secretion as well as elevated
transcript levels of antioxidant and inflammatory genes. Moreover, the molecular regulation
of mitochondrial quality-control processes was disrupted in response to CS exposure,
mainly at the level of autophagy and mitophagy. Furthermore, transcript levels of basal
epithelial cell marker KRT5 declined in response to CS. CS-mediated responses were
minimally reproduced in PBEC cultures exposed to a mixture of aldehydes.

Literature describing inflammation and oxidative stress in response to CS or aldehydes
(acetaldehyde, acrolein, and formaldehyde) tested using in vivo and in vitro airway models
is abundant [8,9,58–61]. We observed that only CS exposure induced an inflammatory
response and antioxidant gene expression, whereas the response to aldehydes was less
pronounced. It could be suggested that our use of a single exposure to aldehydes at high
peak concentrations may have been insufficient to induce an inflammatory response or
significantly alter cellular (anti-)oxidant status. In this context, it is important to note that we
only measured antioxidant gene expression and did not directly assess (anti-)oxidant status.

Studies investigating the impact of CS exposure on the regulation of mitochondrial
quality control, content, and metabolism in differentiated PBEC models, using a continuous
flow system combined with a puff-like exposure regime such as we deployed, are non-
existent in the literature. However, several studies using CS exposure on cell lines or
undifferentiated human primary airway epithelial cells have shown that CS or CS extract
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(CSE) induced autophagy and mitophagy [31,33,37–41,43–46]. This is in line with our
previous findings in whole CS-exposed differentiated PBEC [50]. Collectively, the CS-
mediated autophagy/mitophagy response that we (and others) observed can be interpreted
as a cellular response in an effort to clear up CS-induced damage to specific proteins,
organelles, or other macromolecules. Indeed, it has previously been shown that CS causes
damage to mitochondria that manifests as aberrant mitochondrial morphology, observed
in experimental smoke-exposure models in vivo and in vitro [28–37], and mitochondrial
dysfunction (i.e., impaired respiration) [34]. Assessment of cellular respiration in 3D
cultures is challenging and was not the primary aim of this research, so we did not include
these measurements in the current study. However, it is possible to measure cell respiration
in 3D cultures, as described in previous publications [62,63].

An interesting observation made in our study was that the abundance of autophagy
proteins drastically increased, whereas mitophagy proteins moderately decreased after CS
exposure. In the case of autophagy, this might be explained in several ways. One possibility
would be a blocked autophagy flux (i.e., autophagosome and associated proteins fail to be
degraded, and thus accumulate). However, we also observed increased autophagy mRNA
levels suggestive of another possible explanation, namely an activation of autophagy in
response to damage. These two theories have been described previously, and conflicting
experimental data have been reported regarding the contribution of increased or blocked
autophagy as injurious or protective for the airways and the corresponding development
of disease [64–68]. It should be noted that an obvious limitation of the current study is that
we did not directly assess mitophagy or mitochondrial dynamics, which can be achieved,
for example, by use of confocal microscopy and specific fluorescent probes [69]. Future
research implementing these microscopy techniques is necessary to assess the contribution
of (blocked) autophagy in response to CS exposure in epithelial cells of the airway.

In contrast to the results for CS, we observed that aldehydes minimally affected the
abundance of autophagy or mitophagy constituents. Previous studies, although limited and
carried out in non-primary human lung cells, demonstrated that aldehydes (such as acrolein
and also formaldehyde) can stimulate autophagy to a similar extent as smoke [70–72].
Nevertheless, it is difficult to compare those findings with our results, due to variations
in dose (25 µM up to 10 ppm), exposure regimes (gaseous inhalation vs. exposure in
solutions), and cell types analyzed (rat lung homogenates vs. human airway cell lines).

With regard to mitochondrial biogenesis, we observed in response to CS decreased
protein levels of PPARGC1A and increased transcript levels of multiple molecules involved
in mitochondrial biogenesis. However, transcript levels of Tfam, responsible for transcrip-
tion of the mitochondrial genome and a key regulator of mitochondrial biogenesis, were
unaltered, which is in line with findings in BEAS-2B cells exposed to CSE [73]. These
findings suggest a (partly) compensatory cellular response in PBECs to counteract potential
damage-induced breakdown of mitochondria. Previous in vitro PBEC studies reported a
contrary impact of CS exposure on transcript levels of some regulators of the PPARGC1
network [50,74]. Discrepant findings may well be explained by differences in time, dosage,
and mode of exposure. In contrast to CS, aldehydes again had no profound impact on the
mitochondrial biogenesis-associated molecules that we investigated in our study. Previous
research reported decreased expression of constituents of the mitochondrial biogenesis ma-
chinery in response to acrolein, in cells of the lung in vitro and in lung tissue in vivo [71,75].
The fact that we did not observe these responses to aldehydes in our model may suggest
that this response is limited to certain cell types in the airways, not including cells from
the bronchial epithelial layer. To our knowledge, the impact of CS-associated acetaldehyde
and formaldehyde on the regulation of mitochondrial biogenesis in cells of the airways has
never previously been studied.

With regard to mitochondrial dynamics, we observed that exposure to CS resulted in
increased transcript abundance of fusion-associated markers 24 h post-stimulation, while a
transient decrease in expression of fission and fusion markers was observed in response
to aldehydes. This is partly in line with our previously published data for differentiated
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PBEC cultured at the ALI and exposed to whole CS [50]. Moreover, other studies in vivo
and in vitro have shown that acrolein exposure resulted in increased (transcriptional reg-
ulation of) mitochondrial fission [70,71], and smoke exposure resulted in mitochondrial
fragmentation with increased fission and decreased fusion [30,33,34,41,44,45,76] in cells of
the airways. Discrepancies have also been reported in the literature after smoke exposure in
lung cells [31,38,43,77]. These conflicting findings can be explained by the various exposure
models used, as well as the dynamic character of the fission and fusion flux. Interestingly,
the observation of increased abundance of fusion proteins upon CS exposure is compat-
ible with changes in the abundance of regulatory molecules controlling mitochondrial
biogenesis and indications for increased autophagy, which together may be interpreted
as stimulated mitochondrial turnover (i.e., increased degradation of mitochondria and
increased generation of new mitochondria) after CS exposure. Again, in the case of our
study, the absence of direct microscopic assessment of mitochondrial dynamics limits our
conclusions in this respect.

Although CS-induced mitochondrial dysfunction has been described in airway epithe-
lial cells in vivo [29] and in vitro [34], we observed no marked changes in the abundance
of subunits of oxidative phosphorylation complexes or mtDNA copy numbers following
CS exposure. These findings are in line with our previous study investigating the impact
of smoke exposure in various PBEC models [50]. Interestingly, one previous study re-
ported CSE-induced release of extracellular vesicles containing mitochondria in a bronchial
epithelial cell line. This was not accompanied by a drastic reduction in mtDNA copy
numbers in these cells nor with a reduction in Tfam levels (as we also observed in our
study) [73]. It remains to be determined whether PBECs exposed to CS in our study re-
leased (damaged) mitochondria through extracellular vesicles. Furthermore, exposure to
aldehydes only had a minimal impact on mtDNA abundance and the expression of (sub-
units of) oxidative phosphorylation complexes. However, aldehyde-induced disruption of
mitochondrial function has been reported in the literature, specifically in response to ac-
etaldehyde in hepatocytes [78], to acrolein in cells of the airways, rat liver mitochondria, or
rat lung [70,71,75,79,80], to formaldehyde and acetaldehyde in rat liver mitochondria [81],
and formaldehyde in neuroblastoma cells [82]. Study of the role of aldehydes in differenti-
ated human PBEC vs. individual aldehydes in non-primary human lung cells may clarify
these contrasting results of our study against those of previous studies.

Several in vitro studies using primary airway epithelial cells or cell lines have shown
that CS(E) impacts epithelial barrier integrity, induces cilia toxicity, increases mucus pro-
duction, and changes the presence of cell types in the airway epithelium [83–89]. This is
in line with pathological alterations observed in COPD patients [90–93]. The absence of
changes in mRNA expression of cell-type specific markers in our study may be explained
by the acute exposure protocol or by the fact that we used fully differentiated cultures,
as studies reporting such changes have often exposed cells during differentiation and/or
using repeated or chronic exposure protocols of CS(E) or acrolein [75–83,89,94].

Although some of the individual findings that we describe have already been reported
in previous studies using other (cell line) models of CS or acrolein exposure, the novelty
of our approach and its results is multifaceted. Its strengths and novelties are outlined
in this paragraph and in Figure 10. Firstly, some strengths can be observed in the model.
The combination of fully differentiated human PBEC with an ALI exposure system can be
considered a strength. This model appropriately mimics the human situation, in contrast
with studies using submerged cultures of undifferentiated PBEC or immortalized cell lines.
Secondly, where previous in vitro studies of submerged cultures have used liquid-based
exposure modalities (CSE or aldehydes in liquid formulation), our airborne dynamic expo-
sure method is more reflective of the in vivo situation due to the representative chemical
characteristics (gaseous and particulate components). Thirdly, we carefully considered the
smoking regime and aimed to mimic the puff topography (i.e., toxic peak concentrations
of aldehydes) of smokers in our in vitro model, to study the impact on airway epithelial
cells of the mainstream gaseous and particulate components of CS or the mixture of alde-
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hydes. Previous in vitro and in vivo studies mainly used continuous whole CS or even
liquid-based exposure. The fourth novelty is that in this experiment we studied for the
first time the impact of simultaneous exposure to three short-chain aldehydes. The scarce
studies available focused primarily on the impact of individual aldehydes, in particular
acrolein [70]. Studying this combination of three aldehydes is important due to indications
(based on their common mechanisms and previous co-exposure studies) of an additive or
synergistic toxicity [95–98]. With regard to the data that we obtained, the main novelty is
the investigation of a comprehensive panel of essential constituents involved in several
molecular mechanisms associated with mitochondrial content and function (mitophagy,
mitochondrial dynamics, and mitochondrial biogenesis) and comparison of changes which
have never been described before in response to CS and aldehydes.
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Figure 10. Schematic representation of the strengths and novelties of the study. (1) Use of human
primary bronchial epithelial cells from multiple donors differentiated at the air–liquid interface.
(2) The airborne and dynamic exposure method and (3) the smoking regime mimicking the puff
topography are both more reflective of the in vivo smoking situation, due to the representative
chemical characteristics (gaseous and particulate components) of the exposure. (4) Studying the
impact of simultaneous exposure to three short-chain aldehydes. (5) Assessment of a comprehensive
panel of constituents involved in molecular mechanisms associated with mitochondrial content and
function, using our sophisticated in vitro exposure model. Designed with Biorender.com.

Obviously, a limitation of our study is that realistic in vitro lung models should also
include other cell types in addition to epithelial cells, e.g., macrophages or fibroblasts.
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Previous studies have shown the potential of such complex co-culture models [99–101].
With respect to the dosimetry, we were able to reliably assess the levels of the three
aldehydes in the smoke of one cigarette, using a standard operating procedure [55], and
the concentrations were in line with previously reported levels [11]. Unfortunately, we
were unable to measure levels of the aldehydes in the aldehyde mixture at the site of the
cells. However, we have confidence that we generated an aldehyde mixture comparable to
the concentrations of acetaldehyde, acrolein, and formaldehyde present in the smoke of
one Marlboro Red cigarette. This confidence is based on our calculations using the density
and purity of each aldehyde in combination with the total flow of the test atmosphere,
as well as the TCA analyses of the aldehyde mixture to check whether each compound
was present in the generation of the test atmosphere. However, it should be noted as
limitation of our experimental set-up that a mixture of pure aldehydes as used in our
study will behave differently from the same quantity of aldehydes present in a mixture
with other chemicals, such as in CS. For example, condensation of aldehydes on aerosol
particles is more likely in CS. Moreover, as we are interested in the chronic exposure of
smoking-associated aldehydes (suggested to be related to COPD pathogenesis), an obvious
limitation of our study was the single exposure regime. Nevertheless, acute exposure
seems to be partly reflective of changes after chronic exposure, as supported by previous
evidence. To briefly illustrate this, effects of short-term CS exposure in our study, especially
for the observed induction of autophagy, were in line with observations in lung tissue or
PBEC from COPD patients with a long history of smoking [31,33,38,40]. This indicates
that our short-term CS exposure model at least partly reflects changes in airway epithelial
cells of chronic smokers. In addition, in line with our findings, airway epithelial cells
from mice exposed to CS for a longer period of time also showed elevated autophagy
markers [102] and upregulated mitophagy [33]. Furthermore, CS exposure for 6 months
disrupted mitochondrial metabolism in BEAS-2B cells [31]. Interestingly, Malinska et al.
compared short- and long-term CS exposure periods (1 week vs. 12 weeks of CS exposure)
in BEAS-2B cells, and found that most changes in mitochondrial function were similar
over these two periods, although indications of adaptation were reported after long-term
exposure [32].

These limitations should be taken into account in future research, to investigate the
relevant gaps in the knowledge. Additional scientific research into the mechanistic and
causal involvement of smoking-associated aldehydes in mitochondrial (dys)function in
cells of the airways could be of value for supporting regulation of aldehydes in cigarettes.
Moreover, further research is required to provide greater insight into the potential link
between aldehydes, mitochondrial dysfunction, and COPD pathogenesis, to shed light on
potential therapeutical applications targeting aldehydes and/or mitochondria.

Overall, in contrast to our hypothesis, we found no profound impact of aldehydes on
molecular mechanisms controlling mitochondrial content and function, compared with CS.
This is in contrast to in vitro studies which showed that acrolein or co-exposure to acrolein
and formaldehyde disrupts processes involved in the regulation of mitochondrial home-
ostasis in lung cells [70,79,95,98,103], and conflicts with an in vivo study which observed
that proper function of aldehyde dehydrogenase protected against the development of
CS-induced airway disease [48]. Probably, the use of our sophisticated and novel expo-
sure model, giving consideration to the above-mentioned corresponding limitations, e.g.,
dosimetry, could clarify the limited impact of aldehydes on the molecular regulation of path-
ways involved in mitochondrial content and function. In addition to these study-specific
limitations, several other explanations for the absence of a response to aldehydes could be
conceived. Theoretically, the combination of the three aldehydes of interest together with
any of the other 6000 chemicals present in CS, including other aldehydes, could introduce
an additive or synergistic toxicity, which we did not address in our study. For example, a
recent study reported enhanced lung carcinogenicity by coexposure to tobacco compound
Nitrosamine 4-Methylnitrosamino-1-(3-pyridyl)-1-butanone combined with acetaldehyde,
formaldehyde, or carbon dioxide in mice [104]. Moreover, compounds other than these
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three aldehydes (e.g., carbon monoxide, nicotine, polycyclic aromatic hydrocarbons) may
potentially contribute to the mitotoxicity of CS.

In conclusion, this study shows that in vitro exposure of differentiated PBEC to CS
disrupts the molecular regulation of mitochondrial content and mitochondrial quality
control, while only some of these changes were replicated in response to exposure to a
representative combination of aldehydes. These findings suggest that compounds other
than aldehydes in CS contribute to CS-induced disruption of the regulation of mitochon-
drial content and function in airway epithelial cells. Although there is an indication that
aldehydes have an impact on molecular mechanisms controlling mitochondrial content
and function, additional research should be conducted to provide scientific support for the
regulation of aldehydes or other chemicals in CS.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells11213481/s1, Figure S1: Schematic representation of CS and aldehydes exposure
system; Figure S2: Monitoring of the aldehydes present in the mixture using a total carbon analyzer;
Figure S3: Validation and characterization of differentiation of PBEC; Figure S4: Monolayer integrity
of PBEC during differentiation; Figure S5: No impact of CS or aldehydes exposure on cytotoxicity
and monolayer integrity; Figure S6: Exposure to CS or aldehydes resulted in decreased gene
expression of PINK1; Figure S7: Minor alterations in protein levels of subunits of oxidative phos-
phorylation complexes following CS or alde-hyde exposure; Figure S8: Minimal changes in mRNA
expression of subunits of oxidative phosphorylation complexes upon smoking-associated aldehy-
des exposure; Figure S9: Bead motion induced by ciliary beating in response to CS or aldehydes
exposure; Table S1: Dosimetry Concentration analysis of acetaldehyde, acrolein and formaldehyde
in the mainstream smoke of one Marlboro Red cigarette (CS) to match the target concentration of
the aldehydes present in the gaseous mixture; Table S2: Human primers sequences used for real
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staining. Table S4: Antibodies used for western blotting.
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