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Metabolomics screening identifies reduced L-carnitine to be associated with progressive emphysema.
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Summary statement:
The progression of emphysema, a severe chronic lung disease, was found to be associated with reduced
lung tissue specific L-carnitine in a clinically relevant mouse model. Furthermore, supplementing mice

with this metabolite improved lung function and impaired disease progression.
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Abstract
Chronic obstructive pulmonary disease (COPD) is characterized by chronic bronchitis, small airway
remodeling and emphysema. Emphysema is the destruction of alveolar structures, leading to enlarged

airspaces and reduced surface area impairing the ability for gaseous exchange.

To further understand the pathological mechanisms underlying progressive emphysema we used mass
spectrometry—based approaches to quantitate the lung, bronchoalveolar-lavage fluid (BALF) and serum
metabolome during emphysema progression in the established murine porcine pancreatic elastase (PPE)
model on days 28, 56 and 161, compared to PBS controls. Partial Least Square analysis revealed greater
changes in the metabolome of lung followed by BALF rather than serum during emphysema progression.
Furthermore, we demonstrate for the first time that emphysema progression is associated with a
reduction in lung specific L-carnitine, a metabolite critical for transporting long chain fatty acids into the
mitochondria for their subsequent B-oxidation. In vitro, stimulation of the ATIl-like LA4 cell line with L-
carnitine diminished apoptosis induced by both PPE and H,0,. Moreover, PPE-treated mice
demonstrated impaired lung function compared to PBS treated controls (lung compliance;
0.067+0.008ml/cmH,0 vs 0.035+0.005ml/cmH,0, p<0.0001), which improved following supplementation

with L-carnitine (0.05140.006, p<0.01) and was associated with a reduction in apoptosis.

In summary, our results provide a new .insight into the role of L-carnitine and, importantly, suggest

therapeutic avenues for COPD.
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD), a leading cause of chronic morbidity and mortality
worldwide, is the result of long-term exposure to toxic gases and particles, in particular cigarette smoke,
which drives excess mucus production, small airway remodeling, chronic bronchitis and emphysema (1).
Emphysema is the destruction of septal tissue, leading to enlarged airspaces and reduced surface area
(2). Historically, the underlying mechanism of emphysema has been viewed as a protease/anti-protease
imbalance resulting in loss of the alveolar wall matrix (3), indeed patients with al-antitrypsin deficiency
have an increased risk of emphysema development (4). More recently, oxidative stress (5), accelerated
senescence (6) and an apoptosis/proliferation imbalance of both alveolar epithelial and endothelial cells
(7, 8) have been described responsible for the development of emphysema. These pathological changes
result in a progressive airflow limitation that is not fully reversible. Indeed, there is no curative therapy
for COPD, with currently available treatment only able to alleviate symptoms. Furthermore, little is
known about the factors actually driving COPD disease progression towards a particular phenotype with
progression amongst individual patients being highly variable.

Metabolomics, a rapidly expanding field which can be described as profiling the metabolic pathways of
cells, offers a powerful tool for assessing the physiological state of an individual yielding a snapshot of
cellular activities closer to the phenotype than simply gene expression (9). Thus providing, an invaluable
resource for identifying new biomarkers of disease progression and further elucidating the underlying
pathophysiological mechanisms of disease development, most importantly, to potentially reveal new
therapeutic targets. To this end, there have been a number of studies published over the last few years
assessing the COPD metabolome. This has included both untargeted (10-13) and targeted metabolomics
(14) as well as a combination of both (15) either measured in plasma or serum from COPD patients. In
their combined approach, Bowler et al. reported a strong inverse association between the level of some
plasma sphingomyelins and emphysema in COPD patients (15). In addition to these clinical studies, one
animal study used an untargeted approach to examine metabolomic changes in plasma following chronic
exposure to cigarette smoke in a mouse model that resulted in emphysema (16), and a very recent study
examining the effect of Traditional Chinese Medicine on a cigarette smoked induced rat model of COPD
examined metabolite levels in lung tissue (17). However, to the best of our knowledge, no study has yet
assessed the metabolomic changes occurring in the emphysematous lung during disease progression.

Here, for the first time, we use targeted metabolomics to assess changes in the metabolome locally to
the lung and systemically in serum during disease progression, using the well-established porcine
pancreatic elastase -induced model of murine emphysema (18, 19). We demonstrated that the
progression of emphysema is associated with reduced levels of L-carnitine in the lung. L-carnitine’s
primary function is to transport long chain fatty acids into the mitochondria for their subsequent beta-
oxidation and energy production (20), but is also a widely known anti-oxidant and protector against
apoptosis (21-26). Interestingly, it has also been suggested following a randomized, double-blind trial
that L-carnitine supplementation improved the control of asthma in children suffering from moderate
persistent disease (27), which has been supported by an in vivo study in mice using the ovalbumin model
of asthma tentatively reporting that L-carnitine treatment improved oxygen saturation and improved
bronchial associated inflammation (28). Furthermore, L-carnitine supplementation as an ergogenic aid
for COPD patients undergoing whole-body and respiratory muscle training programs demonstrated
improved exercise tolerance and inspiratory muscle strength (29). However, a mechanism of action for
the potential benefits of L-carnitine on lung pathology is also yet to be elucidated. To overcome these
limitations and further investigate the interaction of metabolomics with the progression of emphysema
development, we used mass spectrometry—based approaches to quantitate the lung, BALF and serum
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metabolome at three different time points during emphysema progression. Furthermore, we integrate
systems biological approaches with well-known metabolomics profiling to discover relationships that
might elucidate mechanisms of progression in emphysema development. Therefore we hypothesized
that supplementing mice with L-carnitine may protect against the development of PPE-induced
emphysema. L-carnitine protected alveolar cells in vitro from PPE-induced apoptosis. Furthermore,
supplementation of mice in vivo with L-carnitine prevented the development of alveolar apoptesis that is
associated with emphysema and significantly improved the lung function of mice exposed to PPE. These
findings suggest that L-carnitine supplementation, which is used clinically for the treatment of neonates
with congenital metabolic diseases (30), may be beneficial to COPD patients.
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MATERIALS AND METHODS

Animals

Female C57BL/6N mice (Charles River, Sulzfeld, Germany) aged 8-10 weeks were exposed
oropharyngeally to a single application of 80U/Kg body weight PPE (Sigma-Aldrich, St. Louis, MO) in 80l
volume. Control mice were treated with 80l PBS (Gibco, Life Technologies, Darmstadt, Germany). Mice
were analyzed on d28, d56 and d161 for lung function, lung morphology and metabolomics profiling
(n=6-11 per group). In further experiments mice were additionally treated every second day i.p. with
500mg/kg body weight L-carnitine (Sigma-Aldrich) and analyzed on d28 (n=4-6, experiment repeated
twice). Mice were housed under specific pathogen free conditions, exposed to a 12hr light cycle with
access to food and water ad libitum, in rooms maintained at a constant temperature and humidity. All
animal experiments were performed according to strict governmental and international guidelines and
were approved by the local government for the administrative region of Upper Bavaria.

Lung Function Measurement

Mice were anaesthetized with ketamine-xylazine, tracheostomized and their pulmonary function
analysed using the flexiVent system (Scireq, Montreal, Canada). To obtain a mean lung volume similar to
that of spontaneous breathing, mice were ventilated with a tidal volume of 10ml/kg at a frequency of
150 breaths/min. Lung mechanical properties were tested using the SnapShot and Primewave
perturbations. Four readings per animal were taken.

Bronchoalvelar lavage fluid (BALF) and Serum

BALF was obtained for metabolomics analysis and to undertake total and differential cell counts for
inflammatory cell recruitment of macrophages, neutrophils and lymphocytes. The lungs were lavaged
with 3x500ul of PBS. Cells were pelleted at 400g, supernatant stored at -80°C for further analysis, and
the cells resuspended in RPMI-1640 medium (Gibco, Life Technologies, Darmstadt, Germany) for the
total cell count using a hemocytometer. Cytospins of the cell suspension were then prepared and stained
using May-Griinwald-Giemsa for differential cell counting (200 cells/sample) using morphological criteria
(31).

Serum was collected for metabolomics analysis. Mice were bled from the femoral artery, blood left to
clot for several hours and then centrifuged at 1300g for 15min, serum was aliquoted and stored at -80°C
for further analysis.

Lung Processing

The right lung was snap frozen in liquid nitrogen for further analysis. The left lung was fixed under a
constant pressure of 20cm by intratracheal instillation of 6% paraformaldehyde and using systematic
uniform random sampling embedded into paraffin for Hematoxylin and Eosin (H&E)-stained histological
analysis and immunohistochemistry. Images of stained sections were obtained using a Mirax Desk (Carl
Zeiss Microlmaging GmbH, Gottingen, Germany) slide scanner and analysed using Pannoramic Viewer
version 1.15.2 (3DHistech Kft, Budapest, Hungary).

Quantitative Morphometry

H&E stained lung tissue sections were analysed by design-based stereology using an Olympus BX51 light
microscope equipped with the new Computer Assisted Stereological Toolbox (newCAST, Visiopharm,
Hoersholm, Denmark) as described previously (32). Air space enlargement was assessed by calculating
the mean linear intercept (MLI) across 30 random fields of view per lung. Lung section images were
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superimposed with a line grid, the intercepts of lines with alveolar septa and points hitting air space
were counted to calculate the MLI, using MLI = 3P, X L(p) / Ylsepa X 0.5. P4, are the points of the grid
hitting air spaces, L(p) is the line length per point, | is the sum of intercepts of alveolar septa with grid
lines.

To quantify the percentage of caspase 3 positive alveolar epithelial cells the immunohistochemically
stained lung tissue sections were also analysed using the newCAST system. 30 random fields of view per
lung were taken and a frame grid superimposed on lung section images taken with the 40x objective.
Within the frame, alveolar epithelial cells positive or negative for caspase 3 staining were counted and
the percentage of positive alveolar epithelial cells was calculated.

Targeted Metabolomics

Targeted metabolomics screening using the Absolute/DQ™ p180 Kit (BIOCRATES Life Sciences AG,
Innsbruck, Austria) followed by mass spectrometric analysis of serum, BALF and lung homogenate was
undertaken by the Metabolomics Platform of the Genome Analysis Centre of the Helmholtz Zentrum
Minchen. For serum and BALF, 10 uL sample, for lung tissue 10 uL homogenate supernatant were
applied to the kit plate. The tissue homogenate was prepared using a Precellys 24 homogenizer with an
integrated cooling unit and homogenization tubes with ceramic beads (1.4 mm). To each mg of frozen
lung tissue were added 3 uL of a dry ice cooled mixture of ethanol/phosphate buffer (85/15 v/v). The
measurements with the Absolute/DQ™ kit p180 and the preparation of tissue samples have been
previously described in detail (33, 34). Sample handling was performed with a Hamilton Microlab STAR™
robotics system (Hamilton Bonaduz AG, Bonaduz, Switzerland). Samples were analysed on an AP14000™
LC/MS/MS system (AB Sciex Deutschland GmbH, Darmstadt, Germany). Data evaluation to quantify the
metabolite concentrations was performed with the Met/Q™ software package, which is an integral
component of the Absolute/DQ™ kit. Concentrations of all metabolites were calculated using internal
standards and reported in uM. Further analyses on the data set were performed with MATLAB version
8.1.0.604 (R2013a; The MathWorks Inc., Nattick, MA) using the Statistics Toolbox version 8.2 and libPLS
version 1.95 (35).

In total 186 metabolites are quantified by the kit: 40 acylcarnitines (Cx:y) including free carnitine (C0), 21
amino acids, 19 biogenic amines, 90 glycerophospholipids including lysophosphatidylcholines (lysoPC a
Cx:y), diacylphosphatidylcholines (PC aa Cx:y) and acyl-alkyl phosphatidylcholines (PC ae Cx:y), 15
sphingolipids including sphingomyelins (SM Cx:y) and hydroxysphingomyelins (SM (OH) Cx:y), and hexose
(sugars with 6 carbons). The abbreviation Cx:y is used to denote the lipid side chain composition, x and y
refers to the total number of carbons and double bonds respectively, as the mass spectrometry
technology used cannot distinguish between the side chains of diacylphospholipids. Acyl side chains are
abbreviated with an “a”, alkyl and alkenyl residues with an “e”. Side chain substitutions are indicated as
follows: hydroxy- (OH), methyl- (M) and dicarboxy- (DC).

L-carnitine quantification of lung tissue

Free L-carnitine levels were quantified in lung tissue using the L-Carnitine Assay Kit (Sigma-Aldrich, St.
Louis, MO) as per manufacturer’s instructions. In brief, lung tissue was homogenized under liquid
nitrogen using the Mikro-Dismembrator S (Sartorius AG, Gottingen, Germany) and extracted into
Carnitine Assay Buffer. Reactions were prepared as described in the kit with each sample being analyzed
in triplicate. To control for background readings from Coenzyme A, a blank sample omitting the Carnitine
Converting Enzyme Mix was prepared. After incubation absorbance was measured at 570nm on a
Microplate reader (Infinite M200 PRO NanoQuant, Tecan Deutschland GmbH, Crailsheim, Germany). L-
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carnitine concentration was calculated from kit standards and normalized to the protein concentration
as determined by the Pierce™ BCA protein Assay Kit (Thermo Fisher Scientific, Waltham, MA).

Immunohistochemistry

Paraffin embedded lung sections were first deparaffinized in xylene and rehydrated in alcohol before
being treated with 1.8% (v/v) H,0, solution (Sigma-Aldrich, St. Louis, MO) to block endogenous
peroxidase activity. Heat induced epitope retrieval was undertaken using HIER citrate buffer (pH 6.0,
ZYTOMED Systems GmbH, Berlin, Germany) in a decloaking chamber (Biocare Medical, Concord, CA).
Sections were then blocked using Rodent Blocking Buffer (Biocare Medical), before being incubated over
night at 4°C with a primary antibody against cleaved-caspase3 (1:500, AP21655S5U-S, Acris Antibodies
GmbH, Herford, Germany). These were then incubated with an alkaline phosphatase-labeled secondary
antibody (Biocare Medical) for 1hr at room temperature and then the signal amplified with the
chromogen substrate Vulcan fast red (Biocare Medical). Sections were counterstained with hematoxylin
(Sigma-Aldrich), dehydrated in xylene and cover slips mounted with Entellan (Merck Millipore, Billerica,
MA).

Western blot analysis

20ug of protein was resolved by SDS-PAGE and transferred onto a polyvinylidene difluoride membrane
(Bio-Rad, Munich, Germany). The membrane was blocked with 5% non-fat milk and immunoblotted
overnight at 4°C with anti-cleaved-caspase3 (AP21655SU-S, Acris Antibodies GmbH, Herford, Germany).
Antibody binding was detected with a HRP-conjugated goat anti-Rabbit 1gG (ab6721, Abcam, Cambridge,
UK) followed by developing with Amersham ECL Prime Reagent (GE Healthcare, Freiburg, Germany).
Bands were detected and quantified using the Chemidoc XRS system (Bio-Rad), and normalized to B-
actin levels (anti-B-actin-peroxidase conjugated mouse monoclonal antibody, A3854, Sigma-Aldrich, St.
Louis, MO).

LA4 cell Apoptosis Assay

The murine ATll-like cell line LA4 (ATCC, Rockville, MD) was maintained in Ham’s F12 medium containing
NaHCO; and stable glutamine (Biochrom AG, Berlin, Germany), supplemented with 15% fetal calf serum
(Gibco, Life Technologies, Darmstadt,  Germany), 100U/ml penicillin-streptomycin (Sigma-Aldrich, St.
Louis, MO) and 1% Non-Essential Amino Acids (Biochrom AG) at 37°C in 5% CO, atmosphere. Cells were
Trypsinized (Trypsin-EDTA Solution 1x, Sigma-Aldrich) and seeded at 6x10* cells per well in 24-well plates.
24hrs later, cells we cultured in serum free maintenance medium containing increasing concentrations
(0-1mM) of L-carnitine (Sigma-Aldrich) for a further 24hrs. Apoptosis was induced by treating with
either, 0.5U/ml PPE for 6hrs in serum free maintenance medium or pulsed with 500uM H,0, (Sigma-
Aldrich) for 1hr followed by 48hrs incubation in full maintenance medium supplemented with increasing
concentrations (0-1mM) of L-carnitine (Sigma-Aldrich). Apoptosis levels were analyzed using the Annexin
V Apoptosis Detection Kit APC (eBioscience, San Diego, CA) as per the manufactures instructions and the
stained cells quantified with a BD FACSCanto Il flow cytometer (BD Biosciences, Heidelberg, Germany)
and BD FACSDiva software.

Analyzing Superoxide Production

MitoSOX Red (Life Technologies, Darmstadt, Germany) was used to analyze the level of mitochondrial
superoxide production in LA4 cells. Briefly, LA4 cells seeded at 2x10° cells per well in 12-well plates were
cultured for 24hrs in full maintenance medium. Cells were then cultured for a further 24hrs in serum
free maintenance medium containing increasing concentrations (0-1mM) of L-carnitine (Sigma-Aldrich).
Cells were pulsed with H,0, for 1hr and then incubated for a further 6hrs in serum free maintenance
medium. After which they were stained on the plate with medium containing 5uM MitoSOX Red. Cells
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were washed with PBS, trypsinized, and resuspended in PBS + 0.5% BSA for analysis on a BD FACSCanto |l
flow cytometer (BD Biosciences, Heidelberg, Germany). Superoxide production was measured as mean
MitoSOX fluorescence intensity in the PE channel.

Statistical analysis

All data analysis, unless indicated otherwise, was undertaken using GraphPad Prism version 6 (GraphPad
Software, La Jolla, CA). Results are presented as mean values + SD. All experiments that contained more
than two groups were analyzed using one-way ANOVA following Bonferroni post testing.
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RESULTS

Targeted metabolite screening of serum, BALF and lung from emphysematous mice

Intratracheal instillation of porcine pancreatic enzyme (PPE) in mice is known to cause airspace
enlargement with breaks in the alveolar wall compatible with destruction (36), that is comparable to
emphysema in COPD patients. Despite PPE being shown to be cleared from the lungs of rodents within
24hrs (37), airspace enlargement continues long after this time (18, 36), indeed we have recently shown
emphysema following a single oropharangeal application of PPE to continue progressing out to day 161
(19). Here, figure 1A clearly demonstrates a time dependent enlargement of the airspaces in H&E
stained lung sections from PPE-treated mice compared to control animals. Lung function analysis of the
same mice revealed a time dependent progression in both increasing lung compliance and total lung
capacity (TLC) (0.072+0.0096 ml/cmH,0 vs 0.110+0.0092 ml/cmH,0, p<0.0001 for compliance and
1.01+£0.08 ml vs 1.30+£0.09 ml, p<0.0001 for TLC, of PPE treated mice d28 and d161 post exposure
respectively) and a reduction in tissue elastance (10.08+1.75cm H,0/ml vs 6:86+0.63 cm H,0/ml, p<0.01,
for PPE treated mice d28 and d161 post exposure respectively) following a single application of PPE
(Figure 1B). Thus further confirming the development of progressive emphysema in mice treated with a
single dose of PPE. Differential cell counts of cytospins obtained from the BALF confirmed that at later
time points emphysema was progressing independently of inflammation in the PPE treated mice (Figure
1C). Indeed, only at d28 was there a slight increase in the BALF macrephage number of PPE treated mice
that had returned to baseline by d56. This model therefore provides a great platform to assess potential
changes in the mouse metabolome that are occurring during disease progression.

To assess changes in the mouse metabolome during emphysema development; serum, BALF and
homogenized lung tissue taken at d28, d56 and d161 from mice exposed to a single application of PPE
and their respective PBS controls were analysed using the Absolute/DQ™ p180 Kit (Biocrates Life
Sciences) that targets acylcarnitines, amino acids, biogenic amines, glycerophospholipids, sphingolipids
and hexose. A heat map representation of the significantly changed metabolites across the different
tissue types following the application of PPE, at the three time points examined, is demonstrated in
Figure 2A. Immediately apparent, perhaps not unsurprisingly, is the increase in the number of
metabolites that change as the disease progresses, especially from d28 to d56, with most metabolites
being down regulated. Interestingly, a significantly reduced level in a large number of the
phosphatidylcholine family members is observed in both the BALF and lung tissue, particularly in BALF
during the progression of emphysema (Figure 2A). As proof of principle, a reduction in
phosphatidylcholine (PC) has previously been reported in the BALF of emphysema patients and from
airway epithelial cells isolated from mice exposed to cigarette smoke for 8 weeks (38, 39).

In a recent study an inverse association between the level of certain plasma sphingomyelins and
emphysema in COPD patients was described (15). Although we saw no significant change in serum
sphingomyelin levels in our mouse model of emphysema, a number of sphingomyelins were significantly
reduced during the progression of emphysema more local to the lung (figure 2A). In the BALF,
palmitoylsphingomyelin (SM C16:0), palmitoleicsphingomyelin (SM C16:1), lignoceroylsphingomyelin
(SM C24:0), and nervonicsphingomyelin (SM C24:1) were reduced at all three time points examined as
well as stearoylsphingomyelin (SM C18:0) and lignoceroylsphingomyelin (SM C24:0) in lung tissue from
d56 onwards (Figure 2A). These results are providing lung specific information on sphingomyelin levels
and emphysema progression that was lacking from the patient study.

Furthermore, figure 2A also indicates that the pattern of altered metabolites is very compartment
specific, with greater changes detectable locally to the lung in both the homogenized tissue and BALF.
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This was confirmed in a two dimensional Partial Least Square (PLS) analysis (40) of all metabolites using
samples from all mice adjusted for time effect. The PLS revealed that there were major differences in
mean metabolite concentrations between PBS and PPE treated mice mainly in the lung tissue and BALF,
as can be seen from the first two PLS components separating the two groups almost perfectly in those
two tissues and not to the same extent in serum (Figure 2B). To validate the performance of this
classification Receiver Operating Characteristic (ROC) curves were generated from 5-fold cross validation
and the area under the curve (AUC) was calculated. Figure 2C depicts the mean ROC curves from 5-fold
cross validation for all three tissue types plus a reference curve, with an AUC of 0.5, highlighting how a
random assignment to treatment groups would appear. With an AUC of 1.0 lung tissue perfectly
separates PPE from PBS treated mice, BALF (AUC of 0.96) also shows a high level of separation between
the two treatment groups, while serum shows the least level of separation with an AUC of 0.79 (Figure
2C). Taken together, this data suggests that emphysema progression is associated with a reduction in the
global metabolomic profile and that this is compartment specific, with most changes being detectable
locally to the lung. Furthermore, we confirm previous findings that phospatidylcholine is reduced in the
BALF and extend the previous published observation that demonstrated an inverse association between
the level of certain plasma sphingomyelins and emphysema, by extending this finding to the lung tissue
and BALF. Thus suggesting the PPE induced murine model of emphysema to be a good model of disease
progression for further elucidating the underlying molecular mechanisms.

Lung L-carnitine levels are significantly reduced during emphysema

The PLS analysis revealed the greatest level of separation in the metabolomics profile between the PBS
and PPE treated groups to be in the lung tissue. Based on this finding we decided to focus in this study
only on changes in the emphysematous metabolome that were local to the lung. In Figure 3A we depict
the total concentration of lung metabolites stratified by their family class. There was a significant
reduction in the concentration of acylcarnitines and amino acids especially at d56 and d161 post PPE
treatment, with biogenic amines and lysophosphatidylcholines also showing a reduction to a lower
extent (Figure 3A). In order to examine these changes more closely, we analyzed the lung data as volcano
plots of mean fold change vs —logl0(p value) of individual metabolites (Figure 3B). This revealed an
intriguing target L-carnitine, highlighted with a red circle on the volcano plots. In the lung tissue at d56
post PPE treatment L-carnitine was one of the more significantly regulated metabolites, but by d161 it
had become the most significantly regulated metabolite in the lung (Figure 3B). Specifically, the
concentration of L-carnitine inthe lung tissue at all-time points examined, shows that the reduction in
the concentration of total acylcarnitines, was predominantly due to a reduction in the level of free L-
carnitine (372.71+38.11uM vs 215.50+30.46uM, p<0.001, PBS compared to PPE treated mice at d161)
(Figure 3C). Our findings show for the first time that L-carnitine reduction predisposed progression of
elastase induced-emphysema development.

L-carnitine protects alveolar epithelial type Il cells from apoptosis

The enlarged airspaces and reduced surface area characteristic of emphysema is caused by the
destruction and loss of alveolar structures, accompanied by increased levels of apoptosis in alveolar
epithelial cells (7, 8). Previous studies in a variety of cell types have reported that L-Carnitine protected
against oxidative stress, improved mitochondrial function and inhibited apoptosis development (21-26),
and interestingly treatment of the human lung epithelial cell line A549 with L-carnitine reversed
amiodarone-induced loss of cellular ATP and mitochondrial membrane depolarization (41). We therefore
investigated the protective effects of L-carnitine in vitro on PPE induced apoptosis of the murine alveolar
epithelial type Il like cell line-LA4. We first determined if PPE could induce apoptosis of LA4 cells. Figure
4A highlights a dose dependent increase in the level of apoptosis following 6hrs incubation with
increasing concentrations of PPE as determined by flow cytometry of Annexin V and PI stained LA4 cells
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(14.17+2.14% vs. 46.80+13.10% AnnexinV*™ PI"™°cells, p<0.001, OU/ml vs. 1U/ml PPE). Further analysis
defined that culturing LA4 cells in the presence of L-carnitine up to concentrations of 1mM for up to
72hrs had no detrimental impact on cell viability as determined by flow cytometry of Annexin V¢ and PI’
‘¢ stained cells (Figure 4B). Pre-culturing the LA4 cells with increasing concentrations of L-carnitine for
24hrs subsequently reduced the level of apoptosis detected following 6hrs incubation with 0.5U/ml PPE
(Figure 4C). Examining the data closely, we observed an overall increase in live cells (29.78+10.05% vs.
56.30£3.00% AnnexinV™® PI"**cells, p<0.01, OmM vs. 1ImM L-carnitine) and a reduction in total apoptotic
cells (47.13+12.35% vs. 28.83%2.29% Annexin V™ cells, p<0.05), but there is a slight increase in early
apoptotic cells following pretreatment with 1mM L-carnitine (6.50£2.90% vs. 13.28+2.67% AnnexinV*™*¢
PI*¢cells, p<0.01). This is however offset by a reduction in the number ‘of late apoptotic cells
(40.8849.50% vs. 15.70+2.89%, AnnexinV*¢ PI"*cells, p<0.001, OmM vs. ImM L-carnitine).

It has previously been shown that H,0,-induced apoptosis of alveolar type Ii cells proceeds through a
mechanism of increased intracellular oxidants, mitochondrial membrane depolarization, cytochrome c
release and caspase activation (42). Interestingly, ceramide signaling has also been reported to act as the
second messenger in H,0,-induced apoptosis of human airway epithelial cells (43), upregulation of
ceramide has been associated with pulmonary cell apoptosis in emphysema (44). We therefore
examined the ability of L-carnitine to inhibit H,0,-induced apoptosis of LA4 cells. LA4 cells were cultured
in the presence of increasing concentrations of L-carnitine for 24hrs, pulsed for 1hr with 500uM H,0,
and then cultured for a further 48hrs with L-carnitine. Figure 5A clearly shows a dose dependent
reduction in the number of both early (25.55+3.41% vs. 8.48+3.60% AnnexinV™® Pl“cells, p<0.0001,
O0mM vs. ImM L-carnitine) and late (54.10+3.27 vs,23.58+11.04 AnnexinV*™¢ PI**cells, p<0.001, 0OmM vs.
1mM L-carnitine) apoptotic LA4 cells, with a concomitant increase in live cells, when cultured in the
presence of elevated concentrations of L-carnitine. To assess levels of mitochondrial superoxide, as a
marker of reactive oxygen species production, we stained LA4 cells with the mitochondria-specific probe
MitoSOX Red. Staining with MitoSOX Red revealed that L-carnitine protection against H,0,-induced
apoptosis was accompanied by reduced generation of mitochondrial superoxide (Figure 5B), in keeping
with the proposed anti-oxidant function of L-carnitine. Interestingly, culturing LA4 cells in the presence
of L-carnitine without H,0, treatment also significantly reduced the level of mitochondrial superoxide,
but only at the highest dose examined.

Taken together these results demonstrate that PPE, a strong inducer of progressive emphysema in vivo,
can induce apoptosis of ATl like cells in vitro and for the first time we show that L-carnitine can provide
protection against PPE induced apoptosis of ATII cells. Furthermore, we confirmed an anti-oxidant role
for L-carnitine in protecting ATl cells against H,0,-induced apoptosis.

L-carnitine attenuates emphysema development

Our metabolomics screen identified L-carnitine to be one of the most significantly reduced metabolites
in the lung during the progression of PPE induced emphysema. This, along with its protective function
against PPE-induced apoptosis of LA4 cells described above, prompted us to examine if supplementation
of mice with L-carnitine could attenuate the development of PPE induced emphysema. Mice were
supplemented every second day i.p. with L-carnitine at a dose of 500mg/kg body weight (28, 45)
following a single oropharyngeal administration of PPE. Figure 6A highlights that systemic application of
L-carnitine results in a significant increase in the concentration of lung specific L-carnitine at d28
compared to animals only administered PPE, and that this was approaching levels detected in PBS
treated control mice. Differential cell counts of cytospins obtained from the BALF confirmed that by d28
emphysema was progressing independently of inflammation in PPE treated mice (Figure 6B).
Interestingly, western blot analysis of lung homogenate revealed increased levels of active cleaved-
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caspase 3, the executioner of apoptosis (46), in mice treated with PPE compared to control PBS, and that
this was reduced following supplementation with L-carnitine (Figure 6C). Furthermore, morphological
analysis of tissue sections stained for cleaved-caspase 3 demonstrated the presence of apoptotic
alveolar epithelial cells, airway epithelial cells and endothelial cells within the lung of emphysematous
mice induced by PPE (Figure 6D). The presence of apoptotic alveolar epithelial cells was drastically
reduced following L-carnitine supplementation, as confirmed by quantification using the newCAST
system (p<0.01, Figure 6D), but some apoptotic endothelial and airway epithelial cells could still be
detected in the supplemented group albeit to a lesser extent than in PPE only treated mice.

Finally, we analyzed physiological and pathological parameters in the above emphysematous mice. We
observed an improved lung function following L-carnitine supplementation (Figure 7A). PPE-treated
animals had increased lung compliance (0.067 + 0.008 ml/cmH,0 vs 0.035 + 0.005 ml/cmH,0, p<0.0001)
compared to PBS-treated controls, which improved following supplementation with L-carnitine 0.051 *
0.006 ml/cmH,0, p<0.01 compared to mice only treated with PPE. This was accompanied by a
concomitant increase (p<0.05) in lung elastance of L-carnitine  supplemented PPE-treated mice
compared to their PPE-treated counterparts (Figure 7A). Furthermore, the increase in TLC observed in
PPE-treated mice compared to PBS-treated controls (0.93 + 0.11 vs 0.63 + 0.08, p<0.001), was slightly
reduced following L-carnitine supplementation (0.81 + 0.07) but did not reach statistical significance
when compared to PPE-treated mice (Figure 7A). Surprisingly, despite a clear demonstration of
enlargement of the airspaces in H&E stained lung sections from PPE-treated mice compared to control
animals, consistent with their poor lung function, we did not chserve an improved airspace enlargement
to accompany the improved lung function observed in the L-carnitine supplemented mice (Figure 7B).
Taken together, L-carnitine supplementation protects against the alveolar cell apoptosis that
accompanies emphysema progression and improves lung function in PPE-induced emphysematous mice.
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DISCUSSION

This study used mass spectrometry—based targeted metabolomics followed by systems biological
approaches to quantitate the lung tissue, BALF and serum metabolome at three different time points
during emphysema progression in the PPE-induced murine model, to further elucidate mechanisms of
progression in emphysema development. We demonstrate that changes in the metabclome are
compartment specific, with a greater change being detected local to the lung rather than the serum, and
for the first time reported that emphysema progression is accompanied by a reduction in lung-specific L-
carnitine. Furthermore, supplementation with L-carnitine impaired apoptosis of alveolar cells both in
vitro and in vivo, and this was accompanied by an improvement in lung function of PPE-induced
emphysematous mice.

Metabolomics is a powerful tool that can reveal a greater depth of understanding about the biochemical
pathways of cells, thus providing a detailed profiling of the physiological changes in tissues and
organisms during steady state and disease progression than simply gene expression, to potentially reveal
new underlying pathophysiological mechanisms and biomarkers of disease progression. This is
substantiated by the rapid increase in studies over the last 5 years assessing metabolomic changes in
COPD patients and animal models of disease (10-17). These studies however, lack a thorough analysis of
metabolomic changes occurring in the lung tissue during the progression of emphysema. This may not
be the ideal tissue for a biomarker given the difficulties in obtaining biopsies from patients, but is critical
in furthering our understanding of the mechanisms of disease progression. To that end we chose to
assess the well-established PPE-induced murine model of emphysema, as it induces airspace
enlargement similar to that observed in COPD patients (36), a single treatment leads to progressive
disease that is associated with senescence of alveolar epithelial cells (19) and accompanied by increased
levels of apoptosis (47). In this study we confirm that a single oropharyngeal application of PPE resulted
in a progressive emphysematous phenotype out to day 161, which is associated with a steady decline in
lung function and an increase in lung volume that accompanies an increase in airspace enlargement. We
also demonstrate that PPE-induced emphysema is accompanied by increased levels of apoptosis in
alveolar epithelial cells, airway epithelial cells and endothelial cells.

Pulmonary surfactant secreted by alveolar epithelial type Il cells to reduce pulmonary surface tension at
the air-liquid-interface of alveolar spaces is composed of key surfactant proteins and several classes of
lipid, with 80% of surfactant lipid comprising of phosphatidylcholine (PC) (48). Ridsdale et al.
demonstrated that the BALF of emphysematous patients contained less PC 16:0/14:0 compared to
controls (38), and a study examining airway epithelial cells isolated from mice exposed to cigarette
smoke for 8 weeks reported a decrease of 61% in the level of total PC compared to filtered air controls
(39). Our analysis of altered metabolites clearly demonstrates from d56 onwards a significant reduction
of PC family members in both the lung tissue sample and BALF. Indeed, over 40 PC family members of
both diacylPC and acyl-alkylPC species were significantly reduced in the BALF at d56 and d161, including
PC C30:0 the same lipid as described in the patient study. Two other major PC components of pulmonary
surfactant PC16:0/16:0 and PC 16:0/16:1 (49) were also significantly reduced in the BALF of PPE-
exposed mice at d56 and d161 compared to PBS controls. It is interesting to highlight that L-carnitine has
been reported to be important for the production of pulmonary surfactant PC in the fetal lung.
Treatment of pregnant rats with L-carnitine resulted in significant increases in the amounts of both total
phospholipid and PC 16:0/16:0 in fetal rat lung, which was accompanied by increased numbers of
lamellar bodies in type Il cell progenitors (50). Our metabolic screen revealed significant reduction in the
levels of lung L-carnitine, including free L-carnitine (C0O) and L-carnitine C16 (L-carnitine is attached to the
same length fatty acid chain that is found attached to the predominant PCs of pulmonary surfactant)
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from d56 onwards, which coincides with the reduction in BALF PC. One could therefore speculate that
the reduction observed in PC is the result of lowered levels of L-carnitine in the emphysematous lung
during disease progression.

We also demonstrated that the emphysematous lung and BALF compared to control mice contained
reduced levels of sphingomyelin lipids with both long-chain and very long-chain fatty acids attached. A
very recent study of COPD patients, using both targeted and untargeted metabolic approaches, revealed
an inverse association between the level of some plasma sphingomyelins and emphysema severity (15).
Of the 5 sphingomyelins validated by both screens in that study, 4 were also reduced in our study and
the 5th sphingomyelin C14:0 was not detected by our kit. We did not detect any significant changes in
the levels of serum sphingomyelin in contrast to the patient study. However, another group assessing the
level of plasma sphingomyelin in 3840 participants and measuring pulmonary emphysema using
computed tomography reported higher plasma levels of sphingomyelin was associated with increased
progression of emphysema (51).

Our most interesting observation is that the progression of emphysema is associated with a reduction in
the levels of lung L-carnitine, in fact by day 161 L-carnitine had become the most significantly altered
metabolite in the lung. Interestingly, Elsammak and colleagues previously demonstrated a significant
reduction in plasma total and free carnitine levels in COPD patients compared to healthy controls, which
significantly correlated with severe (FEV1 > 30% to < 50% predicted) and very severe (FEV1 < 30%)
patients only (52). The primary function of L-carnitine is to transport long-chain fatty acids into the
mitochondrial matrix for their subsequent beta-oxidation and energy production via the tricarboxylic
acid cycle (20). Long-chain fatty acids are first activated by the enzyme long-chain acyl-CoA synthetase in
the mitochondrial outer membrane to form acyl-CoAs, which cannot enter the mitochondrial matrix.
They are therefore catalyzed by another mitochondrial outer membrane enzyme, carnitine
palmitoyltransferase I, which replaces CoA with L-carnitine, to form the long-chain acylcarnitines. These
are then transported into the mitochondrial matrix via the integral mitochondrial inner membrane
protein carnitine:acylcarnitine translocase (CACT). The importance of L-carnitine is highlighted by
neonates that suffer primary systemic carnitine deficiency due to mutations in the gene encoding OCTN2
(53), because of reduced beta-oxidation energy production is down which particularly affects skeletal
and cardiac muscles presenting as myopathy, if left unchecked it can progress to a systemic syndrome of
hypotonia, hypoglycemia, hypoketonia, encephalopathy, coma and perhaps death, however patients
respond very well to L-carnitine supplementation (30). In addition to its role in the oxidation of fatty
acids, L-carnitines ability to accept fatty acid chains from acyl-CoA, means it is important in regulating
the ratio of free CoA to acyl-CoA. A reduction in the levels of L-carnitine results in a reduction in
mitochondrial free CoA and increased acyl-CoA which inhibits the function of several mitochondrial
dehydrogenases impairing carbohydrate utilization, amino acid catabolism and the detoxification of
xenobiotics (54). A lung with such disrupted metabolic homeostasis is unlikely to have a balance in favor
of repair and regeneration over injury.

In contrast to the deleterious effects of reduced L-carnitine, we have shown here that apoptosis induced
in the ATII like cell line LA4 by both PPE and H,0, can be prevented by pretreating the cells with L-
carnitine. It has been suggested that PPE-treated lung epithelial cells upregulate placenta growth factor
which induces apoptosis via signaling through the JNK and p38 MAPK pathways (47). Signaling through
these kinases can result in the mitochondrial mediated (intrinsic) apoptotic pathway - translocation of
Bax and Bim to the mitochondria, followed by cytochrome c release and caspase activation (55, 56).
Mitochondrial permeability transition is key for cytochrome c release (57), and it is interesting to note
that L-carnitine has been shown to inhibit the mitochondrial permeability transition on isolated rat liver
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mitochondria (58). Furthermore, it has been demonstrated in vitro that L-carnitine has the ability to
directly inhibit the proteolytic activity of both an initiator and effector caspase, caspases 8 and 3
respectively (25). Conventionally, one thinks of H,0,-induced apoptosis to progress through a mechanism
of increased intracellular oxidants, mitochondrial membrane polarization, cytochrome c release and
caspase activation, as has been described for type Il cells (42). We demonstrate that pre-treatment of
LA4 cells with L-carnitine reduces the amount of mitochondrial superoxide production following H,0,
treatment, which may offer another potential anti-apoptotic mode of action for L-carnitine, as has also
been suggested following H,0, treatment of the human proximal tubule epithelial cell line, HK-2 (21).
More intriguing is the mechanism of action demonstrated in cardiac myocytes, that L-carnitine can block
the increase in intracellular ceramide levels by inhibiting the action of acid sphingomyelinase (22).
Interestingly, upregulation of ceramide has been shown to precede caspase-3 activation during apoptosis
of A549 cells (59), although the increases in ceramide following H,0, treatment of human airway
epithelial cells is via the action of neutral sphingomyelinase (43). Increases in the levels of ceramide have
also been associated with pulmonary cell apoptosis in animal models of emphysema, and in the same
study increased ceramide was also observed in the alveolar septal cells of emphysematous patients (44).

The benefit to mitochondrial homeostasis described following L-carnitine supplementation and the
positive effects on inhibiting apoptosis in vitro led us to hypothesize that supplementing with L-carnitine
would attenuate the development of emphysema in PPE-treated mice. Supplementing mice i.p. with L-
carnitine increased the level of lung L-carnitine following PPE-treatment which was accompanied by a
significant improvement in lung function and in the level of apoptosis. The caveat to this is that there did
not appear to be any improvement to the air space enlargement compared to PPE treatment alone. One
potential reason for this and critique of the study was the time of analysis following supplementation.
We assessed the lungs 28 days post instillation to examine if L-carnitine supplementation early could
slow the progression of emphysema, however it is possible that L-carnitine is more important for disease
progression rather than initiation. Additionally, the route of delivery for L-carnitine can also be discussed
in this context. The lung as an organ manifests perfectly for local drug delivery, but we used i.p.
application. Aside from ease of administration, an in vivo study in mice using the ovalbumin model of
asthma reported that i.p. delivery of L-carnitine improved oxygen saturation and improved bronchial
associated inflammation (28), additionally administration of L-carnitine in the drinking water of rats
reduced the level of lipid peroxide found in the lung following bleomycin treatment (45). In our study,
following i.p. administration of L-carnitine, L-carnitine levels in the lung were greater than PPE-treated
mice alone, which was accompanied by an improvement in lung function and apoptosis. IHC of lung
sections for activated caspase 3 revealed that apoptotic alveolar epithelial type Il cells were reduced
following L-carnitine supplementation but some apoptotic endothelial and airway epithelial cells could
still be detected in the supplemented group. The remaining apoptotic cells in the lungs of our
supplemented mice may thus be preventing a balance in favor of regeneration and therefore comparable
airspace enlargement is observed across the two groups. Sufficient blocking of apoptosis by inhibiting
the MAP kinase pathways or using siRNA knock down of placenta growth factor inhibited airspace
enlargement following PPE-exposure (47).

To expand upon our findings presented here, we further plan to assess the beneficial effects of L-
carnitine supplementation during chronic cigarette smoke exposure, a model of COPD in which
emphysema is accompanied by chronic inflammation and airway remodeling (32, 60). It has been known
for some time that oxidative stress following cigarette smoking is involved in many of the pathological
processes underlying COPD (61) and more recently cigarette smoke has been shown to impair
mitochondrial function (62). L-carnitines established role as an antioxidant and enhancer of
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mitochondrial function (21, 23, 24) would thus lend it to having additional beneficial effects against
chronic cigarette smoke induced lung injury.

In summary, targeted metabolomics reveals for the first time that the progression of emphysema is
accompanied by a reduction in the lungs of the metabolite L-carnitine. L-carnitine supplementation
impaired apoptosis of alveolar cells both in vitro and in vivo, and this was accompanied by an
improvement in lung function of PPE-induced emphysematous mice. We would therefore like to suggest
that L-carnitine supplementation of COPD patients in parallel with their current treatment regime could
slow or even regress disease progression.
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Clinical Perspective

It is not clear what drives disease progression in emphysematous patients, indeed progression amongst
individuals is highly variable. Therefore, we performed a targeted metabolomics approach to identify
novel metabolic pathways in a clinically relevant progressive emphysema mouse model, to highlight new
targets and biomarkers that may be key in furthering our understanding of disease progression.

We demonstrate that changes to the metabolome were very compartmentalized with greater changes
detectable in the lung tissue and BALF rather than the serum. Furthermore, thisstudy shows for the first
time, that emphysema progression is associated with a reduction in lung tissue specific L-carnitine, a
critical metabolite with anti-oxidant and anti-apoptotic properties. Additionally, supplementing mice
with this metabolite impeded disease progression.

The identification of metabolomic changes local to the injured tissue are key in identifying good
biomarkers for disease progression and critical in furthering our understanding of the mechanisms of
disease progression and for identifying novel therapeutic targets.
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FIGURE LEGENDS

Figure 1. A single oropharyngeal application of porcine pancreatic elastase (PPE) leads to the
development of a progressive emphysema in the lungs of mice. A: Representative photomicrographs
of H&E stained lung sections from PBS and PPE-treated mice at the time points indicated. Scale bar
200um. Airspace enlargement was quantified as the mean linear intercept (MLI) by design-based
stereology using the newCAST system. B: Lung function measurements to obtain total lung capacity,
tissue elastance and dynamic compliance in PBS and PPE-treated mice at the time points indicated. C:
Total and differential cell counts in the BALF. Data shown are from one experiment with 6-11 mice per
group at each time point, with mean values + SD given. One-way ANOVA following Bonferroni post test
with ¥P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Figure 2. Targeted metabolomics reveals that there are greater changes in the metabolome local to the
lung than in the serum during the progression of PPE-induced emphysema. Metabolomics screening
using the Absolute/DQ™ p180 Kit followed by mass spectrometric-analysis of serum, BALF and lung
homogenate was undertaken on the mice described in Figure 1. A: Heat maps demonstrating the mean
relative fold change in individual metabolite concentrations in mice exposed to PPE compared to PBS
controls at the time points indicated. A white box means the metabolite was not significantly altered in
that tissue at that time point (P > 0.05, t-test) following univariate analysis. A blue box represents an
increase in the metabolite and yellow a decrease. B: Two dimensional partial least square analyses of all
metabolites in all mice at every time point. Each dot represents an individual mouse. LV, latent variable.
C: Receiver operating characteristics (ROC) curve generated from 5 fold cross validation of the PLS
analysis. A representative model for each tissue type is shown plus a reference curve, along with the
area under the curve (AUC).

Figure 3. L-carnitine is the most significantly altered lung metabolite during emphysema progression.
A: The sum total in the concentration of lung tissue metabolites detected within the class indicated, at
the time points shown. B: A plot of the mean log,(relative fold change) versus —logio(P) for each
individual metabolite at the time point indicated in lung tissue, from PPE-treated mice compared to PBS
controls. Significance was taken as P < 0.05 (t-test) and a fold change > 0.3 in either direction, as
indicated by the red data points and hatched lines. Free L-carnitine (CO) is highlighted by a red circle. C:
The concentration of free L-carnitine (CO).in lung tissue. Data shown is the mean value + SD from 6-11
mice per group at each time point taken from the Absolute/DQ™ p180 metabolomics screen, with *P <
0.05, **P < 0.01, ***P < 0.001, ****P <0.0001 following t-test.

Figure 4. Pre-treatment with L-carnitine protects LA4 cells from PPE-induced apoptosis. A: The ATII like
cell line LA4 was cultured with increasing concentrations of PPE for 6hr and then the level of apoptosis
determined by staining with Annexin V and PI, followed by flow cytometric analysis. Representative facs
plots are demonstrated, with mean quadrant values indicated. Data shown is the percentage of cells
(mean + SD) from the following quadrants - Live Cells, Annexin V™ PI"¢; Total Apoptptic, all Annexin V*™¢
cells; Early Apoptotic, Annexin V*'¢ PI"¢; Late Apoptotic, Annexin V™ PI"™*. B: LA4 cells were cultured with
increasing concentrations of L-carnitine for the time points shown and viability determined as in A. C:
LA4 cells were cultured for 24hrs in the presence of L-carnitine at the concentrations shown followed by
6hrs incubation with PPE at a concentration of 0.5U/ml. The level of apoptosis was determined as in A.
For all charts mean values * SD from one representative experiment (n=3-4) repeated two to three times
is shown. One-way ANOVA following Bonferroni post test was undertaken with *P < 0.05, **P < 0.01,
***¥p < 0.001, ****P < 0.0001 compared to the control group.
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Figure 5. H,0, induced apoptosis of LA4 cells is prevented by pre-treatment with L-carnitine. A: LA4
cells were cultured for 24hrs in the presence of L-carnitine at the concentrations shown, followed by a
1hr pulse with 500uM H,0,, cells were then cultured for a further 48hrs before analysis. The level of
apoptosis was determined as described in Figure 4A. Data shown is mean + SD from one representative
experiment (n=4) repeated three times. B: LA4 cells were cultured for 24hrs in the presence of L-
carnitine at the concentrations shown, some cells were also pulsed with 500uM H,0, for 1hr as
indicated, all cells were then cultured for a further 6hrs before analysis. Data shown is the relative
MitoSOX fluorescence intensity of treated groups compared to control, mean % SD, from one
representative experiment, n=3-4, repeated twice. For all charts one-way ANOVA following Bonferroni
post test was undertaken with *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared to the
control group.

Figure 6. Supplementing mice with L-carnitine replenishes lung L-carnitine ievels and is accompanied
by an improvement in apoptosis levels. Mice were supplemented every second day i.p. with L-carnitine
(LC) at a dose of 500mg/kg body weight following a single oropharyngeal administration of PPE, mice
were analyzed 28 days later compared to mice that only received PPE or PBS controls. The experiment
was repeated twice with n=4-6 mice per group each time. A: The concentration of lung specific free L-
carnitine normalized to protein levels at 28 days. B: Total and differential cell counts in the BALF. C:
Representative Western Blot and densitometric analysis for cleaved (active)-caspase 3 in lung
homogenate of the mice indicated. D: Representative photomicrographs of immunohistochemically
stained lung sections with anti-cleaved caspase 3 antibody. Positively stained cells in red: open arrow
head alveolar epithelial cell, closed arrow head endothelial cell, full arrow airway epithelial cell. Scale bar
upper images 100um, lower images 50um. Quantification of cleaved caspase 3 positive alveolar
epithelial cells using the newCAST system was calculated. Data shown in all charts are the mean values +
SD, with *P < 0.05, **P < 0.01, ***P < 0.001 and ns not significant, one-way ANOVA following Bonferroni
post test.

Figure 7. L-carnitine supplementation improves lung function in PPE-induced emphysematous mice.
A: Lung function measurements to obtain dynamic compliance, elastance and total lung capacity (TLC)
were carried out on day 28 in PBS-treated, PPE-treated and PPE-treated mice supplemented with L-
carnitine (LC) every second day at 500mg/kg body weight i.p.. B: Representative photomicrographs of
H&E stained lung sections from the three groups of mice. Scale bar 200um. Airspace enlargement was
guantified as the mean linear intercept (MLI) by design-based stereology of the H&E stained lung
sections using the newCAST system. All data shown are the mean values + SD from two experiments,
n=4-6 per group, one-way ANOVA following Bonferroni post test with ****P < 0.0001 and ns not
significant.
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