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Abstract

Cigarette smoke (CS) exposure is the predominant risk factor for the
development of chronic obstructive pulmonary disease (COPD)
and the third leading cause of death worldwide.We aimed to elucidate
whether mitochondrial respiratory inhibition and oxidative stress are
triggers in its etiology. In different models of CS exposure, we
investigated theeffecton lung remodelingandcell signalingof restoring
mitochondrial respiratory electron flow using alternative oxidase
(AOX), which bypasses the cytochrome segment of the respiratory
chain. AOX attenuated CS-induced lung tissue destruction and loss of
function in mice exposed chronically to CS for 9 months. It preserved
the cell viability of isolated mouse embryonic fibroblasts treated with
CS condensate, limited the induction of apoptosis, and decreased the
production of reactive oxygen species (ROS). In contrast, the early-
phase inflammatory response induced by acute CS exposure of mouse
lung, i.e., infiltration by macrophages and neutrophils and adverse
signaling, was unaffected. The use of AOX allowed us to obtain novel

pathomechanistic insights intoCS-inducedcell damage,mitochondrial
ROS production, and lung remodeling. Our findings implicate
mitochondrial respiratory inhibition as a keypathogenicmechanismof
CS toxicity in the lung. We propose AOX as a novel tool to study
CS-related lung remodeling and potentially to counteract CS-induced
ROS production and cell damage.
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Clinical Relevance

Cigarette smoke exposure triggers mitochondrial respiratory
inhibition and oxidative stress. The use of an alternative
respiratory enzyme relieves mitochondrial stress and
attenuates lung dysfunction and tissue damage.

Chronic obstructive pulmonary disease
(COPD), which is largely caused by exposure
to cigarette smoke (CS), represents a rapidly
growing global health burden in terms of

suffering and mortality. It is estimated that it
will soon become the third most common
cause of death worldwide (1). The clinical
hallmarks of COPD are airflow limitations

and lung tissue destruction. The poor
regeneration capacity of the adult human
lung and the lack of therapeutic
interventions to arrest or reverse tissue
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destruction make COPD a terminal
condition. Different possible mechanisms
driving the pathology of this disease are
currently the subject of intense debate and
experimentation. It has been proposed, for
instance, that local inflammation and
production of reactive oxygen species (ROS)
induced upon CS exposure initiate adverse
lung remodeling (2). The prooxidant nature
of CS is well documented and supports this
hypothesis (3). However, its complex
composition, which includes more than
5,000 compounds (4), many of which are
known toxins or carcinogens, complicates
efforts to elucidate the underlying
mechanism. Two prominent CS compounds
are known as potent inhibitors of
mitochondrial respiratory complex IV (cIV),
i.e., carbon monoxide and hydrogen cyanide.
Exposure to either toxin disrupts electron
transport, inducing cellular redox imbalance
and excessive ROS production. Because
cyanide has a systemic half-life of up to 25
hours (5), mitochondrial impairment cannot
be considered as an inert bystander in the
development of COPD. Instead, excess ROS
produced as a result of respiratory chain
inhibition may be the actual trigger for
adverse signaling that initiates and
accelerates the pathology.

Plants and many lower organisms,
including the sea-squirt Ciona intestinalis,
but not mammals, express alternative
oxidase (AOX), which is able to maintain
mitochondrial respiration under conditions
in which the cytochrome segment of the
electron transport chain is blocked.
Specifically, AOX accepts electrons from
ubiquinol to reduce oxygen to water.
Notably, because AOX is a single-subunit
oxidase and nonproton pumping, it does not
add to the proton motive force across the
inner mitochondrial membrane and thus
does not directly support mitochondrial
ATP production. Recently, we engineered
and characterized mouse models that
ubiquitously expressed AOX (6, 7). Even
globally expressed AOX caused no deviation
from normal physiology, including body
temperature and regular mitochondrial
oxygen consumption, while conferring
resistance to respiratory chain inhibitors
such as antimycin A and cyanide (6, 7). This
seemingly counterintuitive outcome can be
explained by the biochemical properties of
AOX, which requires respiratory disruption
and sufficient Q-pool reduction for proper
functioning (8). This makes AOX an
ideal tool for studying mitochondrial

involvement in pathogenesis in the mouse
(9, 10). For example, the use of AOX mice in
a disease model for sepsis revealed that
mitochondria are responsible for the
detrimental proinflammatory phenotype
shift of macrophages, and, more
importantly, that transgenic expression of
AOX decreases lethality by restoring
mitochondrial respiration and blunting the
production of mitochondrial ROS in bone
marrow–derived macrophages (11). Our
previous data indicate that AOX is
sufficiently active in immune cells, which are
also responsible for the local inflammation
and excess ROS production seen in the
course of COPD (11). Thus, we sought to
test whether CS-induced respiratory
inhibition could be revoked by AOX and
whether this would decrease ROS
production, alleviating cell damage and
limiting immune cell migration to the lung
and adverse organ remodeling in vivo.

Here, we show in AOX mice
chronically exposed to CS that detrimental
lung remodeling is attenuated while
functional lung parameters (lung
mechanics) are preserved. At the cellular
level, AOX protects against the toxicity
of CS condensate (CSC), decreasing
mitochondrial superoxide production and
preserving cell viability. In contrast, the
acute response to short-term CS exposure,
i.e., the infiltration of neutrophils and
macrophages, is not prevented by AOX,
suggesting that the relationship between the
early inflammatory response and long-term
lung remodeling is not straightforward. We
infer that the early- and late-phase responses
must differ, with mitochondrial signaling
being sufficient to account only for the
latter. Nevertheless, the use of AOX provides
novel insights into disease etiologies and
may form the basis for novel approaches to
counteract the development of chronic lung
remodeling, such as that seen in COPD.

Methods

Animal Experiments
A mouse strain ubiquitously expressing AOX
was recently described (6). All animal
experiments were approved by the
Landesamt für Soziales, Gesundheit und
Verbraucherschutz, of the State of Saarland
following the national guidelines for animal
treatment (18/2011), and were performed
according to the Declaration of Helsinki
conventions for the use and care of animals.

CS Exposure
Female heterozygous AOX transgenic mice
and wild-type (WT) littermates were
exposed to CS (3R4F cigarettes, College of
Agriculture, Reference Cigarette Program,
University of Kentucky) in a TE-10 smoking
machine (Teague Enterprises) starting at
8 weeks of age (12, 13).

Lung Function Measurements
Respiratory system mechanics were
analyzed using the flexiVent system
(SCIREQ) as previously described (12, 14).

Stereological Lung-Tissue Analysis
Lungs were fixed by instillation of PBS-
buffered 4% formaldehyde in PBS under
constant hydrostatic pressure, prepared by
systematic uniform random sampling, and
analyzed as previously described (12, 13).

BAL
Animals were anesthetized as described
above and tracheotomized. BAL was
performed as previously described (12, 13).
A minimum of 200 cells were counted and
differentiated based on morphology.

Quantification of Inflammatory
Mediators
Concentrations of IL-6 (DY406), KC
(keratinocyte derived cytokine, CXCL1)
(DY453), MIP2 (macrophage inflammatory
protein) (DY452), and MMP9 (matrix
metalloprotease 9) (DY6718) were measured
by ELISA (DuoSet; R&D Systems) according
to the manufacturer’s instructions. Signals
were quantified using a FLUOstar Omega
ELISA reader and MARS data analysis
software V3.10.R6 (both from BMG Labtech).

Isolating Primary Mouse Embryonic
Fibroblasts
Primary mouse embryonic fibroblasts (MEFs)
from embryos at embryonic day 13.5 (E13.5)–
E15.5 were isolated and immortalized
(generating iMEFs) as described elsewhere
(15, 16).

Generation of CSC
CSC was obtained from Vectis s.r.l. Cava dei
Tirreni as the solid fraction derived from
tobacco smoke and thus devoid of volatile
components such as carbon monoxide (17).

Sulforhodamine B Viability Assay
Toxicity screening was conducted using the
sulforhodamine B (SRB) assay (S1402;
Sigma-Aldrich), which is based on
measurement of cellular protein content (18).
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Respirometry
Mitochondrial respiration of permeabilized
cells was assayed using a respirometer
(OROBOROS) as previously described (19).

ROS Measurements
The amount of ROS in iMEFs was measured
using MitoSOX Red (M36008; Thermo-
Fisher Scientific) and the electron-spin-
resonance method as described in detail
elsewhere (20, 21).

Statistics
The sample size for each experiment is
stated in the figures, with all data shown as
mean 6 SEM or box-and-whiskers plots
(SRB viability assay). Statistical analysis was
performed with GraphPad Prism software
(GraphPad Software Inc.). Differences
were considered statistically significant at a
P value of ,0.05.

Results

AOX Attenuates Chronic CS-induced
Lung Dysfunction and Tissue Damage
To test whether mitochondrial respiratory
inhibition could be the trigger for lung
damage and remodeling driven by chronic
CS exposure, we subjected WT and AOX
mice to chronic CS for 9 months. CS stress
caused a loss of body weight in all of the
exposed mice, although significance was
reached only inWT animals (Figure 1A). To
eliminate a possible bias by differences in
body weight, all measured functional lung
parameters were normalized to the actual
body weight. Respiratory-system mechanics
related to CS-induced lung remodeling
showed a significant deterioration in WT
mice (Figures 1B–1E; Figure E1A in the
data supplement). In AOX mice, the loss of
lung function was generally less severe or
absent (Figures 1B–1E). Compared with
WT controls, AOX mice were significantly
protected from the effects of CS exposure as
determined by volume (Figure 1B) and
hysteresis (Figure 1D), whereas other
parameters only showed a trend toward
protection (Figures 1C and 1E). Parameters
typically altered in restrictive airway
diseases were unaffected by both CS
exposure and AOX expression (Figures
E1B–E1E).

To visualize the severity of lung damage
upon chronic exposure to CS, we quantified
the mean chord length by stereology
(Figure 2). Again, we found an increase in

CS-exposed mice, corresponding to the
observed changes in alveoli volume
(Figure 2B), which were less pronounced
in the CS-exposed AOX group. Taken
together, these results show that AOX
attenuates tissue destruction upon CS
exposure.

AOX Improves Cell Viability upon CSC
Exposure
To identify molecular mechanisms
underlying the observed effects of AOX
upon CS exposure, we used a cell-culture
model. Because the strongest effects seen
in vivo affected parameters reflecting the
lung’s ability to stretch and expand, such as
hysteresis, we chose fibroblasts (iMEFs)
as the most suitable cell type to study.
Growing cells were treated with CSC and
the number of viable cells after 2 or 3 days
was determined using the SRB assay

(Figure 3). CSC decreased SRB staining in
both WT and AOX iMEFs in a dose-
dependent manner (Figures 3A and 3B).
AOX conferred robust protection against
CSC toxicity to cells grown in glucose
(Figures 3A and 3B) or in galactose (Figures
3C and 3D), which enforces the use of
mitochondrial oxidative phosphorylation
(22), and where CSC had a more dramatic
effect. When CSC-containing galactose
medium was replaced with toxin-free
medium after 48 hours, AOX-expressing,
but not WT, iMEFs were able to recover
(Figure 3C). Cleaved caspase-3 (Figures 3D
and 3E) was significantly increased in WT,
but not AOX, iMEFs after CSC exposure,
whereas total caspase-3 was unaffected
(Figure E2). This is consistent with the idea
that CSC activates apoptosis as a result of
mitochondrial respiratory inhibition,
against which AOX affords protection.
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AOX Supports Mitochondrial
Respiration and Decreases
Superoxide Production in iMEFs
Exposed to CSC
We used respirometry to analyze the effects
of CSC on mitochondrial respiration, and
how this is modified by AOX expression.
Two different assays were implemented to
analyze damage-associated effects of CSC
on respiration and to profile any acute toxic
effects of CSC on respiration. Intact iMEFs
cultured in galactose medium in the
presence of CSC for 48 hours showed a
dose-dependent drop in respiration with
partial protection by AOX at low CSC
concentration (Figure E3A). To identify the
specific sites of CSC-induced damage and its
mitigation by AOX, we used digitonin-
permeabilized cells supplied with specific
substrate mixes and inhibitors. Culturing of
cells in CSC resulted in a dose-dependent
decrease in respiration driven by a complex I
(cI)-linked substrate mix (Figure 4A),
which was not compensated for by AOX
expression. In contrast, AOX was able to
maintain or increase respiration driven by
the complex II (cII) substrate succinate,
even at high doses of CSC (Figure 4B).
AOX was unable to prevent the large
decrease in complex IV (cIV)-driven
respiration produced by a high dose of CSC,
although it stimulated cIV-driven
respiration at a lower (noninhibitory) dose
(Figure 4C). These effects were not reflected
by altered levels of representative protein
subunits of the respiratory chain complexes
(Figure 4D), and therefore were likely due to
post-translational modifications, small-
molecule effectors, or damage to prosthetic
groups, e.g., brought about by ROS.

Because enhanced ROS production is
a well-characterized effect of respiratory
chain inhibition, specifically at the levels of
cIII and cIV, we measured mitochondrial
superoxide accumulation using two
different methods in glucose-cultured
iMEFs: MitoSOX Red staining and electron
spin resonance (Figures 4E, 4F, E3B, and
E3C). With either method, superoxide
levels increased dramatically in iMEFs
exposed to CSC for 3 hours, whereas AOX
limited or prevented this induction.

Intact cell respiration was unaffected
by acute exposure to CSC (Figure E4A)
unless the cells were first treated with
an uncoupling agent such as FCCP
(carbonyl cyanide 4-[trifluoromethoxy]
phenylhydrazone), revealing a dose-
dependent decrease in respiratory capacity
that was again mitigated by AOX (Figure
E4B). In permeabilized cells, CSC inhibited
respiration driven by cI- or cII-linked
substrates (Figures E4C and E4D), but AOX
was able to limit only the latter. cIV-driven
respiration was unaffected by AOX or by
CSC (Figure E4E).

AOX Has No Effect on Acute
CS-induced Inflammation
Because AOX had protective effects on
the outcome of chronic CS exposure
in vivo and limited CSC-induced cell
death, we reasoned that it may also
prevent what is considered to be the
earliest step in COPD development,
i.e., CS-induced pulmonary inflammation.
To test this assumption, we used a
previously validated model of the acute
inflammatory response to short-term CS
exposure (12). This model is mainly based

on neutrophilic inflammation, mimicking
conditions seen in patients. Surprisingly,
we found that both macrophages and
neutrophils were increased to the same
degree in the BAL of WT and AOX mice
(Figures 5A–5C).

Because we have shown previously
that AOX expression prevents
proinflammatory activation in a mouse
sepsis model (11), we tested whether AOX
would also prevent the adverse CS-induced
inflammatory signaling response in the
BAL fluid. Specifically, we quantified the
presence of KC, a mouse-specific functional
homolog of human IL-8, which typically
correlates with the severity of COPD (23);
MIP2, which together with KC belongs to
the class of CXC chemokines known to
induce neutrophil chemotaxis (24, 25); IL-6,
which is a typical inflammatory marker
that is often elevated during COPD; and
MMP-9, which is activated by acrolein (26)
or neutrophil elastase (27) and is known to
contribute to tissue remodeling in patients
with COPD during disease exacerbation
(28). All of the markers were significantly
and comparably upregulated in WT and
AOX mice (Figures 5D–5G), indicating that
AOX does not confer any protection, and
suggesting that the acute-phase tissue
response is not based on mitochondrial
respiratory impairment.

Discussion

Our results identify impaired mitochondrial
respiration as a molecular mechanism that
drives lung remodeling upon CS exposure.
Here, we show that a respiratory bypass can
increase cell viability and, as a consequence,
maintain lung function and/or facilitate repair
processes. This is of significance for a number
of reasons. Notably, the adult human lung
lacks proper regeneration capacity. Therefore,
any mechanism that attenuates the pathology
is of great interest not only for millions of
cigarette abusers but also for the even larger
population that is exposed to toxic smoke in
the environment due to urban air pollution or
in a domestic setting.

By using AOX, we were able to
demonstrate the involvement of
mitochondria in the pathogenesis of COPD
resulting from smoke exposure, and reveal
relevant mechanisms underlying the effects
of CS on mitochondrial respiration. For
instance, we showed that CSC affects
individual respiratory complexes differently.
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Although cI was inhibited both directly and
indirectly upon acute and chronic (48 h)
exposure, cII and cIV showed only a mild
response to acute CSC exposure (Figures 4,
E3, and E4). Of note, due to its mode of
action, AOX cannot rescue a cI
impairment, as the Q-pool will likely
remain oxidized, whereas inhibition of cIII
or cIV causes a Q-pool reduction.
Moreover, the cII substrate succinate is

known to highly reduce the Q-pool, thereby
inducing reverse electron transport and
thus mitochondrial ROS production when
no cI inhibitor is added. Yet, the
mechanisms underlying the observed
activation of respiratory complexes remain
to be elucidated. Although cII-driven
respiration in the presence of AOX can
overcome inhibition of cIII and/or cIV, the
reason for the observed cII and cIV

activation (Figures 4B and 4C) is unclear.
One plausible explanation is that AOX
prevents excessive ROS production (6, 11),
as shown directly in the case of CSC
exposure (Figures 4E, 4F, E3B, and E3C),
and thus may prevent unspecific damage to
mitochondrial and cellular components. In
support of our findings, it has previously
been shown that CSC inhibits the activity of
respiratory complexes (17) and causes cell
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death by necrosis and/or apoptosis (29, 30).
It is also of interest that the contents of CS
affect membrane fluidity (31, 32). This
alone may explain the observed respiratory
impairment. More experiments will
be needed to elucidate the exact
pathomechanism, but the use of AOX
provides a powerful route to this end.

A study of this type has intrinsic
limitations that complicate translation of the
results. For instance, it is well known that the
murine lung regenerates much more efficiently

than the adult human lung in response to CS.
Here, we used mice on a C57BL/6 genetic
background. The advantage of using such mice
lies clearly in the comparability of data, as this
strain is widely used. Unfortunately, however,
C57BL/6 mice are exceptionally well protected
against CS (33). Our results may therefore
underestimate the protective effect of AOX.
Indeed, the changes indicative of the
development of emphysema are small, albeit
significant, and compatible with previous
results obtained using the same smoke

machine and strain (13, 14). Nevertheless,
other strains, such as AKR/J, are more
susceptible to CS (33) and should be used in
follow-up studies. Furthermore, CSC is a well-
established surrogate for smoke exposure in
cultured cells, but due to the isolation
procedure and the constraints of cell culture,
smoke and CSC differ significantly in
composition. On the other hand,
lung fibroblasts, epithelial cells, and
macrophages also detect only those CS
components that are dissolved in the fluid
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Figure 4. CSC toxicity effect on mitochondrial respiration and reactive oxygen species production in cultured iMEFs. (A) Oxygen consumption
of permeabilized iMEFs in respiration buffer after culturing in gal media for 48 hours conditioned with CSC as indicated. Rotenone-sensitive oxygen
consumption in the presence of complex I (cI) substrates pyruvate, glutamate, and malate plus ADP. (B) Antimycin A- plus n-propyl gallate–sensitive
oxygen consumption in the presence of succinate (complex II [cII]) plus rotenone. (C) Sodium azide–sensitive oxygen consumption in the presence of
ascorbate/TMPD (complex IV [cIV]). (D) Representative Western blot (n > 3) probed for subunits of the complexes of the mitochondrial OXPHOS system
as indicated, with AOX and a-tubulin as the loading control. For entire blots, including molecular-weight markers for cropped Western blot bands,
please refer to Figure E6. (E) Mitochondrial superoxide production measured using MitoSOX Red in iMEFs grown in glucose media (10 mM) after
3 hours of CSC exposure as indicated. (F) Determination of superoxide production using the spin probe CMH (1-hydroxy3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine) and subtraction of pSOD (superoxide dismutase)-sensitive signal from total signal [CMH 2 (CMH 1 pSOD)] in iMEFs grown in
glucose media (10 mM) after 3 hours of CSC exposure as indicated. All data are shown as mean6 SEM; *P, 0.05, **P, 0.005, ***P, 0.0005, and ****P
, 0.0001 by two-way ANOVA. ESR = electronic spin resonance.
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lining the airways. Thus, the effects of CSC
may actually truly reflect the in vivo situation.
Finally, although the transgenic expression of
AOX undoubtedly protects against cellular and
lung maladaptation, deploying AOX in a
therapeutic context remains a distant prospect.
This will require extensive studies on its
delivery, durability, and safety.

The most surprising finding of the
current study is that the inflammatory
response to acute CS exposure for 3 days was
unaffected by AOX. A recent study claimed
that macrophages from patients with COPD
expressed more enzymes that promote
tissue remodeling than healthy control
subjects, and macrophages from patients
with COPD showed higher expression of
M2-related genes while suppressing M1
inflammatory and immune-regulatory

proteins (34). Our findings indicate that
mitochondrial respiratory inhibition is not
the trigger for the immediate tissue
response, even though it is clearly involved
in the long-term pathogenic process. This
appears to contrast with previous findings
that infiltration and activation of
macrophages and especially neutrophils
correlate with an adverse outcome (35).
Importantly, in our model, AOX is
expressed ubiquitously (6). Thus, it is not
possible to distinguish whether the critical
target tissue in which mitochondrial
respiratory inhibition leads to indicators of
emphysema is the lung epithelium itself,
macrophages, or other cells of the immune
system (36), or some other tissue entirely. This
can only be addressed by the creation of
models in which AOX expression is limited to

specific tissues or cell types, which will clearly
be the subject of future studies.

In conclusion, expression of AOX
attenuates CS-induced lung remodeling and
protects cultured fibroblasts from CSC-
induced cell death. This is associated with
maintenance of respiration and decreased
ROS production. Thus, AOX represents an
innovative tool to study CS-induced lung
diseases and may serve as the basis for lung
protection. n
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Figure 5. Testing the effect of acute CS exposure and AOX on inflammatory cell infiltration. (A) Total number of cells in BAL of WT and AOX mice upon
short-term smoke exposure. (B and C) Macrophages and neutrophils as a percentage of total cells in BAL. (D–G) Selected inflammatory signals in BAL
fluid (BALF). Note that owing to identical behavior and phenotype, the control group in ambient air is composed of WT and AOX mice. All data are shown
as mean 6 SEM; *P , 0.05, **P , 0.005, ***P , 0.0005, and ****P , 0.0001 by one-way ANOVA. KC = keratinocyte-derived cytokine, CXCL1; MIP2 =
macrophage inflammatory protein 2; MMP9 =matrix metalloprotease 9.
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