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Short exposure to hyperoxia causes cultured lung epithelial
cell mitochondrial dysregulation and alveolar simplification
in mice
David Garcia1, Jennifer F. Carr2, Felix Chan2, Abigail L. Peterson2, Kimberlyn A. Ellis2, Alejandro Scaffa3, Andrew J. Ghio4,
Hongwei Yao2 and Phyllis A. Dennery2,5,6

BACKGROUND: Prolonged exposure to high oxygen concentrations in premature infants, although lifesaving, can induce lung
oxidative stress and increase the risk of developing BPD, a form of chronic lung disease. The lung alveolar epithelium is damaged by
sustained hyperoxia, causing oxidative stress and alveolar simplification; however, it is unclear what duration of exposure to
hyperoxia negatively impacts cellular function.
METHODS: Here we investigated the role of a very short exposure to hyperoxia (95% O2, 5% CO2) on mitochondrial function in
cultured mouse lung epithelial cells and neonatal mice.
RESULTS: In epithelial cells, 4 h of hyperoxia reduced oxidative phosphorylation, respiratory complex I and IV activity, utilization of
mitochondrial metabolites, and caused mitochondria to form elongated tubular networks. Cells allowed to recover in air for 24 h
exhibited a persistent global reduction in fuel utilization. In addition, neonatal mice exposed to hyperoxia for only 12 h
demonstrated alveolar simplification at postnatal day 14.
CONCLUSION: A short exposure to hyperoxia leads to changes in lung cell mitochondrial metabolism and dynamics and has a
long-term impact on alveolarization. These findings may help inform our understanding and treatment of chronic lung disease.

Pediatric Research (2021) 90:58–65; https://doi.org/10.1038/s41390-020-01224-5

IMPACT:

● Many studies use long exposures (up to 14 days) to hyperoxia to mimic neonatal chronic lung disease.
● We show that even a very short exposure to hyperoxia leads to long-term cellular injury in type II-like epithelial cells.
● This study demonstrates that a short (4 h) period of hyperoxia has long-term residual effects on cellular metabolism.
● We show that neonatal mice exposed to hyperoxia for a short time (12 h) demonstrate later alveolar simplification.
● This work suggests that any exposure to clinical hyperoxia leads to persistent lung dysfunction.

INTRODUCTION
Many studies have shown that prolonged exposures to supra-
physiologic oxygen levels (hyperoxia) lead to oxidative stress and
lung alveolar injury.1–3 However, in newborns, even a brief
exposure to hyperoxia in the delivery room can be injurious.4,5

Furthermore, whether there are longer-term consequences of a
short exposure to hyperoxia occurs is not clear.
Type II alveolar epithelial cells (AECs) are responsible for the

biosynthesis and secretion of pulmonary surfactant and are
progenitors of type I AECs, which serve to facilitate oxygen
diffusion into capillaries.6 Type II cells have high energy demands
due to their continuous synthesis and release of pulmonary
surfactant. Type II cells rely on mitochondria for the production of
acetyl-CoA, allowing for the generation of phospholipids.7

Consequently, these cells contain three times the amount of

mitochondrial volume per cell than any other lung cell and the
number and size of their mitochondria are reduced upon
differentiating to type I AECs.8,9

Mitochondria form intracellular interconnected dynamic net-
works, and their shape and size are altered in order to meet cellular
metabolic demands.10 Fusing of mitochondrial populations occurs
in response to cellular or mitochondrial stress and during normal
mitochondrial turnover.10 Cells such as lung microvascular
endothelial cells, which are more glycolytic and less dependent
on oxidative phosphorylation (oxphos), have mitochondria with a
punctate appearance.11 Type II AECs exposed to cytotoxic cigarette
smoke, which primarily depend on oxphos, display more fusion
and the formation of elongated mitochondrial networks.12

The mouse lung epithelial cell line MLE-12 expresses pulmonary
surfactant proteins B and C and mimics a type II AEC model. It has
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been shown that MLE cell lines recapitulate type II AEC metabolic
phenotypes, specifically with respect to oxygen exposure.13

Previously it was shown that a 24-h exposure of these cells to
hyperoxia reduced overall oxphos as well as the activities of
respiratory complexes I and II.14 However, it is not known whether
a much shorter duration of exposure to high oxygen is sufficient
to affect metabolic function. Here we look at the acute effects of
MLE-12 cells exposed to 4 h of hyperoxia (95% O2, 5% CO2) and at
effects sustained with a 24-h recovery in air (21% O2, 5% CO2). We
found that a short exposure caused dysregulation of glucose
utilization and reduced oxphos and ATP production. With a 24-h
recovery, cells sustained metabolic dysregulation and reduced
mitochondrial fuel utilization. Furthermore, 4 h of hyperoxia was
sufficient to induce changes in mitochondrial dynamics, although
these changes recovered after 24 h. Additionally, neonatal mice
exposed to hyperoxia for as little as 12 h show lasting alveolar
simplification at postnatal day 14 (PND 14).

METHODS
Cell lines, culture, and hyperoxia
MLE-12 cells were purchased from ATCC. Cells were cultured in
Dulbecco’s Modified Eagle Medium/F12 media containing 2% fetal
bovine serum, insulin (5 μg/mL), transferrin (10 μg/mL), sodium
selenite (30 nM), hydrocortisone (10 nM), β-estradiol (10 nM),
HEPES (10 nM), and glutamine (2 mM). In air, cells were maintained
at 37 °C (21% O2, 5% CO2). In the acute model, cells were exposed
to 4 h of hyperoxia (95% O2, 5% CO2). In the recovery model, cells
were exposed to 4 h of hyperoxia (95% O2, 5% CO2) and then
placed in air (21% O2, 5% CO2) for 24 h.

Mouse hyperoxic exposure and lung morphology
Newborn C57BL/6J mice (<12 h old) along with their mothers
were exposed to room air or hyperoxia (>95% O2) for 12 or 24 h in
an A-chamber (BioSpherix, Redfield, NY).15 Pups were allowed to
recover in room air until time of harvest. Radial alveolar count
(RAC) was measured as described.16 In brief, lungs were perfused
with phosphate-buffered saline (PBS), inflated with 1% low melt
agarose in PBS using 100 μL/g body weight, fixed with 4%
paraformaldehyde, and embedded in paraffin. Lungs were
sectioned into 5-μm sections and stained with hematoxylin and
eosin (H&E). A perpendicular line was drawn from the center of a
respiratory bronchiole to the nearest connective tissue septum
and the number of alveoli intersected by this line was counted as
RAC. All animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee of Brown University.

Mitochondrial stress test
Oxphos was measured using the XFe24 Seahorse Bioanalyzer
(Agilent) following the manufacturer’s instructions. In the acute
model, cells were seeded in seahorse assay plates 24 h in air (21%
O2/5 % CO2) prior to assay. The day of the assay, cells were
exposed to hyperoxia for 4 h. In the recovery model, cells were
exposed to 4 h of hyperoxia, trypsinized, counted, and seeded in
Seahorse plates in air for 24 h. Immediately prior to the assay, cells
were confirmed to be evenly seeded and one well from each
condition was counted by trypan blue exclusion and used for
normalization.

Evaluation of electron flow
Cells were plated and normalized as above and the XFe24 Seahorse
Bioanalyzer was used to measure oxygen consumption rate (OCR).
Activity was assessed in 1× MAS buffer (described in XF Plasma
Membrane Permeabilizer Guide (PMP); Agilent) including 10mM
pyruvic acid, 2 mM malate, 4 μM FCCP, 4 mM ADP, 0.2% (w/v)
fatty acid-free bovine serum albumin, and 1 nM PMP reagent. Final
concentrations of the injected reagents were: 2 μM rotenone,

10mM succinate, 1.5 μg/mL antimycin A, 10 mM ascorbate, and
100 μM tetramethyl-p-phenylenediamine (TMPD).

Metabolic pathway analysis
Cells were harvested after exposures and resuspended in 1× MAS
buffer. Cells were filtered through a 70-micron nylon filter (cell
strainer, Falcon 352350) to remove clumps. Cells were counted to
determine their viability with trypan blue. The cells had viability
>95%. According to manufacturer’s instructions (Biolog), 30 μL per
well of the Assay Mix were pipetted into all wells and incubated at
37 °C for 1 h to allow substrates to fully dissolve, followed by
addition of 30 μL cell suspension to all wells. The MitoPlate was
read for 4 h at OD590 on a microplate reader in kinetic mode.

Iron measurement
Non-heme iron concentrations were quantified using inductively
coupled plasma optical emission spectroscopy (Model Optima
4300D, Perkin Elmer, Norwalk, CT) operated at wavelengths of
238.204 and 259.939 nm.

Determination of steady-state mRNA levels
Total RNA was isolated by using the RNeasy Kit (Qiagen). Reverse
transcription was performed with MultiScribe reverse transcriptase
(Invitrogen). Taqman Universal PCR Master Mix and Taqman
probes were from ThermoFisher: Opa1 (Mm01349707), Mfn1 (Mm
00612599), Mfn2 (Mm00500120), Dnm1 (Mm01342903), Drp1
(Mm01342903), MTP18 (Mm00466042), Fis1 (Mm00481580), PPARγ
(Mm01184322), PGC1α (Mm01208835), TFAM (Mm00447485),
TIM23 (Mm03010822), and HO-1 (Mm00516006)

Determination of protein levels and activity
Western blotting was used to measure the relative protein levels
as previously described.17 Briefly, protein lysates were run on a
4–12% sodium dodecyl sulfate polyacrylamide gel (Invitrogen)
and transferred to a polyvinylidene difluoride membrane, which
were incubated with the following primary antibodies: TOM20
(Cell Signaling 42406s), transferrin receptor (ThermoFisher 13-
6800), ferritin (ab75973), and 5,5-dimethyl-1-pyrroline N-oxide
(DMPO; a kind gift of Ron Mason). Appropriate horseradish
peroxidase-conjugated secondary antibodies were used for
visualization with Luminata Crescendo (EMD Millipore) or Super-
Signal West Femto substrate (ThermoFisher) using the ChemiDoc
Touch Imaging System (BioRAD). The in-gel aconitase activity was
conducted as described.18

Proliferation assays
To examine proliferation, cells were labeled with 5-ethynyl-2′-
deoxyuridine (EdU) Alexa Fluor 488 (C10425, ThermoFisher)
according to the instructions. For viability, cells were labeled with
propidium iodide (P1304MP, ThermoFisher) according to the
instructions. Fluorescence intensity was measured using a BD
FACSAria flow cytometer and analyzed with FlowJo V10. We
seeded 400,000 MLE-12 cells/well in a 6-well plate in triplicate.

Super-resolution imaging of mitochondria
Cells were visualized utilizing Cytiva DeltaVision OMX SR super-
resolution microscope system (Cytiva). Structured illumination is
an imaging technique that generates super-resolved images
through the interaction of structured light patterns with sample.
Computer algorithms process the collected raw data set and
generate the final super-resolution image.

Fluorescent labeling of mitochondria
Cells were labeled with Mitotracker Green FM (M7514, Thermo-
Fisher), MitoTracker RedCMXRos (M7512m ThermoFisher), and
tetramethylrhodamine methyl ester (TMRM; T668, ThermoFisher)
according to the instructions. Fluorescence intensity was
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measured using a BD FACSAria flow cytometer and analyzed with
FlowJo V10.

Statistical analysis
All experiments with MLE-12 cells had a minimum of three
biological replicates. Error bars are reported as the mean ±
standard error of the mean (SEM) for all values. Graph Pad Prism
6 software was used to do unpaired Student’s t tests for
comparisons between two groups, with a p < 0.05 used as a
threshold for significance.

RESULTS
Four hours of hyperoxia reduces oxphos in MLE-12 cells
In mouse lung epithelial cells, it was previously shown that 24 h of
hyperoxia reduced oxphos14 but we wished to know whether a
shorter exposure would alter metabolism. We used a mitochon-
drial stress test to measure OCR in a Seahorse Bioanalyzer and
found a reduction in basal respiration and maximum respiration
after 4 h of hyperoxia compared to air (Fig. 1a). Cells exposed to
8 h of hyperoxia had a further reduction in basal and maximal
respiration, demonstrating a dose-dependency (Supplementary
Fig. 1). The reduction in oxphos at 4 h was associated with
dysregulated energy production, as the Seahorse ATP production
assay showed a reduction in the total amount of ATP generated
and ATP produced by mitochondria (Fig. 1b). We next utilized a
glycolytic rate assay, which measures the glycolytic proton efflux
rate, to examine glycolysis. We found no changes in basal
glycolysis or the glycolytic response to inhibition of oxphos,

termed compensatory glycolysis, indicating that 4 h of hyperoxia
does not alter glycolysis (data not shown).
We wondered whether the reduced oxphos observed with 4 h

of hyperoxia changes the activity of complexes in the electron
transport chain (ETC). Using permeabilized cells, we interrogated
various ETC complexes as illustrated schematically (Fig. 1c). The
flow of electrons from complex I through IV is halted at CI by
administration of rotenone, followed by the regeneration of
electron flow at CII with injection of succinate. Electron flow is
stopped at CIII by antimycin A but is then resumed by
administration of TMPD/ascorbate to determine function of
complex IV. We found that cells exposed to 4 h of hyperoxia
exhibited reduced electron flow at complexes I and IV (Fig. 1c).
We also used a different assay to assess mitochondrial function,

the Biolog MitoPlate. This assay can measure oxidation of
individual substrates and ETC function with a colorimetric assay.
We show that, in the absence of any exogenous substrates, the
utilization of endogenous substrates was reduced significantly in
cells exposed to hyperoxia (Fig. 1d). Since mitochondrial function
is vital in maintaining global cellular processes, we also examined
cell proliferation and viability. However, we found no change in
proliferation, measured by EdU incorporation, and no change in
viability, measured by propidium iodide incorporation/exclusion,
with 4 h hyperoxia (Fig. 1e, f).

Some metabolic defects persist with 24 h of recovery
To determine whether the effects observed at 4 h persisted, we
exposed MLE-12 cells to hyperoxia and allowed them to recover in
air for 24 h and examined metabolism. Glycolysis was still
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unchanged in recovery (data not shown). In the mitochondrial
stress test, OCR returned to baseline, as indicated by no change in
basal respiration or maximum respiration (Supplementary Fig. 2A).
Equally, changes in electron flow seen acutely at 4 h were now
restored with 24 h of air recovery, and there was still no effect on
cell proliferation or viability (Supplementary Fig. 2B–D).
In order to expand our understanding of the observed

metabolic defects, we conducted two distinct assays to better
understand mitochondrial fuel utilization, both acutely and with
air recovery. The Seahorse fuel utilization assay examines glucose,
glutamine, and fatty acid consumption; we found that cells
exposed to 4 h hyperoxia had reduced utilization of glucose only
(Fig. 2a) but that in recovery cells had reduced utilization of all
three fuels (Fig. 2b). Using the Biolog MitoPlate, we also saw acute
reduction of glucose (α-D-glucose) utilization and reduction in use
of downstream glycolytic intermediates D-glucose-6-PO4 and
pyruvic acid, as well as tricarboxylic acid (TCA) substrate citric
acid (Fig. 2c). Reduction in utilization of these substrates persisted
with 24 h air recovery (Fig. 2d). In addition, specifically in recovery,
we saw reduced utilization of TCA cycle intermediates cis-aconitic
acid, isocitric acid, α-keto-glutaric acid and amino acids, including
glutamine, and ketone bodies (Supplementary Fig. 3). Additionally
the mitochondrial utilization of endogenous substrates assessed
with the Biolog plate remained reduced (Fig. 2e) as did the
amount of total ATP production and ATP from mitochondria
(Fig. 2f).

Short hyperoxic exposure is not sufficient to induce widespread
oxidative damage
High levels of oxygen have been shown to cause damage to
macromolecules and to dysregulate cellular processes, including
metabolism.19–21 Previous studies have focused on the role of

oxidative stress in the deleterious effects of hyperoxia on
mitochondria.22–25 Thus we wished to examine various markers
of oxidative stress after 4 h hyperoxia and in recovery. We
examined superoxide production in live cells with MitoSOX Red
staining and fluorescence-activated cell sorter (FACS) analysis and
saw no difference at 4 h (Fig. 3a). We looked at protein nitrone
adducts using a DMPO spin trap antibody and saw no differences
acutely or in recovery (Fig. 3a). Equally we saw no changes in the
expression of the antioxidant response protein HO-1 or mitochon-
drial superoxide dismutase (Fig. 3a).
Our substrate utilization results indicated a reduction in

mitochondrial utilization of citric acid, which is catalyzed by
mitochondrial aconitase. Aconitases can serve as oxygen sensors,
as their activities depend on iron–sulfur clusters, which are
particularly sensitive to disruption by oxygen.26 Using an in-gel
aconitase assay, which distinguishes cytosolic from mitochondrial
aconitase, we saw no change at 4 h hyperoxia in mitochondrial
aconitase activity but did see reduction of cytosolic aconitase
(Fig. 3b). Cytosolic aconitase activity returned to baseline in
recovery (data not shown). To explore the potential role of
disrupted iron homeostasis after 4 h exposure, we examined levels
of the iron storage protein ferritin and found that it was reduced,
while the levels of iron importer transferrin receptor were
unchanged (Supplementary Fig. 4A, B). This raised the possibility
that iron might be limiting so we measured total cellular non-
heme iron but found no difference between air and 4 h hyperoxia
(Supplementary Fig. 4C).
In order to evaluate mitochondrial membrane potential, we

stained cells with TMRM and found no reduction in fluorescence
by FACS either after 4 h hyperoxia or in recovery (Supplementary
Fig. 5A). As measured by Seahorse OCR in the mitochondrial stress
test, we also do not see any changes in proton leak indicating that
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mitochondria are not depolarized (Supplementary Fig. 5B). We
wanted to determine whether there was decreased mitochondrial
biogenesis, which could explain the observed reduction in oxphos.
We found that the expression levels of mitochondrial biogenesis
transcription factors, TFAM, PGC1α, and PPARγ, all remained
unchanged after 4 h of hyperoxia and in recovery (Supplementary
Fig. 6A). We also examined the levels of mitochondrial membrane
proteins TIMM23 and TOMM20 acutely and in recovery as a proxy
for the number of mitochondria, and these remained unchanged
(Supplementary Fig. 6B)

Short hyperoxic exposure alters mitochondrial morphology
Others have demonstrated that a 6-h hyperoxic exposure is
sufficient to cause mitochondrial fragmentation.27 We wanted to
determine whether our shorter exposure to hyperoxia would
similarly dysregulate mitochondrial dynamics. We found an
increase in mRNA levels of fusion proteins Mfn1 and Opa1 acutely
but these returned to baseline in recovery (Fig. 4a). No changes in
the gene expression of fission proteins Drp1, Fis1, or Mtp18 were
observed acutely, but we saw decreased expression of these
proteins in recovery, possibly indicating a protective response in
recovery (Fig. 4b). To address whether hyperoxia induces
mitochondrial mass changes, we utilized MitoTracker Green stain
and measured fluorescent signal by FACS. We observed increased
fluorescence suggesting an increase in mitochondrial mass of cells
exposed to 4 h of hyperoxia, which then returned to baseline in
recovery (Fig. 4c).
Next we performed structured illumination microscopy (SIM) to

examine mitochondrial morphology with MitoTracker Red
CMXRos. In air controls, mitochondria appeared as discrete
spheroid organelles that are distributed densely in the perinuclear
area (Fig. 5a–d). Upon exposure to 4 h of hyperoxia, the cells
demonstrated significant changes in mitochondrial morphology
and distribution fitting the transcriptional changes in fusion genes.
The mitochondria appeared more evenly distributed across the
whole cytoplasmic surface and formed highly elongated and
interconnected tubular networks, indicative of a fusion process
(Fig. 5e–h). Finally, mitochondria returned to control-level
morphology and distribution with perinuclear clustering of
discrete mitochondria after 24 h of air recovery (Fig. 5i–l). The

increased fusion seen by SIM with 4 h hyperoxia correlates with
the increased mitochondrial mass measurement using FACS
(Fig. 4c). Increased mitochondrial mass is likely reflective of the
mass of “clusters” of fused mitochondria.

Neonatal mice exposed to hyperoxia for 12 h exhibit alveolar
simplification
We show that MLE-12 cells exposed to 4 h of hyperoxia have
metabolic defects that persist with a 24-h air recovery (Fig. 2).
We wished to know whether the detrimental effects of a short
hyperoxic exposure in a single lung cell type would extend to a
more physiological model of neonatal chronic lung disease.
Thus we exposed neonatal mice to air or hyperoxia for 12 or 24 h
followed by recovery in air until PND 14. As seen by H&E
staining, as few as 12 h of hyperoxia caused alveolar simplifica-
tion and increased airspaces (Fig. 6a). RAC were performed to
quantify diminished alveolar complexity and indicated that mice
exposed to 12 h of hyperoxia were significantly compromised
compared to air controls (Fig. 6b). Twenty-four hours of
hyperoxia reduced alveolar complexity even further, indicating
a dose-dependent response (Fig. 6b). Interestingly, we observed
resolution of alveolar damage at PND 60 following a 24-h
neonatal hyperoxia exposure (data not shown). Whether a
second insult would lead to increased susceptibility to injury is
yet to be determined.

DISCUSSION
In this study, MLE-12 cells were used to examine the effects of 4 h
of hyperoxia (95% O2, 5% CO2) on mitochondrial function. We
found that this very short exposure to hyperoxia dysregulated
glucose utilization by mitochondria and reduced oxphos and ATP
production. Cells allowed to recover in air for 24 h show sustained
metabolic dysregulation and reduced fuel utilization. With 4 h of
hyperoxia, we also observed changes in mitochondrial dynamics,
but this did not persist in recovery. Additionally, we found that as
little as 12 h of exposure of neonatal mice to hyperoxia is sufficient
to cause lasting alveolar simplification, which is clinically relevant
as there are cases where neonates are briefly exposed to
hyperoxia as life-saving measures.

F
lu

or
es

ce
nc

e
re

la
tiv

e 
va

lu
e

1.5

2.0

2.5

MitoSOX red

1.0

0.5

0.0

a

D
M

P
O

/c
al

ne
xi

n
re

la
tiv

e 
va

lu
e

1.5

2.0

2.5

1.0

0.5

0.0

H
O

-1
/1

8S
re

la
tiv

e 
va

lu
e

1.0

0.5

0.0
Air O2 Air O2 Air O2

Air O2Air O2Air O2 Air O2
Air O2

M
nS

O
D

/c
al

ne
xi

n
re

la
tiv

e 
va

lu
e 1.5

2.0

1.0

0.5

0.0

D
M

P
O

/c
al

ne
xi

n
re

la
tiv

e 
va

lu
e

0.8

1.0

0.6

0.4

0.2

0.0

H
O

-1
/c

al
ne

xi
n

re
la

tiv
e 

va
lu

e

1.5

2.0

2.5

1.0

0.5

0.0

DMPO hmox1
Air O2

MnSOD DMPO HO-1

4 h O2

Recovery

4 h O2

Mito

Mito
aconitase6 × 108

5 × 107

4 × 107

1 × 107

0

2 × 107

3 × 1074 × 108

B
an

d 
in

te
ns

ity

B
an

d 
in

te
ns

ity

2 × 108

0

Cyto
aconitase

Cyto

b

Fig. 3 Four hours of hyperoxia does not cause oxidative stress or depolarization of mitochondria. a Oxidative stress at 4 h hyperoxia was
determined by measuring the fluorescence signal of MitoSox Red using FACS, 5,5-dimethyl-1-pyrroline N-oxide (DMPO) reactive oxygen
species adducts by western blot, and heme oxygenase 1 (hmox1) by Taqman. Oxidative stress with 24 h recovery was examined by western
blot for manganese superoxide dismutase (MnSOD), DMPO, and HO-1. b Aconitase activity at 4 h of hyperoxia was measured utilizing an in-
gel aconitase assay, loading 65 μg lysate per lane. Closed bars represent air-exposed cells, and open bars represent cells exposed to hyperoxia
for 4 h acutely or with 24 h recovery, as indicated. *p < 0.05 vs air.

Short exposure to hyperoxia causes cultured lung epithelial cell. . .
D Garcia et al.

62

Pediatric Research (2021) 90:58 – 65



c da b

e f g h

k li j

5 µM

5 µM

5 µM

5 µM

5 µM

5 µM

5 µM

5 µM

5 µM

5 µM

5 µM

5 µM

Air

4h O2

Recovery

Fig. 5 Four hours of hyperoxia causes mitochondria to form elongated interconnected networks, which does not persist in recovery.
a–d Images of air control cells stained with 4′,6-diamidino-2-phenylindole (DAPI (a)) and MitoTracker Red CMXRos (b). c Merged image and
d magnified image of dotted box in c. d White arrows show round mitochondrial morphology. e–h Images of cells exposed to 4 h hyperoxia
and displayed as a–d. h Yellow arrows show elongated interconnected mitochondrial networks. i–l Images of cells exposed to 4 h of hyperoxia
followed by 24 h recovery and displayed as a–d. l White arrows show round mitochondrial morphology.

M
fn

1/
18

S
 r

el
at

iv
e 

va
lu

e

2.0
Mfn1 Mfn2 Opa1 Drp1 Fis1 Mtp18

Mfn1 Mfn2 Opa1 Drp1 Fis1 Mtp18

1.5

1.0

0.5

0.0

M
fn

2/
18

S
 r

el
at

iv
e 

va
lu

e

1.5

1.0

0.5

0.0

a

O
pa

1/
18

S
 r

el
at

iv
e 

va
lu

e

2.0

1.5

1.0

0.5

0.0

D
rp

1/
18

S
 r

el
at

iv
e 

va
lu

e

1.5

1.0

0.5

0.0

F
is

1/
18

S
 r

el
at

iv
e 

va
lu

e

2.5

2.0

1.5

1.0

0.5

0.0

M
tp

18
/1

8S
 r

el
at

iv
e 

va
lu

e

1.5

1.0

0.5

0.0

M
tp

18
/1

8S
 r

el
at

iv
e 

va
lu

e

1.5

1.0

0.5

0.0

F
is

1/
18

S
 r

el
at

iv
e 

va
lu

e

1.5

1.0

0.5

0.0

D
rp

1/
18

S
 r

el
at

iv
e 

va
lu

e

1.5

1.0

0.5

0.0

O
pa

1/
18

S
 r

el
at

iv
e 

va
lu

e

1.5

1.0

0.5

0.0

M
fn

2/
18

S
 r

el
at

iv
e 

va
lu

e

1.5

1.0

0.5

0.0

M
fn

1/
18

S
 r

el
at

iv
e 

va
lu

e

1.5

1.0

0.5

0.0
F

lu
or

es
ce

nc
e 

in
te

ns
ity

50,000

40,000

30,000

20,000

10,000

0

F
lu

or
es

ce
nc

e 
in

te
ns

ity

50,000

40,000

30,000

20,000

10,000

0

Air O2 Air O2 Air O2 Air O2 Air O2 Air O2

Air O2Air O2Air O2Air O2

MTG: 4 h

Air O2Air O2

Air O2 Air O2

MTG: Rec

b

c

4 h O2

Recovery

Fig. 4 Four hours of hyperoxia causes an increase in expression of fusion proteins and mitochondrial mass, which does not persist in
recovery. a Gene expression of fusion proteins (Mfn1, Mfn2, Opa1) measured by Taqman acutely (top) and with 24 h recovery (bottom). b Gene
expression of fission proteins (Drp1, Fis1, Mtp18) measured by Taqman acutely (top) and with 24 h recovery (bottom). c Mitochondrial
mass was determined by measuring the fluorescence signal of MitoTracker Green (MTG) using FACS at 4 h and with 24 h recovery (rec).
Closed bars represent air-exposed cells and open bars represent cells exposed to hyperoxia for 4 h acutely or with 24 h recovery as indicated.
*p < 0.05 vs air.

Short exposure to hyperoxia causes cultured lung epithelial cell. . .
D Garcia et al.

63

Pediatric Research (2021) 90:58 – 65



A prior study demonstrated that exposure of MLE-12 cells to
hyperoxia for 24 h did not alter basal glycolysis, and we too observe
no changes at 4 h.14 That study also demonstrated reduced activity
of overall oxphos and of ETC complexes I and II. Here, with 4 h
hyperoxia, we also see reduction of oxphos and reduced activities
of complexes I and IV. We cannot be sure what accounts for our
differences in complex activities, but it may be due to duration of
exposure. A study using A549 cells exposed to hyperoxia for 24 h
found an increased rate of glucose consumption approximately
twofold to fourfold relative to the air-exposed cells.27 Here we
found reduced utilization of glucose and glycolytic metabolites
with a 4-h exposure. Even though MLE-12 cells are immortalized,
the differences in our findings may be cell-type specific as
carcinoma cells like A549 cells are known to display the Warburg
effect, in which glycolysis is used as the main source of energy.28

Our observation that oxphos is reduced at 4 h is due to the
combined activities of ETC complexes and mitochondrial glucose
utilization. In recovery, we observed that glucose utilization
remains reduced and that utilization of glutamine and fatty acids
was also significantly reduced, demonstrating persistent dysregu-
lation of the TCA cycle. Previous work in our laboratory indicates
that lung endothelial cells exposed to hyperoxia with a 24-h
recovery displayed increased utilization of fatty acids, highlighting
possible cell-specific effects of hyperoxia on metabolism.15 The
observed reduction in oxphos may also be due in part to defects
in TCA cycle enzymes. For example, MLE-12 cells exposed to 24 h
of hyperoxia exhibited reduced activity of several enzymes,
including α-ketoglutarate dehydrogenase and succinate dehydro-
genase.14 In our study, 4 h of hyperoxia did not affect the in vitro
activity of mitochondrial aconitase despite the reduced mitochon-
drial utilization of citric acid in permeabilized cells. The Biolog
MitoPlate assay reflects the combined action of substrate
utilization and ETC function, thus if ETC activity is reduced as we
observed, then substrate utilization may be reduced as well
(Fig. 1d). However, in recovery, as electron flow and oxphos
measured by the Seahorse are restored, we saw persistent
reduction in oxphos measured by the MitoPlate (Fig. 2e). This
suggests that ETC function recovers before restoration of
mitochondrial fuel utilization. Notably, we did not extend recovery
time for cells beyond 24 h, thus we are limited in understanding
how persistent these metabolic changes may be.
After 4 h of hyperoxia, we saw reduced in vitro activity of

cytosolic aconitase only. Studies have shown that hydrogen
peroxide and superoxide cause dysregulation of cytosolic aconi-
tase activity.26,29 Other studies using primate and rat lungs showed
that mitochondrial aconitase activity was reduced by hyperoxia,
but no changes were observed for cytosolic aconitase.30,31

Similarly, A549 cells displayed a reduction in mitochondrial
aconitase in as short as 3 h of hyperoxia.30 Our data support the
view that aconitases are quite sensitive to oxygen; it appears that

cytosolic aconitase activity in MLE-12 cells is disrupted quickly,
while the mitochondrial aconitase may be more protected. Since
aconitase activity depends on the presence of oxygen-sensitive
iron–sulfur clusters, we examined whether iron homeostasis was
disrupted with 4 h hyperoxia. Although we found decreased levels
of ferritin, we found no difference in the levels of total cellular iron.
This does not preclude potential intracellular redistribution of iron,
which may warrant further investigation.
The formation of mitochondrial networks that are elongated is

promoted by increased fusion or reduced fission, whereas
fragmentation is caused by increased fission or reduced fusion.
It has been shown that 24 h of hyperoxia causes mitochondrial
fragmentation in pulmonary endothelial cells.27 With our short
exposure, we observed an increase in transcription of outer and
inner membrane fusion proteins Mfn1 and Opa1, which was
accompanied by increased mitochondrial mass, although protein
levels did not change (data not shown). We also found less mRNA
for fission markers Drp1, Fis1, and Mtp18 in recovery. Although we
do not fully understand these observations, it is possible that
posttranslational modifications are involved in regulating fusion
and fission activities, as has been shown for Drp1.32 Mitochondrial
metabolism is tied to mitochondrial dynamics, and it has been
shown that fusion is a protective response to metabolic
dysregulation.33 For example, in fibroblasts and B cells, limited
metabolite/nutrient availability results in connected elongated
mitochondria.34,35 Here we see that mitochondria are undergoing
a temporary fusion process, creating a hyperelongated tubular
network of mitochondria. This morphological change is similar to
that seen previously in MLE-12 cells exposed to cigarette smoke
extract.36 This indicates that mitochondrial fusion in MLE-12 cells
may represent a general morphological change in response to
metabolic or environmental stress. However, in that study
mitochondrial fusion was associated with an increased metabolic
rate,37 whereas in our model the mitochondrial fusion is found
alongside a general reduction in cellular metabolism.
In human microvascular endothelial cells, it has been shown

that 24 h of hyperoxia causes a reduction in cell proliferation and
viability.38 With our short exposure of MLE-12 cells, we do not see
changes in proliferation or cell viability. It appears this time point
is too early to detect these changes in cell culture, but whether or
not 4 h of hyperoxia might lead to increased susceptibility to a
second insult may be worth considering. Additionally, it is likely
that short neonatal hyperoxic exposure reduces lung cell
proliferation and/or viability, as we observed significant loss of
alveolar complexity in mice exposed to 12 h of hyperoxia, which
was exacerbated with 24 h of exposure. As alveolar simplification
was resolved by PND 60, one limitation of our study is that we do
not have a detailed picture of the timeline of recovery nor of injury
to specific cell types. Equally, the extent of injury is expected to be
dose dependent, such that concentrations of oxygen less than the
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Fig. 6 Neonatal short-term hyperoxic exposure impairs mouse lung growth. C57BL/6J neonatal mice (<12 h old) were exposed to air or
hyperoxia (95% O2) for 12 or 24 h. Mice were allowed to recover in room air until PND 14. a Representative images of lung tissues stained with
H&E. Bar size: 100 µm. b Radial alveolar counts (RAC) were assessed in mouse lungs after mice were exposed to air or hyperoxia for 12 or 24 h
as neonates. N= 5–7. *p < 0.05 vs air; **p < 0.05 vs 12 h O2.
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95% used here would be less deleterious and may resolve on a
shorter timeline. Another limitation of this study is that we do not
know if the observed lung morphological changes are associated
with lung metabolic alterations. It would be of interest to examine
ATP production and mitochondrial fuel utilization in the lung,
especially since understanding this may present the opportunity
to attenuate lung injury with nutritional or metabolic
interventions.
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