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Hypercapnic acidosis induces mitochondrial dysfunction
and impairs the ability of mesenchymal stem cells to

promote distal lung epithelial repair

Nicola Fergie, Naomi Todd, Lana McClements, Danny McAuley, Cecilia O’Kane,

and Anna Krasnodembskaya®

Centre for Experimental Medicine, School of Medicine, Dentistry, and Biomedical Sciences, Queen’s University of Belfast, Belfast, United
Kingdom

ABSTRACT: Acute respiratory distress syndrome (ARDS) is a devastating disorder characterized by diffuse inflammation
and edema formation. The main management strategy, low tidal volume ventilation, can be associated with the devel-
opment of hypercapnic acidosis (HCA). Mesenchymal stem cells (MSCs) are a promising therapeutic candidate currently
in early-phase clinical trials. The effects of HCA on the alveolar epithelium and capillary endothelium are not well
established. The therapeutic efficacy of MSCs has never been reported in HCA. In the present study, we evaluated the
effects of HCA on inflammatory response and reparative potential of the primary human small airway epithelial and lung
microvasculature endothelial cells as well as on the capacity of bone marrow—derived MSCs to promote wound healing in
vitro. We demonstrate that HCA attenuates the inflammatory response and reparative potential of primary human small
airway epithelium and capillary endothelium and induces mitochondrial dysfunction. It was found that MSCs promote
lung epithelial wound repair via the transfer of functional mitochondria; however, this proreparative effect of MSCs was lost in
the setting of HCA. Therefore, HCA may adversely impact recovery from ARDS at the cellular level, whereas MSCs may not
be therapeutically beneficial in patients with ARDS who develop HCA.—Fergie, N., Todd, N., McClements, L., McAuley, D.,
O’Kane, C., Krasnodembskaya, A. Hypercapnic acidosis induces mitochondrial dysfunction and impairs the ability of

mesenchymal stem cells to promote distal lung epithelial repair. FASEB ]. 33, 000-000 (2019). www.fasebj.org
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Acute respiratory distress syndrome (ARDS) is an acute in-
flammatory disorder in which the integrity of the alveolar
epithelial —capillary endothelial barrier is compromised and

ABBREVIATIONS: o«-MEM, minimum essential medium with alpha modi-
fications; Ang-1, angiopoietin-1; ARDS, acute respiratory distress syn-
drome; BSA, bovine serum albumin; CM, conditioned medium; CXCL,
C-X-C motif chemokine ligand; DPBS, Dulbecco’s phosphate-buffered
saline; E-selectin, endothelial-selectin; FBS, fetal bovine serum; FCCP,
carbonyl cyanide p-trifluoromethoxyphenylhydrazone; HCA, hypercapnic
acidosis; HPMEC, human pulmonary microvascular endothelial cell;
ICAM, intercellular adhesion molecule; IL-1ra, IL-1 receptor antagonist; JC-1,
5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide; LDH,
lactate dehydrogenase; LG, L-glutamine; MFI, median fluorescence intensity;
MSC, mesenchymal stem cell; pCO,, partial pressure of CO,; PS, penicillin-
streptomycin; R6G, rthodamine 6G; SAEC, small airway epithelial cell
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protein-rich alveolar edema accumulates. Low tidal volume
ventilation is the mainstay of treatment, but it can be asso-
ciated with the development of hypercapnic acidosis (HCA)
(1,2). Although secondary analysis of clinical data suggested
that HCA may reduce mortality in ARDS (3), data from
preclinical models are controversial.

The pulmonary capillary endothelium and alveolar epi-
thelium contribute to inflammation in ARDS by promoting
alveolar neutrophil recruitment. In addition, disruption to
the integrity of the endothelial-epithelial barrier contributes
to the accumulation of pulmonary edema. The response of
these endothelial and epithelial cells to HCA may therefore
have profound implications for the resolution of ARDS.

To date, only 2 studies have reported the effects of HCA
on endothelia. These studies have highlighted conflicting
results; whereas Takeshita ef al. (4) reported attenuation of
inflammation by HCA, Liu et al. (5) demonstrated that
HCA enhances inflammatory responses. It is noteworthy
that Takeshita et al. modeled the endothelium using mac-
rovascular human pulmonary artery endothelial cells,
whereas Liu et al. utilized human pulmonary microvas-
cular endothelial cells (HPMECs). Significant heterogene-
ity exists between macrovascular and microvascular cells
with regard to protein expression profiles and barrier
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function (6-10). The use of human pulmonary artery en-
dothelial cells to study the pulmonary capillary endothe-
lium may therefore limit the translational value of the
results obtained. Furthermore, although HPMECs are the
most relevant cell type in the context of ARDS, in the study
by Liuetal., the in vitro results were corroborated by data in
a rabbit model of LPS-induced lung injury in which
endothelial-neutrophil responses were significantly in-
creased during hypercapnia (5). These data contradict
previous in vivo findings in the models of sepsis- and
paraquat-induced lung injury in rats, demonstrating an
immunosuppressive effect of HCA (11, 12).

Although several studies reported that HCA attenuates
the contribution of the alveolar epithelium to inflam-
mation (13, 14)—an effect that would be beneficial in
ARDS—other in vitro research indicates that it may also
attenuate wound closure (15) and alveolar fluid clearance
(16-20), suggesting impaired potential for alveolar re-
epithelialization and the resolution of pulmonary edema.
However, much of this work was performed in the ade-
nocarcinomic human alveolar basal epithelial cell line
A549. Although generally considered representative of
the alveolar epithelium, concerns exist regarding the con-
sistency of the A549 phenotype compared with that of
primary human alveolar epithelial cells (21-26). Results
obtained in A549 cells should therefore be interpreted with
caution until confirmed in primary cells.

Although no pharmacological therapy has been suc-
cessful in treating ARDS (27), mesenchymal stem cells
(MSCs) show promising therapeutic potential against
inflammation and pulmonary edema in preclinical models
(28-31). These effects may be mediated by the secretion
of paracrine mediators (32-34) or via transfer of mito-
chondria to injured cells (35, 36). MSCs have entered
early-phase clinical trials, which to date attest to their
safety in ARDS (37-39). However, although known to
respond to their local environment, the effects of HCA on
MSC biology and therapeutic potential have never been
reported.

The aims of the present work were as follows: 1) de-
termine the effect of HCA on the inflammatory and re-
parative responses of the human capillary endothelium
and alveolar epithelium, 2) determine the effect of HCA on
the biologic properties and therapeutic capacity of MSCs,
and 3) elucidate the mechanisms of these effects. Some of
the results of these studies were previously reported in the
form of an abstract (40).

MATERIALS AND METHODS
Cell culture

HPMECs and human small airway epithelial cells (SAECs) (both
from PromoCell, Heidelberg, Germany) were maintained in en-
dothelial cell growth medium MV and SAEC growth medium
(PromoCell), respectively. Each medium was supplemented with
50 pg/ml penicillin-streptomycin (PS) (Thermo Fisher Scientific,
Waltham, MA). Both cell types were used to passage 7. Human
bone marrow —derived MSCs met the criteria of the International
Society for Cellular Therapy (41) and were obtained from the
Institute for Regenerative Medicine at Texas A&M Health Science
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Center (Temple, TX, USA). MSCs were maintained in minimum
essential medium with alpha modifications («-MEM) (Thermo
Fisher Scientific) supplemented with 16.5% heat-inactivated fetal
bovine serum (FBS), 50 wg/ml PS, and 4 mM L-glutamine (LG)
(Thermo Fisher Scientific) and were used to passage 5.

Induction of HCA

Conditions of normocapnia and HCA were achieved using
Panasonic (Osaka, Japan) MCO-230AIC CO, incubators, with
CO; set to 5 and 15%, respectively. Media used for experimen-
tation were pre-equilibrated in the absence of cells in T25 cell
culture flasks under these conditions overnight. pH and partial
pressure of CO, (pCO,) were analyzed using a cobas b 221 blood
gas analyzer (Roche, Basel, Switzerland).

Inflammatory stimulation of cells

Unless otherwise stated, HPMECs or SAECs were seeded at a
density of 1 X 10* cells/cm* and allowed to reach 80% confluence
in 5% CO, prior to use for experimentation. Media were then
removed, and the cells were washed with Dulbecco’s phosphate-
buffered saline (DPBS). For experimentation, cells were stim-
ulated with a cytomix of proinflammatory cytokines. This
cytomix was prepared separately in pre-equilibrated cell culture
media for cells to be exposed to normocapnia and for cells to be
exposed to HCA. The cytomix contained TNF-a (Peprotech,
Rocky Hill, NJ, USA), IL-18 (Peprotech), and IFN-y (R&D Sys-
tems, Minneapolis, MN, USA), each at a concentration of 50 ng /ml.
Stimulated cells were subsequently cultured in either 5% CO,
(normocapnia; pCO, 3.4 * 0.1 kPa and pH 7.3) or 15% CO, (HCA;
PCO,9.0 = 0.2kPa and pH 7.0) for the duration of each experiment.
Unless otherwise stated, HPMECs and SAECs were exposed to 5 or
15% CO, with or without cytomix for 72 and 24 h, respectively,
before analyses were performed. In contrast, MSCs were seeded in
the presence or absence of cytomix and cultured immediately in
5 or 15% CO, at the time of seeding. For experiments in which
MSCs were the sole cell type used, cells were seeded at a density of
2 X 10* cells/cm? and analyses were performed after 24-h culture in
5 or 15% CO, with or without cytomix.

Coculture experiments

For coculture experiments, MSCs were seeded on Transwell
inserts (Greiner Bio-One, Kremsmiinster, Austria) at a ratio
of 1:5 MSC:SAECs. SAECs had been seeded at a density of
1 X 10* cells/cm? and allowed to reach 80% confluence in 5%
CO,. Medium was then aspirated, and the cells were washed
with DPBS before the addition of MSCs. Cytomix stimulation
was applied to both the upper and lower chambers at the time
of MSC seeding. The coculture was then immediately in-
cubated in 5 or 15% CO, for 24 h before analyses were
performed.

Quantification of cytokines and growth factors
by ELISA

Commercially available DuoSet Sandwich ELISAs (R&D Sys-
tems) were used to measure human C-X-C motif chemokine li-
gand (CXCL)8, CXCL5, angiopoietin-1 (Ang-1), keratinocyte
growth factor, IL-1 receptor antagonist (IL-1ra), and IL-10 con-
centrations in cell-free supernatants. All assays were performed
following the manufacturer’s standard instructions for DuoSet
ELISAs. Working concentrations of the antibodies provided with
each kit were analyte and lot specific.
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Evaluation of endothelial adhesion molecule
expression by HPMECs

Flow cytometry was used to assess the effects of HCA on HPMEC
expression of the adhesion molecules endothelial-selectin
(E-selectin), intercellular adhesion molecule (ICAM)-1, and
VCAM-1.

After 72 h incubation in the presence or absence of 50 ng/ml
cytomix, HPMEC monolayers were washed with 1 ml 1X PBS,
and the cells were gently scraped, transferred into 5-ml poly-
styrene flow tubes (Sarstedt; Thermo Fisher Scientific), and
centrifuged for 5 min at 800 rpm and 4°C. The supernatant was
aspirated off, and the pellet resuspended in 200 ul 1X PBS. To
prevent non-specific binding of antibodies, 20 pl human Fc Re-
ceptor binding inhibitor (Thermo Fisher Scientific) was added
and incubated with the cells on ice for 20 min. Appropriate
antibodies directed against the proteins of interest (Table 1)
were added to the experimental groups and incubated on ice
for 30 min in the dark. Unstained controls, isotype controls for
each fluorophore used, and single-stain controls for each
fluorophore were also included. Samples were immediately
processed using a FACSCanto II flow cytometer and FACS-
Diva software (BD Biosciences, San Jose, CA, USA). If neces-
sary, compensation was set up using FACSDiva between 2
fluorophores based on overlap in the single-stain controls. All
data were analyzed using FlowJo v.10 software (Flow]o; BD
Biosciences, San Jose, CA, USA).

In vitro wound scratch assay

An in vitro wound scratch assay was used to assess the effects of
HCA on epithelial and endothelial wound repair. Horizontal
lines were created across the undersurface of the wells of 24-well
plates prior to cell seeding. HPMECs or SAECs were seeded on
these plates at a density of 1 X 10* cells/cm? and cultured until
monolayer formation occurred. At this point, a single vertical
scratch wound was made from the top to the bottom of each well,
running through the horizontal line, using a P1000 pipette tip
(Sarstedt, Niimbrecht, Germany). The edge of a ruler was used to
guide a straight line. Cells were washed twice with DPBS to
remove cell debris, and 500 pl 1% supplemented medium (see
negative control in Table 2) was added to each of the wells. The
wound sites were imaged at X10 magnification using the Axio-
vert 25 inverted light microscope (Carl Zeiss, Oberkochen, Ger-
many) and AxioVision Release 4.8 software (Carl Zeiss). Two
images were taken from each well; 1 was taken just above the
horizontal line and 1 just below it to allow for re-imaging of the
same area of each wound later in the experiment. To limit bias
when calculating wound closure, each of the conditions was
blinded by an independent researcher unrelated to the project
prior to its addition to the cells. Wounded cells, regardless of cell
type, were incubated under appropriate experimental conditions
for 24 h at 37°C in either 5 or 15% COs,.

Wounds were re-imaged as before in the same areas as the
baseline wounds following 24 h incubation. ImageJ v.1.48 (Na-
tional Institutes of Health, Bethesda, MA, USA) was used to
measure the area of the wound site at baseline and again at 24 h.
The percentage wound closure at 24 h was calculated from these

values. Only at this stage were the conditions un-blinded to
permit interpretation of the results.

Determination of cell viability by lactate
dehydrogenase assay

The commercially available Cytotoxicity Detection Kit (Roche),
which is based on the activity of lactate dehydrogenase (LDH) in
cell-free supernatants, was used to assess the impact of HCA on
HPMEC, SAEC, and MSC cell death in both inflammatory and
noninflammatory environments.

At 24, 48, or 72 h post-stimulation of cells with cytomix, cell
supernatants were collected and centrifuged to remove cell de-
bris. A positive control was included in which cells were lysed
with a final concentration of 2% Triton X-100 (MilliporeSigma,
Burlington, MA, USA) 10 min before the collection of superna-
tants. Fifty-microliter samples were plated in triplicate into a 96-
well plate (Nunc; Thermo Fisher Scientific). Optical densities
were measured at 405 nm using a Fluostar Omega (BMG Lab-
tech, Ortenberg, Germany) microplate reader. Data were ana-
lyzed using Mars data analysis software (BMG Labtech). Results
are presented relative to the positive control.

NF-kB activation

Stimulation of cells

MSCs were seeded on 6-well plates at a density of 2 X 10° cells per
well and allowed to adhere overnight in a-MEM;¢ 59, rBs + ps + LG-
HPMECs or SAECs were seeded on 6-well plates at a density of 1
X 10° cells per well and cultured in their respective cell culture
medium until monolayer formation was achieved. On the day of
experimentation, the cells were washed with 1 ml prewarmed
DPBS, which was immediately aspirated off. Two milliliters
a-MEM;9, rBs -+ ps + La, Which had been pre-equilibrated in 5 or
15% CO, overnight, was added to the MSCs, and the cells were left
to rest for 2 hin 5 or 15% CO, at 37°C because of the sensitivity of
NF-kB activation. For HPMECs or SAECs, their respective cell
culture medium was used. After incubation, 100 pl medium was
removed from each well. Cytomix was prepared to a concentra-
tion of 1 pg/ml in pre-equilibrated a-MEM; 9, gs -+ ps + LG for
MSC:s or cell cultured medium for HPMECs and SAEC. A total of
100 pl was added to the 1.9 ml medium already in the appropriate
wells, bringing the final concentration to 50 ng/ml. For un-
stimulated cells and for the 0-min control, 100 pl of only pre-
equilibrated medium was added instead of cytomix. The plates
were incubated at 37°C and either 5 or 15% CO, for 0, 30, or
60 min. At the end of each incubation period, the medium was
aspirated from the wells, and the cells were scraped from the
surface in 1 ml ice-cold PBS. Replicate cell suspensions of each
condition were pooled and kept on ice in preparation for nu-
clear extraction.

Preparation of nuclear extracts

Nuclear extracts were prepared from chilled cell suspensions
using the NE-PER Nuclear and Cytoplasmic Extraction Reagents

TABLE 1. Antibodies used to assess HPMEC adhesion molecule expression by flow cytometry

Protein of interest Fluorophore Manufacturer Dilution
Anti-human CD62E (E-selectin) APC BioLegend 1:100
Anti-human CD54 (ICAM-1) FITC BioLegend 1:100
Anti-human CD106 (VCAM-1) PE BioLegend 1:100
APC, Allophycocyanin; CD, cluster of differentiation; PE, Phycoerythrin.
HYPERCAPNIA INDUCES MITOCHONDRIAL DYSFUNCTION IN PRIMARY HUMAN CELLS 3

fasebj.org by Queens University Science Library - Belfast (143.117.193.82) on February 08, 2019. The FASEB Journal Vol. ${article.issue.getVolume() }, No. ${article.issue.getIssueNu



TABLE 2. Conditions added to wounded HPMECs and SAECs

HPMEC (Endothelial cell

Conditions growth medium MV) SAEC medium
Vehicle 10% supplemented 10% supplemented
Cytomix 50 ng/ml cytomix (TNF-o, IL-18, 50 ng/ml cytomix (TNF-o, IFN-y)

IFN-vy) in vehicle
1% supplemented
100% supplemented

Negative control
Positive control

in vehicle
1% supplemented
100% supplemented

Percentage supplement refers to the percentage of the supplement added to the standard culture

medium for each cell type.

Kit (Thermo Fisher Scientific), following the manufacturer’s in-
structions. Briefly, the cells were pelleted by centrifugation at
800 g for 3 min at 4°C, and the supernatant was discarded. The
cell pellet was resuspended in 200 pl Cytoplasmic Extraction
Reagent I containing Halt protease inhibitor cocktail (EDT A-free)
(Thermo Fisher Scientific), vortexed, and incubated for 10 min on
ice before the addition of 11 ul Cytoplasmic Extraction ReagentII.
Samples were vortexed at the highest setting for 5 s, incubated on
ice for 1 min, and vortexed again before centrifugation at 16,000 ¢
for 5 min at 4°C. Supernatants containing cytoplasmic extracts
were collected into ice-cold Eppendorf tubes and kept on ice until
the end of the extraction protocol.

The insoluble pellet was resuspended in 100 pl ice-cold Nu-
clear Extraction Reagent containing Halt protease inhibitor
cocktail (EDTA-free) and vortexed at the highest setting for 15 s.
Samples were incubated on ice for 40 min, with the vortexing step
repeated every 10 min until the time was up. Supernatants con-
taining the nuclear extracts were collected into fresh, ice-cold
Eppendorf tubes immediately following centrifugation of the
samples at 16,000 g for 10 min at 4°C. All extracts were stored at
—80°C for future use.

Protein quantification

Protein concentrations in nuclear extracts were quantified using
the Coomassie (Bradford) Protein Assay Kit (Thermo Fisher
Scientific). Bovine serum albumin (BSA) standards ranging in
concentration from 0 to 2000 p.g/ml were prepared following the
manufacturer’s instructions. A total of 5 pl of each standard or
sample was pipetted in duplicate into the wells of a 96-well plate
followed by 250 pl Coomassie reagent. Well contents were mixed
on a plate shaker for 30 s, and the plate was incubated at room
temperature for 5 min, protected from light. Absorbance was
measured at 595 nm using a Fluostar Omega microplate reader,
and the concentration of protein in each unknown sample was
extrapolated from a second polynomial curve generated using
Mars data analysis software.

TransAM NF-xB p65 assay

The TransAM NF-«B p65 Assay Kit (Active Motif, Carlsbad, CA,
USA) is a DNA-binding ELISA that facilitates the detection of
active NF-kB p65 subunits in nuclear extracts. In this assay, active
p65 subunits bind to their consensus oligonucleotides, which
have been immobilized on a 96-well plate supplied with the kit.
Bound subunits can be detected thereafter in a principle similar to
that of an ELISA. This assay was used, following the manufac-
turer’s instructions, to detect active p65 subunits in the nuclear
extracts of HPMECs, SAECs, or MSCs cultured in 5 or 15% CO,.

Nuclear extracts were diluted in complete lysis bulffer to a
protein concentration of 150 pg/ml (for MSCs) or 100 pg/ml (for
HPMECs or SAECs). Jurkat extract (positive control supplied

4 Vol. 33 April 2019 The FASEB Journal

- www.fasebj.org

with the kit) was also diluted to a protein concentration of 125 or
100 g/ mlin complete lysis buffer. A total of 30 pul complete lysis
buffer was added to the wells of the 96-well plate supplied fol-
lowed by 20 ul Jurkat extract or unknown sample (containing 3
ug protein for MSCs or 2 pg protein for HPMECs and SAECs). A
total of 20 wl complete lysis buffer was included as a blank con-
trol, and the plate was incubated at room temperature for 1 h with
mild agitation from a plate rocker. The plate was washed 3 times
using the wash bulffer supplied with the kit and gently blotted
against paper towels to dry. Primary antibody (rabbit anti —NF-
kB p65) was diluted 1:1000, and 100 pl was added per well. The
plate was incubated at room temperature for 1 h in the absence of
agitation from a plate rocker. The wash step was repeated and
100 pl Horseradish Peroxidase-conjugated anti-rabbit secondary
antibody (diluted 1:1000) was added per well. The plate was
incubated again for 1 h at room temperature without agitation.
The wash step was repeated 4 times. A total of 100 ul developing
solution was added per well and incubated at room temperature
protected from light until the color of the sample wells had turned
medium-to-dark blue. A total of 100 .l stop solution was added
to stop the reaction, and the optical density was measured within
5 min at 450 nm using a Fluostar Omega plate reader.

Assessment of mitochondrial function

Measurement of mitochondrial membrane
potential using 5,5',6,6'-tetrachloro-1,1',3,
3’'-tetraethylbenzimidazolylcarbocyanine iodide dye

5,5',6,6'-tetrachloro-1,1’,3,3'-tetraethylbenzimidazolylcarbocya-
nine iodide (JC-1) is a lipophilic, cationic dye that accumulates
within mitochondria in a manner dependent on mitochondrial
membrane potential. When mitochondrial membrane potential
is low, JC-1 accumulates within mitochondria in low concentra-
tions and persists in a monomeric form, fluorescing green. At
higher mitochondrial membrane potential, JC-1 accumulation
within the mitochondpria is increased. Red fluorescing aggregates
begin to form. A higher red/green fluorescence ratio is therefore
proportional to mitochondrial membrane potential. JC-1 was
used to assess the impact of HCA on mitochondrial membrane
potential in HPMECs, SAECs, and MSCs under both in-
flammatory and noninflammatory conditions.

After 24 h of cytomix stimulation and culture in 5 or 15% CO,,
cells were stained with JC-1 (Thermo Fisher Scientific) at a con-
centration of 0.5 ug/ml for 45 min (SAECs) or 1 h (HPMECs and
MSCs). A control was included in which 1 uM carbonyl cyanide
p-trifluoromethoxyphenylhydrazone (FCCP) (MilliporeSigma)
was simultaneously added to the cells at the time of JC-1 staining
to induce mitochondrial depolarization (collapse of mitochon-
drial membrane potential). Following staining, wells were
washed 3 times using 1X PBS. A total of 100 wl 1X PBS was
added per well. Live cells were immediately imaged at X20
magnification using the EVOS FL Auto epifluorescent micro-
scope (Thermo Fisher Scientific). Red and green fluorescence
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intensity of each image was measured using Image] v.1.48, and
the red/green ratio was calculated.

JC-1 staining of MSCs cultured in buffered hypercapnia

In some experiments, acidosis was buffered to facilitate the de-
termination of the individual contributions of pH and CO; to the
effects of HCA, particularly its effects on mitochondrial mem-
brane potential of MSCs. The experimental setup was done as in
previous experiments, with both un-stimulated or cytomix-
stimulated MSCs being cultured in 5 or 15% CO, for 24 h.
However, in this case, an additional 2 groups (1 un-stimulated
and 1 cytomix-stimulated) in which the pH was bulffered to that
observed in 5% CO, were included in 15% CQO,. This was
achieved using pre-equilibrated medium that contained 0.02 M
sodium bicarbonate (NaHCO;) (MilliporeSigma). A total of
0.02 M sodium chloride (NaCl) (MilliporeSigma) prepared in pre-
equilibrated medium was added to all other groups in both 5 and
15% CO; to ensure all groups were equiosmolar. Cells were then
cultured in 5 or 15% CO, for 24 h prior to JC-1 staining as pre-
viously described in the cell culture section.

ATP assay

The majority of cellular ATP originates from the mitochondrial
electron transport chain. ATP production is therefore indicative
of mitochondrial function. Intracellular ATP levels were mea-
sured after culture of MSCs in the presence or absence of 50 ng/
ml cytomix for 24 h using a luminescent ATP detection assay kit
(Abcam, Cambridge, United Kingdom), following the manu-
facturer’s instructions. All reagents were brought to room tem-
perature prior to use. Fifty microliters supplied detergent was
added to each well containing the conditions of interest and to
each well containing only 90 pl a-MEMje, . ps + 1. in preparation
for a standard curve. The plate was incubated at room temper-
ature on an orbital shaker for 5 min. Standards ranging in con-
centration from 10 uM to 0.1 nM were prepared. Ten microliters
prepared standard was added to 90 ul a-MEM;9, , ps + L already
in the wells reserved for the standard curve. The plate was in-
cubated at room temperature for 5 min on an orbital shaker. Fifty
microliters of the supplied substrate solution was then added per
well. The plate was incubated again at room temperature for 5
min on an orbital shaker. Luminescence was measured imme-
diately using a Fluostar Omega microplate reader.

Coculture experiments

Mitochondrial transfer

MitoTracker dyes (Thermo Fisher Scientific) are cell-permeable
probes that react with the thiol groups of, and thus label, mito-
chondria. To investigate whether mitochondria are transferred
from MSCs to SAECs, MSCs were stained with 125 ng/ml
MitoTracker Green FM (Thermo Fisher Scientific) for 45 min at
37°C in 5% CO,. SAECs were prestained with 125 ng/ml Mito-
Tracker Deep Red (Thermo Fisher Scientific) for 1 h at 37°C in 5%
CO:,. Stained cells were washed 3 times with 1 X PBS. A sample of
the third MSC wash was retained for use as a leak control. Pre-
stained MSCs were seeded on Transwell inserts with 0.4-pm
pores (Greiner Bio-One) at a ratio of 1 MSC to every 5 SAECs and
cocultured for 24 h in 5 or 15% CO, in the presence of 50 ng/ml
cytomix with prestained SAECs seeded on the well surface be-
low. For the leak control, MSCs were replaced with an equal
volume of the MSC wash retained earlier.

After 24 h, the Transwells were removed and the SAECs were
washed 3 times with PBS. Live SAECs were immediately imaged
at X20 magnification on an EVOS FL Auto epifluorescence

microscope to visualize MSC-derived green mitochondria up-
take by SAECs.

Coculture in vitro scratch assay

To assess the effects of MSCs on SAEC wound closure in nor-
mocapnia and HCA, MSCs were cocultured on Transwell inserts
(Greiner Bio-One) with SAECs as previously described in the
coculture experiments section. SAECs were wounded in an in
vitro scratch assay. Plates were incubated at 37°C in 5 or 15% CO,
for 24 h. At24 h, Transwell inserts were removed, and the wound
areas above and below the horizontal lines were re-imaged. The
area of the wound site at baseline and 24 h was measured using
Image] v.1.48. The values obtained were used to calculate the
percentage wound closure over 24 h.

Ki67 staining

Ki67 is a cellular marker of proliferation. SAECs wounded in an
in vitro scratch assay and cocultured with MSCs were immuno-
fluorescently stained for this marker. SAECs were washed 3
times with 1X PBS and fixed with 4% paraformaldehyde at room
temperature for 15 min. Excess paraformaldehyde was aspirated,
and the wash step was repeated. Cells were permeabilized by
incubation with 0.5% Triton X-100 for 20 min at room tempera-
ture. The wash step was repeated. Cells were blocked with 200 1
1% BSA (prepared in 1X PBS) for 2 h at room temperature. The
wash step was repeated. The primary antibody Ki67 mAb
(SolA15) (Thermo Fisher Scientific) was diluted 1:200 in 1% BSA.
One hundred microliters primary antibody was added per well
and incubated at 4°C overnight. For a secondary-only control,
100 pl 1% BSA only was added.

After overnight incubation, cells were washed 3 times with 1X
PBS. Goat anti-mouse/rat Alexa Fluor 594 was diluted 1:200 in
1% BSA. One hundred microliters was added per well and in-
cubated in the dark for 1 h at room temperature. For a primary-
only control, 100 ul 1% BSA only was used. The wash step was
repeated. One hundred microliters Hoechst nuclear stain (un-
diluted) (MilliporeSigma) was added per well and incubated in
the dark at room temperature for 20 min. The wash step was
repeated. Two hundred microliters 1X PBS was added to the
wells and the plates were stored at 4°C in the dark until imaging.

Images were taken at X5 magnification using a Leica DMi8
microscope (Leica Microsystems, Wetzlar, Germany). One image
was taken above and 1 below the horizontal line running across the
undersurface of the wells. To quantif;/ Ki67 staining, a grid of indi-
vidual squares each of 100,000 pixels” in size was drawn over each
image using ImageJ v.1.48. Four wells at the edge of the wound were
selected from each image, and the number of cells stained positively
for Ki67 were counted using the multipoint tool. The average
number of Ki67-positive cells per 100,000 pixels” was determined.

Loss-of-function experiment

A loss-of-function experiment was performed to determine the
contribution of mitochondria to the ability of MSCs to promote
SAEC wound closure in normocapnia. To induce mitochondrial
dysfunction, confluent MSCs were treated with 1 wg/ml rhoda-
mine 6G (R6G) (MilliporeSigma) prepared in o-MEMjg 54, + ps + LG
for 48 h at 37°C in 5% CO,. Medium was supplemented with
50 pg/ml uridine (MilliporeSigma) and 2.5 mM sodium pyruvate
(MilliporeSigma) to support glycolysis. At the same time, the
medium in another flask of MSCs at the same passage and con-
fluence was replaced with fresh a-MEMj¢ 54, + ps + L. After 48 h,
the media were aspirated from both flasks of MSCs, and the cells
were washed 3 times with PBS. The MSCs were trypsinized and
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counted. The in vitro scratch assay was repeated, including an
additional group in normocapnia in which R6G-treated MSCs
were cocultured with SAECs.

Statistical analysis

GraphPad Prism v.5.01 (GraphPad Software, La Jolla, CA, USA)
was used to perform statistical analysis. One-way ANOVA with
Bonferroni post hoc analysis was used to analyze parametric data.
Kruskal-Wallis with Dunn’s post hoc analysis was used for non-
parametric data. Grouped data were analyzed by 2-way ANOVA.
Values of P < 0.05 were regarded as statistically significant.

RESULTS

HCA attenuates the inflammatory response
of HPMECs and SAECs

To mimic the inflammatory environment of ARDS, en-
dothelial and epithelial cells were stimulated with a pro-
inflammatory cytokine mixture (IL-18, INF-y, and TNF-a)
and cultured in either 5% CO, (normocapnia) or 15% CO,
(HCA). The effects of HCA on both cell types were similar.
HCA did not affect the viability of HPMECs for at least
72 h (Fig. 1A). At72 h, HCA significantly attenuated levels
of HPMEC secretion of the neutrophil chemoattractants
CXCL8 and CXCLS5 (Fig. 1B, C) and the level of expression
of neutrophil adhesion molecule ICAM-1 [as measured by
median fluorescence intensity (MFI)] (Fig. 1D). No differ-
ences were observed in the percentage of cells expressing

neutrophil adhesion molecules E-selectin or VCAM-1 orin the
degree of expression per cell (Supplemental Fig. S1). As with
HPMEC:s, viability of SAECs remained unaltered in HCA up
to 72 h (Fig. 1E), whereas levels of CXCL8 and CXCLS5 se-
cretion were significantly decreased at 24 h (Fig. 1F, G).

HCA attenuates wound repair by HPMECs
and SAECs

In vitro wound scratch assays revealed that HCA signifi-
cantly impairs HPMEC and SAEC wound closure at 24 h
in a noninflammatory setting (Fig. 2). When stimulated
with cytomix, HPMEC wound closure was almost com-
pletely inhibited under both conditions (Fig. 2A). Simi-
larly, SAEC wound closure was also diminished by
cytomix stimulation in normocapnia, whereas a non-
significant trend toward further worsening of the re-
parative response was observed in HCA (Fig. 2B).

HCA does not alter the degree of NF-xB
activation but impairs mitochondrial function

It has been previously demonstrated that HCA attenuates
the inflammatory responses of A549 cells through in-
hibition of NF-kB activation (14). To probe the mechanism
behind the observed effects of HCA on HPMECs and
SAECs, the degree of NF-kB activation was assessed by
p65 TransAM assay, a DNA-binding ELISA by which
consensus oligonucleotides are used to detect the presence
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Figure 1. HCA attenuates the inflammatory response of HPMECs and SAECs. A) HCA did not alter HPMEC cell viability at 72 h
when assessed by measurement of LDH release. B) HCA attenuated HPMEC secretion of the neutrophil chemoattractant CXCL8
at 72 h when measured by ELISA. C) HCA attenuated HPMEC secretion of the neutrophil chemoattractant CXCL5 at 72 h when
measured by ELISA. D) HCA reduced HPMEC expression of the neutrophil adhesion molecule ICAM-1 at 72 h. This was
reflected in the MFI when analyzed by flow cytometry. ) HCA did not alter SAEC viability at 24 h. F) HCA attenuated SAEC
secretion of CXCLS8 at 24 h. G) HCA attenuated SAEC secretion of CXCL5 at 24 h. +ve Ctrl, positive control. Scatter plots show
means and sps. n = b per group for all experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2. HCA attenuates wound repair by HPMECs and SAECs. Monolayers of HPMECs and SAECs were wounded in an in vitro
scratch assay and exposed to normocapnia or HCA for 24 h. A) HCA significantly reduced percentage wound closure by HPMECs
at 24 h in a noninflammatory (vehicle) but not inflammatory (cytomix) environment. These findings are corroborated by
representative images depicting approximate wound areas at 0 and 24 h (n = 4 per group). B) HCA significantly reduced
percentage wound closure by SAECs at 24 h in a noninflammatory (vehicle) but not inflammatory (cytomix) environment. These
findings are corroborated by representative images depicting approximate wound areas at 0 and 24 h (n =5 per group). Images
were taken by Zeiss Axiovert 25 CFL microscope. +ve Ctrl, positive control. Box and whisker plots show median, first and third
quartiles, and maximum and minimum values. Original magnification, X20. *P < 0.05, **P < 0.01.

of active NF-kB p65 subunits in nuclear extracts. In-
terestingly, in both cell types, the degree of NF-kB activa-
tion was not altered by HCA (Fig. 3A, B).

Mitochondrial dysfunction has been reported as an al-
ternative mechanism involved in the HCA effects. Specifi-
cally, it was associated with impaired proliferation of A549
cells (42). The effect of HCA on mitochondrial membrane
potential was therefore investigated. Staining of both cell
types with the mitochondrial membrane potential indicator
JC-1 revealed significant attenuation of mitochondrial
membrane potential—indicative of impaired mitochondrial
function—under both inflammatory and noninflammatory
conditions in HCA (Fig. 3Ci—Dii).

To further investigate the impact of reduced mito-
chondrial membrane potential on the reparative proper-
ties of HPMECs, mitochondrial membrane potential was
pharmacologically dissipated using the mitochondrial un-
coupler FCCP. Interestingly, FCCP treatment significantly
abrogated HPMEC wound closure (Fig. 3E).

HCA induces mitochondrial dysfunction
in MSCs

Next, the effects of HCA on human bone marrow—derived
MSCs were tested. Similar to the observations in endothelial
and epithelial cells, HCA did not alter the viability of MSCs
(Fig. 4A). The degree of NF-kB activation (Fig. 4B) and

secretion of Ang-1 and IL-1ra (Fig. 4C, D) were also un-
affected by HCA. Of note, both Ang-1 and IL-1ra are para-
crine soluble factors known to be involved in mediating the
therapeutic effects of MSCs in preclinical models of in-
flammatory lung disease (32, 43). The promotors of both
genes are also under NF-«B regulation (44, 45), further
supporting the finding that the effects of HCA on MSCs
occur independently of alterations to the NF-«xB pathway.
Levels of keratinocyte growth factor and IL-10 secreted by
MSCs were also analyzed, but concentrations were below
the lower limits of detection of the assays (<31.25 pg/ml for
both analytes, unpublished results). Again, analogous to its
effect on HPMECs and SAECs, HCA impaired MSC mito-
chondrial function. This was evidenced by attenuated mi-
tochondrial membrane potential (Fig. 4Ei, 7i) and reduced
ATP production by the MSCs (Fig. 4F). To buffer the me-
dium pH to that of normocapnia, 0.02 M NaHCO; was
added to the medium under hypercapnic conditions. This
did not alter the effect of HCA on MSC mitochondrial
membrane potential (Fig. 4G).

HCA-induced mitochondrial dysfunction
impairs the capacity of MSCs to improve
epithelial wound closure

Next, the effect of HCA on the ability of MSCs to improve
SAEC wound closure was investigated. In an in vitro
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Figure 3. HCA does not alter the degree of cytomix-induced NF-«kB activation but impairs mitochondrial function. A) When
assessed based on the relative quantity of active p65 subunits present in nuclear extracts from HPMECs, HCA did not affect the
degree of cytomix-induced NF-kB activation at 30 or 60 min (n = 3 per group). B) The degree of cytomix-induced NF-«kB
activation in SAECs was also unaffected by HCA at 30 and 60 min when assessed in the same way (n =5 per group). Ci, i) Staining
with the mitochondrial membrane potential indicator JC-1 revealed significant attenuation of HPMEC mitochondrial membrane
potential by HCA in both the presence and absence of cytomix stimulation at 24 h (n =5 per group). Ci) Representative images.
Cii) The JC-1 red (aggregate)/green (monomer) ratio was quantified in Image] and presented relative to unstimulated cells in
normocapnia. Di, i) Mitochondrial membrane potential in SAECs was also attenuated by HCA at 24 h (n = 4 per group). Di)
Representative images. Dii) The JC-1 red (aggregate) /green (monomer) ratio was quantified in Image] and presented relative to
unstimulated cells in normocapnia. £) Wound repair by HPMECs at 24 h was impaired by pharmacological dissipation of
mitochondrial membrane potential using the mitochondrial uncoupler FCCP (% = 3 per group). Images were taken on an EVOS
FL Auto epifluorescence microscope (n =5 per group). Ctrl, control; ns, not significant; OD, optical density; +ve, positive control.
Error bars (A, B) represent sp, and box and whisker plots show median, first and third quartiles, and maximum and minimum

values. Original magnification, X20. A value of P > 0.05 was not significant, *P < 0.05, **P < 0.01, ***P < 0.001.

wound scratch assay, the degree of SAEC wound clo-
sure was significantly enhanced by a noncontact coculture
(Transwell) with MSCs in normocapnia. This effect was at-
tenuated by HCA (Fig. 5Ai, #i). Staining of the same SAECs
for the proliferation marker Ki67 revealed that the degree of
SAEC proliferation was not altered by MSCs (Fig. 5B).

Given that MSC secretion of soluble mediators was not
affected by HCA, it was hypothesized that HCA-induced
mitochondrial dysfunction could play a role in the loss
of the MSC effect on epithelial repair. Previous studies
demonstrated that transfer of mitochondria within
extracellular vesicles is important for the therapeutic
mechanism of MSCs in LPS-induced lung injury (36, 46).
To test this hypothesis, the ability to detect MSC mito-
chondria within SAECs after incubation with MSC con-
ditioned medium (CM) was investigated. MSCs were
prestained with MitoTracker Green. Their CM was col-
lected and added to SAECs, which had been prestained
with MitoTracker Red FM. Fluorescence microscopy af-
ter 24-h culture of SAECs with CM revealed evidence
of colocalization of MSC-derived mitochondria with en-
dogenous mitochondria of SAECs (Fig. 6A, yellow staining,
white arrows). No difference in the extent of mitochondrial
transfer between normocapnic and hypercapnic conditions
was observed.
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Consistent with the above observations demonstrating
a detrimental effect of HCA on mitochondrial membrane
potential across all 3 cell types studied, HCA significantly
reduced ATP production by SAECs (Fig. 6B). Addition-
ally, whereas MSC-CM enhanced ATP production by
SAECs in normocapnia (albeit nonsignificantly), ATP
levels were not restored by MSC-CM in the setting of HCA
(Fig. 6B).

To further investigate the requirement of functional
mitochondria for the ability of MSCs to promote SAEC
wound repair, the in vitro scratch assay was repeated using
MSCs in which mitochondrial dysfunction had been in-
duced by pretreatment with R6G. R6G irreversibly im-
pairs oxidative phosphorylation but does not significantly
impair MSC secretion of soluble mediators (36). Although
MSCs promoted SAEC wound closure in normocapnia,
this effect was lost with R6G-pretreated MSCs (Fig. 6Ci, ii).

DISCUSSION
Low tidal volume ventilation is the mainstay of treat-
ment in ARDS, but it can be associated with the develop-

ment of HCA (2). The capillary endothelium and alveolar
epithelium are key targets in the pathogenesis of ARDS;
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Figure 4. HCA induces mitochondrial dysfunction in MSCs. A) Viability of MSCs was unaffected by HCA at 24 h when assessed by
measurement of LDH release (=2 per group). B) The degree of cytomix-induced NF«B activation in MSCs was unaffected by HCA at 30
or 60 min when assessed based on the relative amount of active p65 subunits present in nuclear extracts obtained from MSCs (n =5 per
group for 0 and 60 min; 7 =4 per group for 30 min). C) MSC secretion of the soluble mediator Ang-1 was not altered by HCA at 24 h when
quantified by ELISA (n= 5 per group). D) The quantity of the soluble mediator IL-1ra secreted by MSCs was also unaffected by HCA at 24 h
(n =5 per group). I, i) Staining with the mitochondrial membrane potential indicator JC-1 revealed significant attenuation of HPMEC
mitochondrial membrane potential by HCA in both the presence and absence of cytomix stimulation at 24 h. Fi) Representative images.
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Figure 5. MSCs promote SAEC wound repair in normocapnia but not HCA. Ai, i) MSCs in a noncontact (Transwell) coculture
with SAECs that had been wounded in an in vitro scratch assay promoted SAEC wound closure in normocapnia. This effect was
not observed in HCA at 24 h (n = 4 per group). B) Wounded SAECs that had been cultured with MSCs in a noncontact coculture
were immunofluorescently stained for the proliferation marker Ki67. Imaging revealed no difference in proliferation across any
of the conditions investigated (n = 3 per group). Images were taken by Zeiss Axiovert 25 CFL microscope A:) Representative
images. Aii) Percentage of wound closure over 24 hours was quantified for each condition. A, B) Box and whisker plots (A)
show median, first and third quartiles, and maximum and minimum values; scatter plots (B) show mean and sp. Original
magnification, X20. *P < 0.05.

restoration of their structure and function is required for
resolution of the condition. To date, the effects of HCA on

simultaneously impairs their reparative capacities (Figs. 1
and 2); 2) HCA induces mitochondrial dysfunction in

the pulmonary capillary endothelium are unclear, although
many investigations into its effects on the alveolar epithe-
lium have been limited to cell lines such as A549. The current
study demonstrates the effects of HCA on primary HPMECs
and the SAECs, using a degree of hypercapnia equivalent to
pCO; 9.0 kPa (68 mmHg). This degree of hypercapnia is
believed to be clinically relevant, with a recent observational
study having demonstrated that 13% of patients with ARDS
develop severe hypercapnia of >60 mmHg.

The main findings from this study are as follows:
1) HCA attenuates inflammatory responses in pri-
mary HPMECs and distal lung epithelial cells while it

primary human pulmonary endothelial and epithelial
cells as well as bone marrow—derived MSCs (Figs. 3 and 4);
and 3), whereas MSCs improve epithelial wound closure
through transfer of functional mitochondria within extra-
cellular vesicles, HCA-induced mitochondrial dysfunction
diminishes the therapeutic effect of MSCs on epithelial
wound repair in the inflammatory environment (Figs. 5
and 6).

Neutrophils are key mediators of inflammation and,
subsequently, tissue damage in ARDS. Their alveolar re-
cruitment depends in part on chemotactic stimuli such as
CXCL5 and CXCLS (47). In the present study, secretion of

Eii) The JC-1 red (aggregate)/green (monomer) ratio was quantified in Image] and presented relative to unstimulated cells in
normocapnia (n =5 per group). F) HCA attenuated ATP production by MSCs at 24 h (n =5 per group). G) Buffering medium
pH to that of normocapnia using 0.02 M NaHCOs did not alter the effect of HCA on mitochondrial membrane potential in MSCs
at24 h (n= 3 per group except FCCP and all groups not stimulated with cytomix in HCA, which are n = 2). Images were taken on
an EVOS FL Auto epifluorescence microscope. Ctrl. Control; ns, not significant; OD, optical density; +ve, positive control. Scatter
plots show mean and sp, and box and whisker plots show median, first and third quartiles, and maximum and minimum values.
Original magnification, X20. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6. Impaired mitochondrial transfer mediates the loss of MSC therapeutic potential. A) Mitochondria within MSCs were stained with
MitoTracker Green, whereas mitochondria within SAECs were labeled with MitoTracker Red. Stained MSCs were cultured in a noncontact
(Transwell) coculture with stained SAECs. Mitochondrial transfer from MSCs to SAECs was observed by fluorescence microscopy at 24 h.
Representative images. B) Coculture was repeated using unstained cells. MSCs induced a small, albeit insignificant, increase in ATP
production at 24 h under conditions of normocapnia but not HCA (n = 3 per group). Ci, i) MSCs were pretreated with R6G to induce
mitochondrial dysfunction. These MSCs were cultured in a noncontact coculture with SAECs that had been wounded in an in vitro
scratch assay. Untreated but not R6G-treated MSCs enhanced SAEC wound closure at 24 h in normocapnia. Ci) Representative images.
Cii) Percentage of wound closure over 24 hours was quantified for each condition (7= 5-6 per group). Fluorescent images were taken
on an EVOS FL Auto epifluorescence microscope, epithelial wounds (Ci) were imaged by Zeiss Axiovert 25 CFL microscope. Scatter
plots (B) show mean and sp, and box and whisker plots (Ci?) show median, first and third quartiles, and maximum and minimum
values. Original magnification, X20. **P < 0.01, ***P < 0.001.

these chemokines by both HPMECs and SAECs was at-
tenuated in HCA (Fig. 1). These data are in accordance
with previous in vitro observations using macrovascular
endothelial cells (4) and A549 cells (14), but this is the first
report of the effects of HCA on CXCL5 secretion by
HPMECs and SAECs.

Endothelial expression of neutrophil adhesion mole-
cules also contributes to alveolar neutrophil recruitment.
Although there were no differences in the percentage of
cells expressing adhesion molecules ICAM-1, VCAM-1, or

E-selectin, the degree of surface expression of ICAM-1
(reflected in the MFI) was significantly attenuated in HCA.
This finding is again in keeping with previous observa-
tions in macrovascular endothelial cells (4).

Attenuated neutrophilia in HCA has been demon-
strated in numerous in vivo studies (11, 12, 48). Data
from the current study suggest that the epithelium and
endothelium contribute to this response by attenuating
neutrophil chemoattraction and migration across the
endothelial-epithelial barrier.

HYPERCAPNIA INDUCES MITOCHONDRIAL DYSFUNCTION IN PRIMARY HUMAN CELLS 11

fasebj.org by Queens University Science Library - Belfast (143.117.193.82) on February 08, 2019. The FASEB Journal Vol. ${article.issue.getVolume()}, No

. ${article.issue.getlssueNu



Integrity of the epithelial and endothelial barriers are key
to regulating neutrophil recruitment, particularly in ARDS,
where basement membranes are often denuded. Following
cell activation, cytoskeletal remodeling occurs, promoting
cell migration in an attempt to restore barrier integrity. In
vitro wound scratch assays revealed that HCA significantly
impaired wound repair in a noninflammatory environ-
ment and demonstrated a trend toward further worsening
in an inflammatory setting (Fig. 2). These findings contrast
with a previous report in which endothelial wound repair
was not altered by HCA (49), although this discrepancy
may be explained by the use of macrovascular endothelial
cells. The findings in SAECs, however, corroborate and
extend previous observations by O'Toole et al. (15).

Surprisingly, although altered NF-kB activation has con-
sistently been attributed to the effects of HCA (14, 15), the
results of the current study suggest that HCA-induced
alterations in inflammatory responses and wound repair oc-
curred independently of NF-kB. To date, impaired mito-
chondrial function is the only alternative mechanism shown
to mediate HCA-driven effects (42). In the current study,
HCA induces significant attenuation of mitochondrial
membrane potential in all 3 primary cell types studied, in-
dicating mitochondrial dysfunction (Figs. 3 and 4). Previous
work has linked alterations in mitochondrial membrane po-
tential with the development of an anti-inflammatory phe-
notype in macrophages (50). In addition, low mitochondrial
membrane potential has been associated with the induction
of mitophagy (51, 52). Mitophagy has been reported to confer
resistance to cell death in both alveolar epithelial cells and
macrophages (53, 54), suggesting that HCA may be inducing
mitophagy to maintain cell viability in this study. Low mi-
tochondrial membrane potential and mitophagy have also
been previously associated with impaired proliferation and
migration (55-57), 2 factors contributing to dysregulated tis-
sue repair in ARDS. In the present study, pharmacological
inhibition of mitochondrial membrane potential resulted in
significant abrogation of HPMEC wound closure (Fig. 3E),
suggesting that functional mitochondria are important for
endothelial repair. Thus, HCA-induced mitochondrial dys-
function could negatively affect the reparative capacity of the
injured lung in the clinical setting.

From a therapeutic perspective, although MSCs are a
promising candidate for ARDS (58), their efficacy has never
been studied in the setting of HCA. It is well established that
MSCs secrete a plethora of soluble factors, including Ang-1
and IL-1ra, which are thought to mediate, at least in part, the
therapeutic effects of MSCs (34). The current study demon-
strates that MSC secretion of these NF-kB-regulated mole-
cules was unaltered by HCA. The degree of cytomix-induced
NF-«B activation was also unaffected, suggesting that in
HCA MSCs retain their capacity to exert therapeutic effects
mediated by these soluble factors (Fig. 4B—D). Nevertheless,
the therapeutic effect of MSCs on pulmonary epithelial
wound repair was abrogated in HCA [despite MSCs pro-
moting SAEC wound closure via enhanced migration in
normocapnia, as previously reported in Akram et al. (59) (Fig.
5). The lack of therapeutic effect of MSCs may be attributed to
impaired mitochondrial function in the presence of HCA.
This was reflected by attenuation of both mitochondrial
membrane potential and intracellular ATP production (Fig.
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4Ei-F). Importantly, buffering of acidosis did not alter the
effects of HCA on MSC mitochondrial membrane potential
(Fig. 4G), suggesting that this effect occurs independently of
pH. This HCA-induced mitochondrial damage in MSCs
suggests that MSCs may lose their capacity to improve epi-
thelial repair in patients with ARDS who develop HCA.

Mitochondrial transfer to surrounding injured cells has
previously been shown to be important for the therapeutic
potential of MSCs (35, 36, 53, 54). Here, mitochondrial
transfer from MSCs to SAECs was observed in both nor-
mocapnia and HCA and was associated with enhanced ATP
production by SAECs in normocapnia (Fig. 6A, B). To in-
vestigate whether mitochondrial transfer was responsible for
the MSC-mediated improvement in SAEC wound closure in
normocapnia, the in vitro wound scratch assay was repeated
using MSCs with dysfunctional mitochondria. To achieve
this, MSCs had been pretreated with R6G, which induces
mitochondrial dysfunction without significantly affecting
other aspects of cell biology, such as the ability to secrete
soluble molecules (36, 60). The results demonstrate, for the
first time, that functional mitochondria are required for the
ability of MSCs to promote primary human distal lung epi-
thelial repair (Fig. 6Ci, ii). This reveals a new mechanism of
the therapeutic effects of MSCs in ARDS and implies that
HCA-induced mitochondrial dysfunction was responsible
for loss of the MSC effect in this model. Given that transfer of
functional mitochondria was previously shown to be re-
sponsible for MSC modulation of both the phenotype of al-
veolar macrophages (35, 36) and of surfactant secretion by
alveolar epithelial type II cells (46) in preclinical models of
ARDS, this finding raises significant concerns regarding the
therapeutic efficacy of MSCs in patients with HCA.

Although this study provides novel results in relation to
HCA-mediated mitochondrial damage in human pulmo-
nary epithelial and endothelial cells as well as MSCs, further
investigations into the mechanisms of this effect are required.
Also, although a role for mitochondrial dysfunction in HCA-
induced inhibition of wound repair was demonstrated, the
mechanism responsible for the anti-inflammatory effect ob-
served in primary cells in HCA remains unclear. Finally, use
of a broader range of clinically relevant models utilizing
human lung tissues (e.g., ex vivo perfused lungs, lung-on-a-
chip, or precision-cut lung slices) will facilitate better un-
derstanding of the impact of HCA on human lung repair.

Despite HCA exerting an anti-inflammatory effect, it also
appears to attenuate the reparative capacity of pulmonary
endothelial and epithelial cells and reduce the therapeutic
efficacy of MSCs in ARDS. This suggests that when inter-
preting clinical trial data, a priori post hoc analysis of data
from patients with and without HCA may be useful, as any
protective benefit of an MSC-based therapy may be masked
by the lack of an effect in patients with HCA. This may
subsequently allow for appropriate stratification of patients
with ARDS who are most likely to respond to MSC-based
therapies.

There are undoubtedly a number of limitations to the
work presented. For example, whereas a previous report (61)
suggested that the effects of hypercapnia on NF-x B activation
are rapidly reversible, the current study does not address the
potential reversibility of the effects of HCA on the anti-
inflammatory and reparative capacities of HPMECs and
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SAECs or on the therapeutic potential of MSCs in ARDS. If
the effects of HCA are found to be reversible, it is perceivable
that extracorporeal CO, removal could potentially manage
the effects in patients with ARDS. However, although this
may benefit the impaired therapeutic capacity of MSCs,
which appears to result from HCA, it will undoubtedly be
difficult to achieve a perfect balance between the effects of
HCA on the inflammatory and reparative capacities of
HPMECs and SAECs.

In summary, HCA-induced mitochondrial dysfunction
may contribute to impaired epithelial and endothelial re-
pair, resulting in worse outcomes for patients with severe
lung disease. Additionally, patients with HCA may not be
responsive to treatment with MSCs.

ACKNOWLEDGMENTS

This work was funded by the Medical Research Council (MRC)
(MR/L017229/1), MRC Queen’s University of Belfast (QUB)
(CD1516-CIC4), and the Department for Education (DfE) (PhD
studentship). Some of the materials employed in this work were
provided by the Texas A&M Health Science Center College of
Medicine Institute for Regenerative Medicine at Baylor Scott and
White Hospital through a grant from the National Institute of
General Medical Sciences (NIGMS) of the U.S. National Institutes
of Health (Grant No. P40RR017447). The authors declare no
conflicts of interest.

AUTHOR CONTRIBUTIONS

N. Fergie collected and assembled data, analyzed and
interpreted data, and wrote the manuscript; N. Todd collected
data; L. McClements provided study material and wrote the
manuscript; D. McAuley and C. O’Kane provided study
material and interpreted data; and A. Krasnodembskaya
conceived and designed the study, analyzed and interpreted

10.

11.

12.

14.

15.

16.

17.

cultured human macro- and microvascular endothelial cells. Exp.
Mol. Pathol. 73, 171-180

Hillyer, P., Mordelet, E., Flynn, G., and Male, D. (2003) Chemokines,
chemokine receptors and adhesion molecules on different human
endothelia: discriminating the tissue-specific functions that affect
leucocyte migration. Clin. Exp. Immunol. 134, 431-441

Rydkina, E., Turpin, L. C., and Sahni, S. K. (2010) Rickettsia rickettsii
infection of human macrovascular and microvascular endothelial
cells reveals activation of both common and cell type-specific host
response mechanisms. Infect. Immun. 78, 2599-2606

Shelton, J. L., Wang, L., Cepinskas, G., Sandig, M., Inculet, R.,
McCormack, D. G.,and Mehta, S. (2006) Albumin leak across human
pulmonary microvascular vs. umbilical vein endothelial cells under
septic conditions. Microvasc. Res. 71, 40-47

Higgins, B. D., Costello, J., Contreras, M., Hassett, P., O’Toole, D., and
Laffey,]. G. (2009) Differential effects of buffered hypercapnia versus
hypercapnic acidosis on shock and lung injury induced by systemic
sepsis. Anesthesiology 111, 1317-1326

Nardelli, L. M., Rzezinski, A., Silva, J. D., Maron-Gutierrez, T.,
Ornellas, D. S., Henriques, 1., Capelozzi, V. L., Teodoro, W., Morales,
M. M, Silva, P. L., Pelosi, P., Garcia, C. S., and Rocco, P. R. (2015)
Effects of acute hypercapnia with and without acidosis on lung
inflammation and apoptosis in experimental acute lung injury. Respir.
Physiol. Neurobiol. 205, 1-6

Wu, S.-Y,, Li, M-H., Ko, F-C., Wu, G. C., Huang, K. L., and Chu, S. J.
(2013) Protective effect of hypercapnic acidosis in ischemia-
reperfusion lung injury is attributable to upregulation of heme oxy-
genase-1. PLoS One 8, 74742

Horie, S., Ansari, B., Masterson, C., Devaney, J., Scully, M., O’Toole,
D., and Laffey, J. G. (2016) Hypercapnic acidosis attenuates
pulmonary epithelial stretch-induced injury via inhibition of the ca-
nonical NF-kB pathway. Intensive Care Med. Exp. 4, 8

O’Toole, D., Hassett, P., Contreras, M., Higgins, B. D., McKeown,
S.T.,McAuley, D.F.,O’Brien, T.,and Laffey, ]. G. (2009) Hypercapnic
acidosis attenuates pulmonary epithelial wound repair by an NF-
kappaB dependent mechanism. Thorax 64, 976-982

Briva, A., Vadasz, 1., Lecuona, E., Welch, L. C., Chen, J., Dada, L. A.,
Trejo, H. E., Dumasius, V., Azzam, Z. S., Myrianthefs, P. M., Batlle, D.,
Gruenbaum, Y., and Sznajder, J. I. (2007) High CO2 levels impair
alveolar epithelial function independently of pH. PLoS One2, €1238
Vadasz, 1., Dada, L. A., Briva, A., Trejo, H. E., Welch, L. C., Chen, J., T6th,
P. T, Lecuona, E., Witters, L. A., Schumacker, P. T., Chandel, N. S.,
Seeger, W., and Sznajder, J. I. (2008) AMP-activated protein kinase reg-
ulates CO2-induced alveolar epithelial dysfunction in rats and human
cells by promoting Na,K-ATPase endocytosis. J. Clin. Invest. 118, 752-762

data, wrote the manuscript, procured financial support, and 18. Vadasz, 1., Dada, L. A., Briva, A., Helenius, I. T., Sharabi, K., Welch,
approved the final manuscript L. C, Kelly, A. M., Grzesik, B. A., Budinger, G. R,, Liu, J., Seeger, W.,
pprov pt Beitel, G. J., Gruenbaum, Y., and Sznajder, J. I. (2012) Evolutionary
conserved role of c:Jun-N-terminal kinase in CO2-induced epithelial

dysfunction. PLoS One 7, 46696
REFERENCES 19. Welch, L. C., Lecuona, E., Briva, A., Trejo, H. E., Dada, L. A., and
Sznajder, J. I. (2010) Extracellular signal-regulated kinase (ERK) par-

1. Laffey, J. G., and Kavanagh, B. P. (1999) Carbon dioxide and the ticipates in the hypercapnia-induced Na,K-ATPase downregulation.
critically ill-too little of a good thing? Lancet 354, 12831286 FEBS Lett. 584, 3985-3989 ' ) )

2. Brower, R. G., Matthay, M. A., Morris, A., Schoenfeld, D., Thompson, ~ 20- Dada, L. A., Trejo Bittar, H. E., Welch, L. C., Vagin, O., DeissYehiely,
B.T.,and Wheeler, A.; Acute Respiratory Distress Syndrome Network. N., I?elly, A. M., Baker, M. R, Cap”;.] - Cohn, W, Whltelegge,]. P,
(2000) Ventilation with lower tidal volumes as compared with Vadasz, L., Gruenbaum, Y., and Sznajder, J. I. (2015) High CO2 leads
traditional tidal volumes for acute lung injury and the acute to Na,K-ATPase endocytosis via ¢zJun amino-terminal kinase-induced
respiratory distress syndrome. N. Engl. J. Med. 342, 1301-1308 LMO7b phosphorylation. Mol. Cell. Biol. 35, 3962-3973

3. Kregenow, D. A, Rubenfeld, G. D., Hudson, L. D.,and Swenson, E. R. 21. Godfrey, R. W. A. (1997) Human airway epithelial tight junctions.
(2006) Hypercapnic acidosis and mortality in acute lung injury. Crit. Microsc. Res. Tech. 38, 488-499
Care Med. 34, 1-7 22.  Campbell, L., Hollins, A. J., Al-Eid, A., Newman, G. R., von Ruhland,

4. Takeshita, K., Suzuki, Y., Nishio, K., Takeuchi, O., Toda, K., Kudo, H., C., and Gumbleton, M. (1999) Caveolin-1 expression and caveolae
Miyao, N., Ishii, M., Sato, N., Naoki, K., Aoki, T., Suzuki, K., Hiraoka, biogenesis during cell transdifferentiation in lung alveolar epithelial
R., and Yamaguchi, K. (2003) Hypercapnic acidosis attenuates primary cultures. Biochem. Biophys. Res. Commun. 262, 744-751
endotoxin-induced nuclear factor-[k]B activation. Am. J. Respir. Cell ~ 23. Fuchs, S, Hollins, A. J., Laue, M., Schaefer, U. F., Roemer, K., Gumbleton,
Mol. Biol. 29, 124-132 M., and Lehr, C. M. (2003) Differentiation of human alveolar epithelial

5. Liu,Y., Chacko, B.K,, Ricksecker, A., Shingarev, R., Andrews, E., Patel, cells in primary culture: morphological characterization and synthesis of
R.P.,and Lang, J. D., Jr. (2008) Modulatory effects of hypercapnia on caveolin-1 and surfactant protein-C. Cell Tissue Res. 311, 31-45
in vitro and in vivo pulmonary endothelial-neutrophil adhesive re- ~ 24. Witherden, 1. R, Vanden Bon, E. J., Goldstraw, P., Ratcliffe, C.,
sponses during inflammation. Cytokine 44, 108-117 Pastorino, U.,and Tetley, T. D. (2004) Primary human alveolar type I

6. Burg, J., Krump-Konvalinkova, V., Bittinger, F., and Kirkpatrick, C. J. epithelial cell chemokine release: effects of cigarette smoke and
(2002) GM-CSF expression by human lung microvascular endothelial neutrophil elastase. Am. J. Respir. Cell Mol. Biol. 30, 500-509
cells: in vitro and in vivo findings. Am. J. Physiol. Lung Cell. Mol. Physiol. 283, ~ 25. Geys, J., Coenegrachts, L., Vercammen, J., Engelborghs, Y., Nemmar,
1460-1.467 A.,Nemery, B.,and Hoet, P. H. (2006) Invitro study of the pulmonary

7. Miller, A. M., Hermanns, M. I., Cronen, C., and Kirkpatrick, C. J. translocation of nanoparticles: a preliminary study. Toxicol. Lett. 160,
(2002) Comparative study of adhesion molecule expression in 218-226

HYPERCAPNIA INDUCES MITOCHONDRIAL DYSFUNCTION IN PRIMARY HUMAN CELLS 13

fasebj.org by Queens University Science Library - Belfast (143.117.193.82) on February 08, 2019. The FASEB Journal Vol. ${article.issue.getVolume() }, No. ${article.issue.getIssueNu



26.

27.

28.

29.

30.

31.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

14

fasebj.org by Queens University Science Library - Belfast (143.117.193.82) on February 08, 2019. The FASEB Journal Vol. ${article.issue.getVolume() }, No. ${article.issue.getIssueNu

Swain, R.J., Kemp,S.]., Goldstraw, P., Tetley, T. D., and Stevens, M. M.
(2010) Assessment of cell line models of primary human cells by
Raman spectral phenotyping. Biophys. J. 98, 1703-1711

Boyle, A. ]., Mac Sweeney, R., and McAuley, D. F. (2013) Pharmacological
treatments in ARDS; a state-of-the-art update. BMC Med. 11, 166

Gupta, N., Su, X., Popov, B., Lee, ]. W, Serikov, V., and Matthay M. A.
(2007) Intrapulmonary delivery of bone marrow-derived mesenchy-
mal stem cells improves survival and attenuates endotoxin-induced
acute lung injury in mice. J. Immunol. 179, 1855-1863

Curley, G. F., Hayes, M., Ansari, B., Shaw, G., Ryan, A., Barry, F.,
O’Brien, T., O’'Toole, D., and Laffey, ]. G. (2012) Mesenchymal stem
cells enhance recovery and repair following ventilator-induced lung
injury in the rat. Thorax 67, 496-501

Krasnodembskaya, A., Samarani, G., Song, Y., Zhuo, H., Su, X., Lee, ]. W.,
Gupta, N,, Petrini, M., and Matthay, M. A. (2012) Human mesenchymal
stem cells reduce mortality and bacteremia in gram-negative sepsis in
mice in part by enhancing the phagocytic activity of blood monocytes. Am.
J- Physiol. Lung Cell. Mol. Physiol. 302, 1.1003-1.1013

Curley, G. F., Ansari, B., Hayes, M., Devaney, J., Masterson, C., Ryan, A.,
Barry, F., O’Brien, T., Toole, D. O., and Laffey, J. G. (2013) Effects of
intratracheal mesenchymal stromal cell therapy during recovery and
resolution after ventilator-induced lung injury. Anesthesiology 118, 924-932
Fang, X., Neyrinck, A. P., Matthay, M. A., and Lee, J. W. (2010)
Allogeneic human mesenchymal stem cells restore epithelial protein
permeability in cultured human alveolar type II cells by secretion of
angiopoietin-1. J. Biol. Chem. 285, 26211-26222

McAuley, D. F., Curley, G. F., Hamid, U. L, Laffey, J. G., Abbott, J.,
McKenna, D. H., Fang, X., Matthay, M. A,, and Lee, J. W. (2014)
Clinical grade allogeneic human mesenchymal stem cells restore
alveolar fluid clearance in human lungs rejected for transplantation.
Am. J. Physiol. Lung Cell. Mol. Physiol. 306, L809-1L815

Morrison, T., McAuley, D. F., and Krasnodembskaya, A. (2015)
Mesenchymal stromal cells for treatment of the acute respiratory
distress syndrome: the beginning of the story. J. Intensive Care Soc. 16,
320-329

Jackson, M. V., Morrison, T. J., Doherty, D. F., McAuley, D. F., Matthay,
M. A, Kissenpfennig, A., O’Kane, C. M., and Krasnodembskaya, A. D.
(2016) Mitochondrial transfer via tunneling nanotubes is an important
mechanism by which mesenchymal stem cells enhance macrophage
phagocytosis in the in vitro and in vivo models of ARDS. Stem Cells 34,
2210-2223

Morrison, T. J., Jackson, M. V., Cunningham, E. K., Kissenpfennig, A.,
McAuley, D. F., O’Kane, C. M., and Krasnodembskaya, A. D. (2017)
Mesenchymal stromal cells modulate macrophages in clinically
relevant lung injury models by extracellular vesicle mitochondrial
transfer. Am. J. Respir. Crit. Care Med. 196, 1275-1286

Zheng, G., Huang, L., Tong, H., Shu, Q., Hu, Y., Ge, M., Deng, K., Zhang,
L., Zou, B., Cheng, B., and Xu, J. (2014) Treatment of acute respiratory
distress syndrome with allogeneic adipose-derived mesenchymal stem
cells: a randomized, placebo-controlled pilot study. Respir. Res. 15, 39
Wilson, J. G,, Liu, K. D., Zhuo, H., Caballero, L., McMillan, M., Fang, X,,
Cosgrove, K., Vojnik, R,, Calfee, C. S., Lee, J. W., Rogers, A. J., Levitt, J.,
Wiener-Kronish, J., Bajwa, E. K., Leavitt, A., McKenna, D., Thompson,
B. T., and Matthay, M. A. (2015) Mesenchymal stem (stromal) cells for
treatment of ARDS: a phase 1 clinical trial. Lancet Respir. Med. 3, 24-32
Matthay, M. A., Calfee, C. S., Zhuo, H., Thompson, B. T., Wilson, J. G.,
Levitt J. E., Rogers, AJ., Gotts, J. E., Wiener-Kronish, J. P., Bajwa, E. K.,
Donahoe, M. P., McVerry, B. J., Ortiz, L. A., Exline, M., Christman, . W.,
Abbott, J., Delucchi, K. L., Caballero, L., McMillan, M., McKenna, D. H.,
and Liu, K. D. (2018) Treatment with allogeneic mesenchymal stromal
cells for moderate to severe acute respiratory distress syndrome (START
study): a randomised phase 2a safety trial. Lancet Respir Med doi: 10.1016/
$52213-2600(18)30418-1. [Epub ahead of print]

Fergie, N., McAuley, D., O’Kane, C., and Krasnodembskaya, A. (2017)
Hypercapnia impairs the ability of mesenchymal stem cells to
promote distal lung epithelial wound repair in ARDS. Thorax72,A018
Dominici, M., Le Blanc, K., Mueller, L, Slaper-Cortenbach, I., Marini,
F., Krause, D., Deans, R., Keating, A., Prockop, Dj., and Horwitz, E.
(2006) Minimal criteria for defining multipotent mesenchymal
stromal cells. The International Society for Cellular Therapy
position statement. Cylotherapy 8, 315-317

Vohwinkel, C. U., Lecuona, E., Sun, H., Sommer, N., Vadasz, L.,
Chandel, N. S, and Sznajder, J. I. (2011) Elevated CO(2) levels cause
mitochondrial dysfunction and impair cell proliferation. J. Biol. Chem.
286, 37067-37076

Ortiz, L. A, Dutreil, M., Fattman, C., Pandey, A. C., Torres, G., Go, K.,
and Phinney, D. G. (2007) Interleukin 1 receptor antagonist mediates

Vol. 33 April 2019

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

The FASEB Journal - www.fasebj.org

the antiinflammatory and antifibrotic effect of mesenchymal stem
cells during lung injury. Proc. Natl. Acad. Sci. USA 104, 11002-11007
Smith, M. F., Jr., Eidlen, D., Arend, W. P., and Gutierrez-Hartmann, A.
(1994) LPS-induced expression of the human IL-1 receptor antago-
nist gene is controlled by multiple interacting promoter elements.
J- Immunol. 153, 3584—3593

Scott, B. B., Zaratin, P. F., Gilmartin, A. G., Hansbury, M. J., Colombo,
A., Belpasso, C., Winkler, J. D., and Jackson, J. R. (2005) TNF-alpha
modulates angiopoietin-1 expression in rheumatoid synovial fibro-
blasts via the NF-kappa B signalling pathway. Biochem. Biophys. Res.
Commun. 328, 409-414

Islam, M. N,, Das, S. R., Emin, M. T., Wei, M., Sun, L., Westphalen, K.,
Rowlands, D. J., Quadri, S. K., Bhattacharya, S., and Bhattacharya, J. (2012)
Mitochondrial transfer from bone-marrow-derived stromal cells to pul-
monary alveoli protects against acute lung injury. Nat. Med. 18, 759-765
Williams, A. E., and Chambers, R. C. (2014) The mercurial nature of
neutrophils: still an enigma in ARDS? Am. J. Physiol. Lung Cell. Mol.
Physiol. 306, 1.217-1.230

Contreras, M., Ansari, B., Curley, G., Higgins, B. D., Hassett, P.,
O’Toole, D., and Laffey, ]. G. (2012) Hypercapnic acidosis attenuates
ventilation-induced lung injury by a nuclear factor-«B-dependent
mechanism. Crit. Care Med. 40, 2622—-2630

Tsuji, T., Aoshiba, K., Itoh, M., Nakamura, H., and Yamaguchi, K.
(2013) Hypercapnia accelerates wound healing in endothelial cell
monolayers exposed to hypoxia. Open Respir. Med. J. 7, 6-12

Mills, E. L., Kelly, B., Logan, A., Costa, A. S. H., Varma, M., Bryant, C. E.,
Tourlomousis, P., Débritz, ]. H. M., Gottlieb, E., Latorre, I, Corr, S. C.,
McManus, G., Ryan, D, Jacobs, H. T, Szibor, M., Xavier, R. J., Braun,
T., Frezza, C., Murphy, M. P., and O’Neill, L. A. (2016) Succinate
dehydrogenase supports metabolic repurposing of mitochondria to
drive inflammatory macrophages. Cell 167, 457-470.¢13

Youle, R. ., and Narendra, D. P. (2011) Mechanisms of mitophagy.
Nat. Rev. Mol. Cell Biol. 12, 9-14

Piantadosi, C. A., and Suliman, H. B. (2017) Mitochondrial
dysfunction in lung pathogenesis. Annu. Rev. Physiol. 79, 495—
515

Patel, A. S., Song, ]. W., Chu, S. G., Mizumura, K., Osorio, J. C., Shi, Y.,
El-Chemaly, S., Lee, C. G., Rosas, 1. O, Elias, J. A., Choi, A. M., and
Morse, D. (2015) Epithelial cell mitochondrial dysfunction and
PINKI are induced by transforming growth factor-betal in pulmo-
nary fibrosis. PLoS One 10, 0121246

Larson-Casey, J. L., Deshane, J. S., Ryan, A. J., Thannickal, V. J., and
Carter, A. B. (2016) Macrophage Aktl kinase-mediated mitophagy
modulates apoptosis resistance and pulmonary fibrosis. Immunity 44,
582-596

Wu, G].,Tai,Y-T., Chen, T-L., Lin, L. L., Ueng, Y. F.,and Chen,R. M.
(2005) Propofol specifically inhibits mitochondrial membrane
potential but not complex I NADH dehydrogenase activity, thus
reducing cellular ATP biosynthesis and migration of macrophages.
Ann. N. Y. Acad. Sci. 1042, 168-176

Niu, Z., Zhang, W., Gu, X., Zhang, X., Qi, Y., and Zhang, Y. (2016)
Mitophagy inhibits proliferation by decreasing cyclooxygenase-2
(COX-2) in arsenic trioxide-treated HepG2 cells. Environ. Toxicol.
Pharmacol. 45, 212-221

Martinez-Reyes, 1., Diebold, L. P., Kong, H., Schieber, M., Huang, H.,
Hensley, C. T., Mehta, M. M., Wang, T., Santos, J. H., Woychik, R.,
Dufour, E., Spelbrink, J. N., Weinberg, S. E., Zhao, Y., DeBerardinis,
R. J., and Chandel, N. S. (2016) TCA cycle and mitochondrial
membrane potential are necessary for diverse biological functions.
Mol. Cell 61, 199-209

Horie, S., Curley, G. F., and Laffey J. G. (2016) What’s new in cell
therapies in ARDS? Intensive Care Med. 42(5):779-782

Akram, K. M., Samad, S., Spiteri, M. A., and Forsyth, N. R. (2013)
Mesenchymal stem cells promote alveolar epithelial cell wound repair
in vitro through distinct migratory and paracrine mechanisms. Respir.
Res. 14,9

Gear, A. R. L. (1974) Rhodamine 6G. A potent inhibitor of
mitochondrial oxidative phosphorylation. J. Biol. Chem. 249, 3628
3637

Cummins, E. P., Oliver, K. M., Lenihan, C. R,, Fitzpatrick, S. F.,
Bruning, U., Scholz, C. C,, Slattery, C., Leonard, M. O., McLoughlin,
P., and Taylor, C. T. (2010) NF-«B links CO2 sensing to innate
immunity and inflammation in mammalian cells. J. Immunol. 185,

4439-4445

Recetved for publication September 26, 2018.
Accepted for publication January 2, 2019.

FERGIE ET AL.


http://www.fasebj.org

