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Abstract

High levels of oxygen (hyperoxia) are frequently used in critical care units and in conditions of respiratory insufficiencies in
adults, as well as in infants. However, hyperoxia has been implicated in a number of pulmonary disorders including
bronchopulmonary dysplasia (BPD) and adult respiratory distress syndrome (ARDS). Hyperoxia increases the generation of
reactive oxygen species (ROS) in the mitochondria that could impair the function of the mitochondrial electron transport
chain. We analyzed lung mitochondrial function in hyperoxia using the XF24 analyzer (extracellular flux) and optimized the
assay for lung epithelial cells and mitochondria isolated from lungs of mice. Our data show that hyperoxia decreases basal
oxygen consumption rate (OCR), spare respiratory capacity, maximal respiration and ATP turnover in MLE-12 cells. There was
significant decrease in glycolytic capacity and glycolytic reserve in MLE-12 cells exposed to hyperoxia. Using mitochondria
isolated from lungs of mice exposed to hyperoxia or normoxia we have shown that hyperoxia decreased the basal, state 3
and state3 m (respiration in an uncoupled state) respirations. Further, using substrate or inhibitor of a specific complex we
show that the OCR via complex I and II, but not complex IV was decreased, demonstrating that complexes I and II are
specific targets of hyperoxia. Further, the activities of complex I (NADH dehydrogenase, NADH-DH) and complex II
(succinate dehydrogenase, SDH) were decreased in hyperoxia, but the activity of complex IV (cytochrome oxidase, COX)
remains unchanged. Taken together, our study show that hyperoxia impairs glycolytic and mitochondrial energy
metabolism in in tact cells, as well as in lungs of mice by selectively inactivating components of electron transport system.
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Introduction

Supplemental oxygen therapy is a frequent modality in critical

care units and is required for patients with compromised oxygen

availability. In addition, high levels of oxygen (hyperoxia) are used

in conjunction with anesthetics for protection against hypoxemia

[1]. Further, hyperoxia is administered to premature newborn

infants, which is believed to be a factor in the development of BPD

[2]. Although supplemental oxygen therapy is clinically important,

significant oxygen toxicity in the lung resulting from hyperoxia is a

major impediment in the use of oxygen therapy [3]. Perturbed

energy metabolism in hyperoxia is believed to cause impaired lung

growth and repair during and following hyperoxia. For example,

mitochondrial dysfunction in hyperoxia has been shown to cause

alveolar developmental arrest in a mouse BPD model [4]. Thus,

understanding the molecular mechanisms of lung energy metab-

olism in hyperoxia is important to developing an appropriate

intervention strategy for supplemental oxygen therapy.

Oxidation of biological fuels is a critical source of energy

required for efficient functioning of various organs, including the

lung. The oxidation of fuels such as NADH, pyruvate, or succinate

is accomplished via the mitochondrial electron transport chain

(ETC). The passage of electrons in the ETC generates a proton

gradient due to pumping of protons to the intermembrane space

resulting in the production of ATP by ATP synthase [5]. However,

electron leak during the passage of electrons via the ETC produces

superoxide anions (O2
.2), which are converted to various reactive

species of oxygen (ROS), and are detrimental to the very ETC that

produces them. ETC has been shown to generate higher levels of

ROS in hyperoxia [6,7]. Although enhanced mitochondrial ROS

generation, decreased ETC activity and ATP production are

major molecular factors in lung dysfunction in hyperoxia, little is

known about the effect of hyperoxia on specific mitochondrial

complexes. For example, mitochondrial studies have utilized the

assay of activities of enzymes of complexes I–IV to understand the

mitochondrial dysfunction, however, these studies may not reflect

the real mitochondrial function or dysfunction due to the fact that

moderate changes in the activities of these enzymes have little

effect on overall system behavior [5].

In addition to oxidative phosphorylation, glycolysis is another

energy yielding pathway in the cells. Both of these energy-yielding

pathways dynamically shift due to change in nutrient environment

and oxygen availability. For example, cells switch to glycolysis in
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the absence of oxygen. This metabolic adaptation allows the cells

to survive, albeit at a minimal level of proliferative capacity such as

hypoxic solid tumor cells. Hyperoxia has been shown to induce

high glucose uptake in A549 cells [8]. Studies have shown that

glucose utilization increases in hyperoxia as a compensatory

mechanism due to disruption of oxidative phosphorylation [9,10].

In contrast to the study of Allen and White [8], other studies have

shown that although glycolysis is increased in hyperoxia there was

no increase in the ATP production and cells eventually died

[9,10]. However, the effect of hyperoxia on glycolysis, glycolytic

capacity or glycolytic reserve has not been adequately studied. It is

unknown whether hyperoxia impairs the glycolytic reserve of cells

or modulates the dynamic response of glycolysis. Using sequential

addition of glucose, oligomycin or 2-D-glucose (2-DG) in the

XF24 analyzer, it is possible to determine glycolysis, glycolytic

reserve or glycolytic capacity of cells in normoxia or hyperoxia.

Mitochondrial function can be assessed in intact cells or isolated

mitochondria with pros and cons for each method. While the

cellular analysis is closer to the in vivo milieu of mitochondria, the

effect of oxygen on substrate oxidation and inhibition of non-

mitochondrial redox conditions is expected to affect cellular

bioenergetics studies. On the other hand, isolated mitochondrial

bioenergetics with stand-alone substrate utilization and specific

functional aspect of each complex can be evaluated using specific

substrates and inhibitors. But isolated mitochondria may not

represent the in vivo conditions [5]. We have utilized both a cellular

system and isolated mitochondria to determine how hyperoxia

modulates energy production and substrate utilization in the lung

mitochondria. We have utilized the Seahorse XF24 instrument to

determine oxygen consumption in normoxia and hyperoxia in

real-time, and have shown how the function of each complex is

affected by specific use of substrates and inhibitors [11]. Our study

shows that the mitochondrial ETC of alveolar epithelial type II

pneumocytes of mouse origin (MLE-12) loose their spare

respiratory capacity in addition to decreased rate of basal

respiration. We also show that mitochondrial function is severely

impaired in the lungs of mice exposed to hyperoxia. Although the

function of complex I and II are decreased in hyperoxia the

complex IV of mice lung mitochondria is remarkably resistant to

dysfunction due to hyperoxia. We also determined the effect of

hyperoxia on glycolytic capacity, glycolytic reserve and glycolysis

using the XF24 mitochondrial analyzer. Our data show that,

whereas the rate of glycolysis remained unchanged in hyperoxia,

the glycolytic capacity and the glycolytic reserve of MLE-12 cells

were significantly decreased.

Materials and Methods

Antimycin A, oligomycin, carbonyl cyanide p-trifluoromethox-

yphenylhydrazone (FCCP), rotenone, succinate, malate, pyruvate,

ascorbate (Asc) and N,N,N9,N9 – Tetramethyl p-phenylenedi-

amine (TMPD) were purchased from Sigma chemical company

(St. Louis, MO). Other chemicals for mitochondrial isolation

buffer and mitochondrial assay buffer were also purchased from

Sigma Chemical Co. Mito Stress kit and Glycolytic Stress kit were

purchased from Seahorse Biosciences, Billerica, MA. Oligomycin,

rotenone, antimycin A and FCCP were prepared in ultrapure

DMSO (Sigma Chemical Co., St. Louis, MO) at 2.5 mM. ADP,

succinate, malate, pyruvate were prepared in ultrapure water and

the pH was adjusted to 7.2 using KOH. Pyruvate was always

freshly prepared [11]. Oligomycin, glucose and 2-D-glucose (2-

DG) were prepared following manufacturer’s instructions that

were supplied in the XF glycolysis test kit (Seahorse Bioscience,

Billerica, MA).

MLE-12 cells and exposure to hyperoxia
MLE-12, mouse lung epithelial type II cells were purchased

from ATCC (Manassas, VA). Cells were cultured in HITES

(Hydrocortisone, Insulin, Transferrin, Estrogen) media[12]

[RPMI1640, 2% FBS, insulin(5 mg/mL), transferrin(10 mg/mL),

sodium selenite (30 nM), hydrocortisone (10 nM), b-estradiol
(10 nM), HEPES (10 nM)]. Cells were seeded at 100,000 cells/

well in the 24-well V7 XF assay plate (Seahorse Bioscience,

Billerica, MA). After 5 hours of seeding cells were exposed to 24 h

hyperoxia (95% oxygen +5% CO2) or normoxia (room air)

containing 1 mL of media. Cells were mixed with 1% Trypan blue

and viable cell number was counted using a hemocytometer.

Before the assay cell media was aspirated and replaced with 1X

XF assay media without serum, antibiotics or Sodium bicarbonate

(Seahorse Bioscience, Billerica, MA), but with 1 mM pyruvate and

25 mM glucose.

Animals, exposure to hyperoxia and isolation of lung
mitochondria
Wildtype (WT) C57BL/6 mice were purchased from Jackson

laboratory and were bred and maintained in the animal facility of

Texas Tech University Health Sciences Center (TTUHSC). The

protocol was approved by the Institutional Animal Care and Use

committee (IACUC) of the TTUHSC. Mice were exposed to

room air (normoxia) or hyperoxia (90% oxygen) for 48 hours in

Plexiglas animal exposure chamber (Biosperix, NY). The oxygen

concentration was continuously monitored using Proox110-O2

and the CO2 level was monitored with Proox-CO2 (Biospherix Co,

NY). The chamber contained soda lime in a container for removal

of excess CO2. Lungs of mice (6–8 weeks old male or female) were

surgically removed from anesthetized animals. Mitochondria from

lungs were isolated according to Reiss [13] with modifications.

Briefly, lungs were perfused with cold 1X PBS and minced in

buffer A (0.32 M sucrose, 1 mM EGTA, 10 mM Tris-HCl, pH

7.4 and 0.2% lipid free BSA) using sharp scissors. Minced lung was

homogenized with a Potter Elvehjem homogenizer (2 strokes). The

Potter Elvehjem homogenized lung was further homogenized in a

glass dounce homogenizer at 1:10 w/v in buffer A. The

homogenate was centrifuged at 5006g for 10 minutes followed

by the collection of the supernatant. The supernatant was

centrifuged at 16006g in a volume of 10 ml. The supernatant

was passed through a 30 mm filter and further centrifuged at

12,5006g for 10 minutes. The resulting pellet was suspended in

2 ml buffer and transferred to a glass dounce homogenizer and

subjected to 2–3 strokes. To the 2 ml of suspension 18 ml buffer A

was added and the resulting 20 ml suspension was centrifuged at

25,0006g for 5 minutes. The mitochondrial pellet was washed in

2 ml buffer A without BSA and centrifuged at 22,0006g for

5 minutes. The pellet was resuspended in 300 ml of buffer A

without BSA. Mitochondrial protein was quantitated using

Bradford assay (Bio-Rad, CA). Mitochondria were suspended in

1X mitochondrial assay buffer (MAS); 70 mM sucrose, 220 mM

mannitol, 10 mM KH2PO4, 5 mMMgCl2, 2 mM HEPES, 1 mM

EGTA and 0.2% fatty-acid free BSA. The mitochondrial

suspension (10 mg/50 ml volume) was aliquoted to each well of

V7 cell culture plate (Seahorse Bioscience, Billerica, MA), and the

plate was centrifuged in swinging bucket rotor with microplate

rotor adaptor (Eppendorf 5810R with microplate adaptor,

Eppendorf, Germany) for 20 minutes at 2000 rpm at 4uC to

allow isolated mitochondria to attach to the bottom of the plate

[11].

Mitochondria Energy Dynamics in Hyperoxia
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MLE-12 Bioenergetics using the XF24 Flux Analyzer
MLE-12 cells were seeded at 100,000 cells/well of XF24 cell

plate (Seahorse Bioscience, Billerica, MA) 30 hours before the

assay. Optimization of reagents was performed using the Mito

stress test kit from Seahorse Bioscience (Billerica, MA) using the

protocol and algorithm program in the XF24 analyzer. Briefly, the

concentration of oligomycin, FCCP, antimycin A and rotenone

were optimized over a concentration range using 100,000 MLE-12

cells seeded onto each well. The bioenergetics assay was run in one

plate with 10–20 replicates. The assay was repeated at least 3 times

using 3 v7 plates for normoxia and 3 plates for hyperoxia. The

following indices of mitochondrial respiration were calculated

based on Brand and Nicholls [5]. Basal OCR is [OCR with

substrates2 OCR with rotenone and antimycin A]. ATP turnover

is the OCR used for mitochondrial ATP synthesis, and is the OCR

due to oligomycin. However, ATP could be generated in the

glycolysis and oligomycin does not inhibit that. Therefore, here we

use the term ‘‘ATP turnover’’ strictly for ATP generated via

oxidative phosphorylation due to ATP synthase. Maximal OCR is

[OCR with FCCP2 OCR with rotenone and antimycin A. The

spare respiratory capacity (SRC) is OCR with FCCP – Basal

OCR].

Assay for glycolysis, glycolytic capacity and glycolytic
reserve in MLE-12 cells
MLE-12 cells were seeded using HITE’s media at 70,000 cells/

well of XF24 cell plate (Seahorse Bioscience, Billerica, MA)

24 hours before the assay. On the day of the assay, the media was

changed to DMEM (without serum, glucose or bicarbonate, but

with 2 mM Glutamine), and incubated for 1 hour before the assay

in a non-CO2 incubator at 37uC. Injections of glucose (10 mM

final), oligomycin (3 mM final) and 2-DG (0.1 M final) were diluted

in the DMEM media and loaded onto ports A, B and C

respectively. The machine was calibrated and the assay was

performed using glycolytic stress test assay protocol as suggested by

the manufacturer (Seahorse Bioscience, Billerica, MA). The assay

was run in one plate with 10–20 replicates. The assay was repeated

at least 3 times using 3 v7 plates for normoxia and 3 plates for

hyperoxia. The rate of glycolysis is the ECAR after the addition of

glucose. Glycolytic capacity is the rate of increase in ECAR after

the injection of oligomycin following glucose. Oligomycin inhibits

mitochondrial ATP production and therefore shifts the energy

production to glycolysis with increase in ECAR revealing

maximum glycolytic capacity of the cells. The glycolytic reserve

is the difference between glycolytic capacity and glycolysis rate.

Bioenergetics of isolated lung mitochondria
The XF24 instrument was equilibriated at 37uC overnight and

the measure and mix cycles were made similar to the published

report for rat heart mitochondria [5,11]. Ten micrograms of

mouse lung mitochondria was plated in each well of the V7 culture

plate in a volume of 50 ml containing 1X MAS with 10 mM

succinate and 2 mM rotenone as substrate for the coupling assay

and 10 mM pyruvate, 2 mM malate and 4 mM FCCP was added

to 1X MAS for the electron flow experiment. The XF plate was

centrifuged with substrate containing mitochondrial homogenate

for 20 min at 2000 rpm in a swinging bucket rotor using plates to

hold the XF plate. After centrifugation, 450 ml of substrate

containing 1X MAS was added to each well, and the plate was

incubated at 37uC in a non-CO2 incubator for 8–10 minutes [11].

While the plate was centrifuged, the XF cartridge was prepared for

injection for ports A, B, C and D. ADP (50 ml), oligomycin (55 ml),
FCCP (60 ml) and antimycin A (65 ml) were loaded onto ports A,

B, C, D respectively. The final concentrations of injections were

4 mM ADP, 2.5 mM oligomycin, 4 mM FCCP and 4 mM
antimycin A. The injections for electron flow experiment was

prepared as follows: Port A, 20 mM rotenone (50 ml), Port B,

100 mM succinate (55 ml), Port C, 40 mM antimycin A (60 ml),
port D, 10 mM ascorbate with 1 mM TMPD (65 ml). The

cartridge was calibrated by the machine, and following calibration

the XF plate with mitochondria attached to the bottom was

introduced to the machine and the assay continued using protocol

developed by Rodgers et al for rat heart [11]. The coupling and

electron flow assay for normoxia and hyperoxia were run in one v7

assay plate with 5 replicate wells for each assay. This was repeated

at least 3 times with 3 animals for normoxia and 3 animals for

hyperoxia.

Enzymatic assay of NADH dehydrogenase, Succinate
dehydrogenase and Cytochrome c oxidase
Mice were exposed to normoxia or 48 hours hyperoxia

following which lungs were removed and mitochondria were

isolated as mentioned earlier. Mitochondria were briefly sonicated

in mitochondrial isolation buffer (50 mM Tris-HCl, pH 7.4,

2 mM EDTA, 5 mM MgCl2 and 0.25 M sucrose). Protein was

determined by Bradford assay (Bio-Rad, CA) and equal amount of

mitochondrial protein was used for each assay. NADH-dehydro-

genase activity was measured as rotenone-sensitive reductase by

the rate of change of absorbance of reduced NADH in presence of

cytochrome c according to publish methods with modifications

[10]. SDH activity was determined by the published method of

Veeger et al. with modifications [10,14]. Cytochrome c oxidase

activity was measured by published method [15–17].

Statistical Analysis
The statistical evaluations were performed with analysis of

variance (ANOVA) in Graph Pad Prism software. ANOVA was

used for analysis of more than 3 means. Where necessary post-test

was performed with Fisher’s LSD test following ANOVA. The

minimum number of n = 3 was employed in all experiments

performed with 5–20 replicate wells in the Seahorse XF24

analyzer. For animal experiments, n = 3 was used for normoxia

or hyperoxia. Mitochondria from one normoxic lung and one

hyperoxic lung were assayed in a single microplate with 5

replicates wells for each of the coupling and the electron flow

experiment. The experiment was repeated at least 3 times with 3

animals. Enzyme activities were compared between normoxia and

hyperoxia using t-test. The results were considered significant at

p,0.05.

Results

Optimization of XF assay for MLE-12 cells
We optimized the seeding density and concentrations of the

injection compounds before performing the bioenergetics assay.

The OCR of MLE-12 cells was increased in a linear fashion when

25,000, 50,000 or 100,000 cells/well were seeded in V7 the

microplate (Seahorse Bioscience; Fig 1A). Whereas 50,000 or

100,000 cells/well responded to FCCP resulting in maximal

respiration rate, 25000 cells/well did not show any increase due to

FCCP treatment (Fig 1A). We tested a range of FCCP

concentrations (3, 1.5, 1.0, 0.75, 0.5 and 0.1 mM) for maximal

OCR determination (Fig 1B). The optimal concentration of FCCP

was found to be 0. 5 mM (Fig 1C). Increasing the concentration of

FCCP beyond 0. 5 mM did not increase the OCR (Fig 1C). The

optimal concentration for oligomycin was determined to be 3 mM
(Fig 1D & E). Likewise, the optimal concentration of rotenone and

Mitochondria Energy Dynamics in Hyperoxia
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antimycin A was found to be 3 mM each (Fig 1F & G & H & I). We

used 100,000 cells/well for initial seeding and optimal concentra-

tion of reagents for all subsequent experiments.

Effect of hyperoxia on MLE-12 bioenergetics
We exposed MLE-12 cells to 24 hours of hyperoxia and

determined the bioenergetics profile of cells. The morphological

features of MLE-12 cells (seeded at 100,000 cells/well) is presented

in Fig 2A (normoxia) and Fig 2D (24 h hyperoxia). As seen in

Fig 2A the normoxic cells are tightly packed and appears to be

smaller in size. However, MLE-12 cells exposed to hyperoxia

(Fig 2D) are larger in size and cover entire surface of micro-well.

The hyperoxia exposed plate had an average of 15493761159

cells/well compared to 19575062386 cells/well in the normoxia

plate, suggesting significant growth inhibition of cells (p,0.0001, t-

test). Hyperoxia is known to cause growth arrest of cells [18,19].

Consequently, all MLE-12 OCR and ECAR data have been

normalized per 100,000 viable cells. As demonstrated in Fig 2B, C

& E, MLE-12 cells exposed to hyperoxia showed significant

decrease in basal OCR compared to normoxia. Injection of

oligomycin, an ATP synthase inhibitor decreased the OCR due to

inhibition of oxidative phosphorylation, which was further

decreased in hyperoxia (Fig 2C & E). Further, injection of FCCP,

a mobile proton carrier (uncoupler) increased the OCR in

normoxia. However, FCCP-mediated increase in OCR was

decreased in hyperoxia. Finally, the mitochondrial respiration

was inhibited using complex I and III inhibitors rotenone and

antimycin A, demonstrating that the oxygen consumption was due

to mitochondrial respiration. We determined the effect of

hyperoxia on the ATP turnover, maximal respiration and the

spare respiratory capacity (SRC) as mentioned in the experimental

procedure. Our data (Fig 2F) demonstrate that ATP turnover,

maximal respiration and SRC were significantly decreased in

hyperoxia compared to normoxia.

Effect of hyperoxia on glycolysis, glycolytic capacity and
glycolytic reserve of MLE-12 cells exposed to normoxia or
hyperoxia
We sought to determine whether hyperoxia induces glycolytic

pathway of energy production due to impairment of oxidative

phosphorylation. As shown in Fig 3 the non-glycolytic acidification

of MLE-12 cells was significantly increased in hyperoxia when no

glucose, but glutamine was present in the media (Fig 3C). The

ECAR was significantly increased in MLE-12 cells when glucose

was injected to wells, demonstrating that high glucose induces

glycolysis (Fig 3A, B & D). However, there was no significant

Figure 1. Optimization of MLE-12 cell seeding and optimization of compounds used in mitochondrial bioenergetics assay in the
XF24 flux analyzer. (A) The effect of seeding density on OCR. MLE-12 cells were seeded at 25,000, 50,000 or 100,000 cells/well and after 16 hours
the basal OCR and OCR due to FCCP was determined using XF24 Flux analyzer as described in the experimental procedure; (B & C) Optimization of
FCCP using Mito Stress Test kit (Seahorse Bioscience, Billerica, MA). The range of final concentrations tested was 3, 1.5, 1.0, 0.75, 0.5 and 0.1 mM. Each
concentration had 4 replicates in the V7 micro-well plate of XF24; (D & E) Optimization of oligomycin; (F & G) Optimization of rotenone and (H & I)
optimization of antimycin A.
doi:10.1371/journal.pone.0073358.g001
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difference in glycolysis in cells exposed to 24 h hyperoxia or

normoxia (Fig 3D). It has been shown that glucose utilization is

increased in hyperoxia, but the cells die due to loss of ATP

production [9,10]. Therefore, we examined the maximal glycolytic

capacity of cells exposed to normoxia or hyperoxia using

oligomycin to inhibit oxidative phosphorylation. As shown in

Fig 3E the glycolytic capacity was significantly decreased in

hyperoxia compared to normoxia. The glycolytic reserve which is

the difference between glycolytic capacity and glycolysis was also

significantly decreased in hyperoxia (Fig 3F).

Optimization of isolated mouse lung mitochondria for
bioenergetics using XF analyzer
We sought to determine the response of lung mitochondria to

hyperoxia using XF analyzer, because the response of intact cells

to hyperoxia could be different from animals exposed to

hyperoxia. First, we optimized the amount of mitochondrial

protein, and the concentrations of oligomycin, FCCP, antimycin A

and rotenone on the rate of respiration for the XF assay since this

is the first report of XF assay of mouse lung mitochondria. As

demonstrated in Fig 4A, 10 mg mitochondrial protein could be

attached to the XF microplate without any lifting. We used 10 mg
of mitochondrial protein to optimize ADP (3 to 8 mM), FCCP (3

to 8 mM) or oligomycin (2 to 5 mg). The amount of antimycin A

was kept constant at 4 mM. As shown in Fig 4B, there was no

significant change in OCR response to various concentration of

compounds used in the assay. Similarly, in the electron flow

experiment we used rotenone (1 to 4 mM), succinate, (5-20 mM) or

Asc/TMPD (5 to 20 mM) to determine the optimal level of these

compounds, but there was no significant difference among these

concentrations for a specific compound (Fig 4C). Thus, our final

concentrations were 4 mM ADP, 4 mM FCCP, 2.5 mM oligomy-

cin and 4 mM antimycin A for coupling assay. For the electron

flow experiment the final concentrations were 2 mM rotenone,

10 mM succinate, 4 mM antimycin A, and 10 mM ascorbate with

1 mM TMPD. The coupling experiment (rates of state2, state3,

state4O and state3 m) was performed using succinate as substrate

and using oligomycin as a coupling agent. FCCP was used as an

uncoupling agent to evaluate the effect of hyperoxia on the

maximal respiration rate. Rotenone and antimycin A were used to

inhibit complex I and complex III respirations. The flow of

electrons via each complex (I–IV) was determined using specific

substrates, pyruvate and malate for complex I, succinate for

complex II and Ascorbate/TMPD for complex IV.

Coupling. This is the process where the flow of electrons

generates proton motive force (pmf) due to extrusion of protons. In

the presence of ADP, the inward flow of protons via ATP synthase

produces energy in the form of ATP. As an initial evaluation we

used 5, 10, 15 or 20 mg of lung mitochondrial protein for coupling

experiment. The basal OCR was increased in a linear manner

demonstrating that the rate of respiration is directly related to

amount of isolated mitochondria (Fig 5A & B). However, there was

no significant difference in the OCR between 15 or 20 mg
mitochondrial protein demonstrating saturation levels of mito-

chondria per well (Fig 5A&B). As shown in Fig 5B, the basal,

Figure 2. Mitochondrial bioenergetics of MLE-12 cells in normoxia and hyperoxia. MLE-12 cell were seeded in V7 cell plate at a density of
100,000 cells/well. After 5 hours one micro titer plate was exposed hyperoxia (95% O2+5% CO2) for 24 hours and the other to normoxia.
Mitochondrial bioenergetics assay was performed as described in the methods using XF24 instrument. (A) Morphology of MLE-12 cells in normoxia;
(B) A representative graph of OCR output from XF24 analyzer of MLE-12 cells and its response to oligomycin, FCCP, rotenone/antimycin A in
normoxia; (C) Graph of basal OCR and OCR in response to oligomycin, FCCP and antimycin A/Rotenone in normoxia and hyperoxia. (D) Morphology
of MLE-12 cells in 24 h hyperoxia in the micro-well; (E) A representative graph of OCR output from XF24 analyzer of MLE-12 cells and its response to
oligomycin, FCCP, rotenone/antimycin A in 24 h hyperoxia; (F) The effect of hyperoxia on ATP turnover, maximal respiration and spare respiratory
capacity (SRC), computed as described in the methods. Triplicate samples (n = 3) with 5 replicate for each well per group per experiment. The data are
normalized to number of cells (100,000 cells) on the plate after each assay as the growth of cells might have altered in normoxia or hyperoxia.
*Significant at p,0.05, Analysis of variance (ANOVA) followed by Fisher’s LSD multiple comparison (Graph Pad Prism v6).
doi:10.1371/journal.pone.0073358.g002
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state3, state4O and state3 m OCR were linearly increased when 5–

15 mg mitochondrial protein was used/well. However, the OCR

did not increase in 20 mg mitochondrial protein/well indicating

that a saturation level has reached. Additionally, at higher

concentration of mitochondrial protein the absolute oxygen levels

almost decreased to zero in the micro-chamber of the well, which

could compromise the availability of oxygen for the subsequent

measurement cycle (Fig 5C). The OCR was decreased with the use

of oligomycin and increased with use of uncoupling agent FCCP

demonstrating integrity of isolated lung mitochondria.

Electron Flow. In this experiment the flow of electrons from

complex I to complex IV is monitored in the presence of FCCP,

an uncoupler that carries protons away through the inner

membrane without formation of a proton gradient. Therefore,

ATP is not produced in this system. But the defects in a specific

complex could be determined by decrease or increase in oxygen

Figure 3. Glycolysis, glycolytic capacity and glycolytic reserve of MLE-12 cells in normoxia and hyperoxia. MLE-12 cell were seeded in
V7 cell plate at a density of 70,000 cells/well and exposed to normoxia or hyperoxia (95% O2+5% CO2) for 24 hours. Glycolysis assay was performed
using glycolysis test kit from Seahorse Biosciences according to manufacture’s protocol using XF24 instrument. (A) A representative graph output
from XF24 showing the ECAR response to glucose, oligomycin and 2-DG in normoxia; (B) A representative graph output from XF24 showing the ECAR
response to glucose, oligomycin and 2-DG in 24 hours hyperoxia; (C) Non-glycolytic acidification, (D) Glycolysis (E) Glycolytic capacity; (F) Glycolytic
reserve. The minimum number of n = 3 with 10–20 replicate wells per group was employed for all experiments. Data normalized to 100,000 cells;
*Significant at p,0.05; Student t-test (Graph Pad Prism v6).
doi:10.1371/journal.pone.0073358.g003

Figure 4. Isolated mouse lung mitochondria and compound optimization for XF analysis. (A) Adherence of 10 mg of mouse lung
mitochondrial protein in XF24 cell plate Following XF assay. Mouse lung mitochondria was isolated and attached to XF24 microplate as described in
the methods; (B) Compound titration for XF coupling assay in isolated lung mitochondria. GR1, 3 mM FCCP, 2.0 mg oligomycin and 3 mM
ADP; GR2, 4 mM FCCP, 3.0 mg oligomycin and 4 mM ADP; GR3, 6 mM FCCP, 4.0 mg oligomycin and 5 mM ADP; GR4, 8 mM FCCP, 5.0 mg oligomycin
and 6 mM ADP. (C) Compound titration for XF electron flow assay in isolated lung mitochondria. GR5, 2 mM rotenone, 5 mM succinate
and 5 mM ascorbate/1 mM TMPD); GR6, 3 mM rotenone, 10 mM succinate and 10 mM ascorbate/1 mM TMPD); GR7, 4 mM rotenone, 15 mM
succinate and 15 mM ascorbate/1 mM TMPD); GR8, 5 mM rotenone, 20 mM succinate and 20 mM ascorbate/1 mM TMPD). Three replicate wells are
run in the same plate for each concentration of compounds.
doi:10.1371/journal.pone.0073358.g004
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consumption when a complex-specific substrate is provided. We

used pyruvate (10 mM) and malate (2 mM) in presence of

uncoupling agent FCCP (4 mM) for allowing complex I respiration

in an uncoupled state. Complex I respiration increased when 5 to

15 mg of mitochondrial protein was used per well. However,

increasing the mitochondrial protein to 20 mg/well did not

increase the OCR from that of 15 mg/well (Fig 5D & E),

demonstrating saturation of mitochondria in the micro-well,

although absolute oxygen concentration was not limiting (Fig 5F).

Addition of rotenone stopped the complex I respiration as

expected (Fig 5D&E). Injection of succinate induced the lung

mitochondrial respiration via complex II. Although there was a

linear increase in complex II respiration in 5–15 mg mitochondrial

protein per well, plating 20 mg mitochondrial protein did not

increase the OCR over that of 15 mg. Inhibition of complex III by

antimycin A inhibited respiration as expected (Fig 5D & E). When

Asc/TMPD was injected as electron donor to complex IV

(Cytochrome oxidase) the OCR increased with concomitant drop

in absolute level of oxygen (Fig 5D, E &F) in response to 5–20 mg
mitochondrial protein with 20 mg mitochondrial protein showing

very high OCR unlike OCR in response to other complexes. The

absolute oxygen concentrations in the micro-well remained

adequate in 20 mg mitochondrial protein (Fig 5F).

Effect of hyperoxia on mitochondrial bioenergetics of
mouse lung
To determine the effect of hyperoxia on mitochondrial

bioenergetics we performed coupling and electron flow assays in

mitochondria isolated from lungs of mice exposed to normoxia or

hyperoxia.

Mitochondrial coupling in hyperoxic lung. The effect of

hyperoxia on basal respiration (state 2), phosphorylating respira-

Figure 5. Optimization of lung mitochondrial protein for bioenergetics analysis using XF24. Mouse lung mitochondria were isolated as
described in the methods. 5, 10, 15 or 20 mg of lung mitochondrial protein was attached to microplate as described in the methods and
mitochondrial coupling and electron flow assays were performed as described. (A) Coupling assay using isolated lung mitochondrial protein and OCR
response to ADP, Oligomycin, FCCP and antimycin A; (B) Basal, state3, state4O and state3 m respirations of 5, 10, 15 or 20 mg lung mitochondrial
protein; (C) Absolute oxygen concentration in the micro-chamber with respect to amounts of mitochondrial protein; (D) Electron flow experiment in
isolated lung mitochondrial protein (5, 10, 15 or 20 mg mitochondrial protein/well); (E) Graph of OCR data in electron flow experiment and OCR
response to rotenone, succinate, antimycin A or Asc/TMPD; (F) Absolute oxygen concentration in the micro-chamber with respect to amounts of
mitochondrial protein. Two or three replicate wells were used for each mitochondrial protein concentration for the optimization assay.
doi:10.1371/journal.pone.0073358.g005
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tion in presence of ADP (state 3), resting respirations in presence of

oligomycin (state 4o), maximal respiration in presence of FCCP

(state 3 m), and the response to antimycin A was determined using

10 mg mitochondrial protein isolated from lungs of WT mice

exposed to room air (RA) or hyperoxia. In the coupling assay,

succinate (a FADH2-linked substrate of complex II) was used with

rotenone to allow the mitochondria respire via complex II, as

succinate without rotenone would form oxaloacetate from malate

by the action of malate dehydrogenase. Oxaloacetate is imper-

meable to mitochondrial inner membrane and would accumulate

and function as a potent inhibitor of succinate dehydrogenase, the

complex II enzyme. As shown in Fig 6A and B hyperoxia

significantly decreased complex II driven state 2 (basal) respiration

in isolated lung mitochondria. State 3 respiration in the presence

of ADP was significantly increased in mitochondria isolated from

RA exposed mice, but it was decreased in mitochondria isolated

from lungs of mice exposed to 48 hours of hyperoxia (Fig 6A & B).

Likewise, the maximal respiration in response to uncoupler FCCP

(state 3 m) was decreased in hyperoxia-exposed lung compared to

normoxia. Treatment of antimycin A decreased the respiratory

rate as expected. We also determined the RCR (State 3/State 4o),

which is an indicator of mitochondrial integrity. Our data (Fig 6E)

show that RCR decreased in hyperoxia (2.57160.160) compared

to normoxia (3.82460.162) demonstrating a mitochondrial

dysfunction in hyperoxia.

Mitochondrial electron flow in hyperoxic lung. The

electron flow experiment was performed using pyruvate and

malate as substrates, which are oxidized via complex I. Exposure

to hyperoxia decreased the basal OCR demonstrating a complex I

malfunction in the isolated lung mitochondria (Fig 6C & D).

Because the substrate was provided to the mitochondria isolated

from hyperoxia or normoxia exposed mice, the data shows specific

dysfunction of complex I to utilize the substrate, but not the

substrate oxidation resulting in decreased OCR. The OCR was

significantly increased in normoxia-exposed mitochondria in

response to injection of succinate, which is oxidized via complex

II, demonstrating a complex II driven respiration (Fig 6C & D).

However, hyperoxia significantly decreased the OCR suggestive of

complex II malfunction as succinate was supplied in vitro to the

mitochondria. Inhibition of complex III by antimycin A was

similar for normoxic or hyperoxic lung. We used ascorbate/

TMPD, which is a direct electron donor for complex IV to

determine whether complex IV function is compromised in

hyperoxia similar to complex I or complex II. To our surprise

the OCR following ascorbate/TMPD injection was similar in

normoxic or hyperoxic lung mitochondria demonstrating that the

complex IV function remains unaltered in response to hyperoxia

(Fig 6C & D).

Figure 6. Effect of hyperoxia on mitochondrial bioenergetics of mouse lung. C57BL/6 mice were exposed to room air (normoxia, n = 3) or
hyperoxia (90% oxygen, n = 3) for 48 hours. Following exposure lung mitochondria were isolated as described in the methods and analyzed in XF24
analyzer. (A) A representative graph output of coupling experiment of isolated lung mitochondrial protein in normoxia or hyperoxia; (B) Basal, state
3, state 40 and state 3 m respiration of isolated lung mitochondrial protein in normoxia or hyperoxia; (C) A representative graph output of electron
flow experiment of mitochondria isolated form mice lung exposed to normoxia or hyperoxia; (D) OCR response of rotenone, succinate, antimycin A
and ascorbate/TMPD. The experiments were run in 5 replicate wells for each group for coupling or flow. Statistical analysis was performed using
ANOVA using Graph Pad Prism software. *Significantly different at p,0.05. (E) Graph of RCR of lung mitochondria in normoxia or hyperoxia; n = 3,
student t-test, *Significant at p,0.05.
doi:10.1371/journal.pone.0073358.g006
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Effect of hyperoxia on the activities of enzymes of
complex I, II and IV
Our data in the flux analyzer show that OCR by a specific

complex is affected in hyperoxia when other complexes are either

inhibited or complex-specific substrate is provided in the assay. We

determined the activity of a specific complex enzyme, which is a

major constituent of the complex. For example, NADH-dehydro-

genase represents complex I function and SDH and COX

represent complex II and complex IV function. As shown in

Fig 7A the activity of NADH-DH was decreased in hyperoxia

compared to normoxia, which is consistent with our OCR data

presented in Fig 6. The activity of SDH was decreased in

hyperoxia compared to normoxia (Fig 7B), this is consistent with

complex II OCR shown in Fig 6. The activity of cytochrome

oxidase the terminal oxidase in complex IV remained unchanged

in hyperoxia consistent with the OCR data. These studies further

confirm our findings and show that OCR data could represent the

functional modulation of a specific complex in the ETC chain if

the substrate and inhibitors could be used following proper

strategy.

Discussion

In the present report we have shown that exposure of type II

mouse lung epithelial cells (MLE-12) to 24-hours of hyperoxia

decreases basal OCR, ATP turnover, maximal respiration and

SRC. We have also shown that, whereas there was no significant

change in the rate of glycolysis in normoxia or hyperoxia,

glycolytic capacity and glycolytic reserve were significantly

decreased in cells exposed to hyperoxia. In addition, mice exposed

to 48 hours of hyperoxia show significant disruption of lung

mitochondrial function primarily due to dysfunction of both

complexes I and II. However, the function of complex IV remains

unaltered in the lung mitochondria in mice exposed to 48 h

hyperoxia. Basal, state 3 and state 3 m respirations are decreased in

hyperoxia compared to normoxia. Taken together, our data

demonstrate that mitochondrial energy metabolism is significantly

decreased in hyperoxia leading to decreased energy production in

intact cells, as well as in the lungs of mice.

We have optimized mouse lung mitochondrial protein for

analysis of mitochondrial function using the XF24 analyzer in the

current investigation, as this is the first report of an XF assay using

mouse lung mitochondria. A minimal amount of 10 mg lung

mitochondrial protein is required for a single well for bioenergetics

analysis in contrast to 200 or 300 micrograms required for analysis

in the Clark-type electrode. Our data show that the isolated

mitochondria are intact and not uncoupled due to the isolation

procedure. The state 3 respiration in presence of ADP was similar

to that of mitochondria isolated from either heart or liver [11]. To

the best of our knowledge, we report for the first time the RCR

values of mouse lung mitochondria to be 3.8 using succinate as

substrate. We are not aware of any previous investigation that has

reported mouse lung RCR values using the XF24 instrument. Our

reported values are somewhat lower than a previously published

report for rat lung mitochondria using a Clarke type electrode

[20]. We believe that this could be due to species difference and

the use of a Clarke-type oxygen electrode, where significant back-

diffusion of oxygen from a Teflon stirrer bar or from the

surrounding vessel could underestimate the state 4 respiration

and thus result in an erroneously high RCR [5]. The functional

analysis of our lung mitochondria remains solidly interpretable

and the procedure offers rapid isolation and analysis of

mitochondrial function using the XF24 assay system. Functional

analysis of individual ETC complexes is possible using specific

electron donors for each complex using the electron flow

experiment. We used pyruvate/malate as substrates for the lung

mitochondria in this report. However, other substrates such as

glutamate/malate could be used or other substrates may be

substituted; but the assay must be optimized for each substrate or

electron donor. Our experiments (coupling and electron flow) were

performed in a single XF24 plate with 5 replicate wells for each

experiment that limits variations in the coupling and electron flow

assays.

Lungs are direct target organs for oxygen, and high levels of

oxygen are frequently used in critical care units, underscoring the

relevance of mitochondrial function analysis in hyperoxia.

Increased levels of ROS are known to be generated in the

mitochondria in response to hyperoxia [21]. The passage of

electrons in the ETC is increased in hyperoxia with concomitant

production of higher levels of superoxide anion and other reactive

oxygen species [7,22]. Higher levels of ROS in the mitochondria

could inactivate the components of the ETC resulting the

impairment of energy production in hyperoxia. We evaluated

the effect of hyperoxia on mitochondrial bioenergetics of mouse

lung. The basal, state 3, state 40 and state 3 m respiratory rates are

decreased in hyperoxia-exposed lung mitochondria. The activities

of complex I and II were decreased in response to hyperoxia.

Complex I is the major site where maximal amount of ROS are

generated [23]. When pyruvate and malate, which are substrates

for complex I, are used a decrease in complex I driven OCR in

hyperoxia was noted (Fig 5C &D). Additionally, the complex II

driven respiration due to addition of succinate was decreased in

Figure 7. Effect of hyperoxia on NADH-DH, SDH and cytochrome c oxidase. Mice were exposed to normoxia or hyperoxia (48 h) following
which mitochondria were isolated from lungs of mice as described in the methods section. Enzymatic assays were performed as described in the
methods, (A) NADH-DH, (B) SDH (C) COX. A minimum of n = 3 employed for each enzyme assay. Student t-test is used to compare means.
*Significant at p,0.05 level.
doi:10.1371/journal.pone.0073358.g007

Mitochondria Energy Dynamics in Hyperoxia

PLOS ONE | www.plosone.org 9 September 2013 | Volume 8 | Issue 9 | e73358



hyperoxia, demonstrating a dysfunction of complex II in addition

to complex I. Our data show that the function of complex IV

remained unchanged in hyperoxia. Direct electron donors to

complex IV (Ascorbate/TMPD) showed that the complex function

is similar to normoxic lung. Complex IV does not produce ROS

[21], which transfers electrons finally to oxygen to produce water.

Therefore, it is likely that superoxide generated during hyperoxia

[23] results in damage to complex I and II. Because complex IV

does not produce ROS [21] the function of the complex might

have been protected.

Previous studies have shown that the rate of glycolysis increases

in hyperoxia in isolated cloned AECII and in WI38 cells [24,25].

However, the activities of important enzymes of glycolytic

pathway such as glyceraldehyde-3-phosphate dehydrogenase,

pyruvate kinase or phosphofructokinase did not decrease in

hyperoxia [24], demonstrating that these sulfhydryl containing

enzymes are not inactivated in hyperoxia. Studies have shown

increased expression of hexokinase [26] and enhanced glucose

utilization in A549 cells [8] and CHO cells in hyperoxia [27].

Although CHO cells were shown to remain months to years with

5-fold increase in glycolytic ATP production [27], severe growth

impairment has been reported to occur in hyperoxia in glucose

supplemented media [25]. Taken together, the precise effect of

hyperoxia on glycolysis or glycolytic capacity remains inconclusive.

Our current investigation shows that the rate of glycolysis did not

change in hyperoxia compared to normoxia. However, maximal

glycolytic capacity that could be achieved by MLE-12 cells in

hyperoxia due to shifting of oxidative phosphorylation to glycolysis

due to oligomycin treatment was decreased in hyperoxia

compared to normoxia. This data show that MLE-12 cells could

not overcome disruption of oxidative energy supply due to

decreased glycolytic capacity of these cells. This could be an

inherent characteristic for each cell type. Since glycolytic reserve is

the difference between glycolytic capacity (maximal in presence of

glucose + oligomycin) and glycolysis in presence of glucose, our

data show the glycolytic reserve is decreased in hyperoxia as

compared to normoxia in MLE-12 cells, suggesting that prolonged

hyperoxia could cause cell death due to energy deficiency. In these

conditions enhanced glucose utilization in hyperoxia could

produce minimal energy for a limited time as previously reported,

as the maximal glycolytic capacity of these cells are reached [8].

Our data show that there was a significant increase in the non-

glycolytic acidification in hyperoxia compared to normoxia

(Fig 3C). Since the cells were equilibriated in glutamine containing

media for 1 hour in the micro-titer plate in a non-CO2 incubator

after exposure to hyperoxia, we speculate that glutamine oxidation

contributed to this increase in non-glycolytic ECAR via increase

CO2 production in the mitochondria. It has been shown that

glutamine can be used as an oxidizable substrate for ATP synthesis

in cells under hyperoxic stress [28]. Since aconitase is inactivated

in hyperoxia [29], pyruvate cannot be oxidized in the TCA cycle

producing NADH. However, glutamine enters the TCA cycle

after the aconitase step and therefore could be oxidized in the

TCA cycle and produce limited amounts of NADH. Therefore,

glutamine supplementation produces ATP under hyperoxia and

allows cells to survive for a longer period of time [28]. Thus, the

increase in non-glycolytic ECAR could be due to the enhanced

oxidation of glutamine in hyperoxia.

In summary our study show that both glycolysis and oxidative

phosphorylation are adversely affected by hyperoxia that could

limit the energy supply for the metabolic function of lung cells in

isolation or in the whole lung. Loss of energy supply could impair

lung growth in premature infants subjected to hyperoxic

ventilation. Additionally, lung repair following oxidative insult

could also be adversely affected due to loss of energy availability.
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