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Abstract

Adult rats exposed to hyperoxia (>95% O2) die from respiratory failure in 60–72 h. However, rats preconditioned with >95% O2

for 48 h followed by 24 h in room air acquire tolerance of hyperoxia (H-T), whereas rats preconditioned with 60% O2 for 7 days
become more susceptible (H-S). Our objective was to evaluate lung tissue mitochondrial bioenergetics in H-T and H-S rats.
Bioenergetics was assessed in mitochondria isolated from lung tissue of H-T, H-S, and control rats. Expressions of complexes
involved in oxidative phosphorylation (OxPhos) were measured in lung tissue homogenate. Pulmonary endothelial filtration coeffi-
cient (Kf) and tissue mitochondrial membrane potential (Dwm) were evaluated in isolated perfused lungs (IPLs). Results show that ADP-
induced state 3 OxPhos capacity (Vmax) decreased in H-S mitochondria but increased in H-T. Dwm repolarization time following ADP-
stimulated depolarization increased in H-S mitochondria. Complex I expression decreased in H-T (38%) and H-S (43%) lung homoge-
nate, whereas complex V expression increased (70%) in H-T lung homogenate. Dwm is unchanged in H-S and H-T lungs, but complex
II has a larger contribution to Dwm in H-S than H-T lungs. Kf increased in H-S, but not in H-T lungs. For H-T, increased complex V
expression and Vmax counter the effect of the decrease in complex I expression on Dwm. A larger complex II contribution to Dwm

along with decreased Vmax and increased Kf could make H-S rats more hyperoxia susceptible. Results are clinically relevant since
ventilation with �60% O2 is often required for extended periods in patients with acute respiratory distress syndrome (ARDS).

NEW & NOTEWORTHY We assessed lung tissue mitochondrial bioenergetics in rats with tolerance (H-T) or susceptibility (H-S) to
hyperoxia-induced ARDS. Results from studies in isolated mitochondria, tissue homogenate, and isolated perfused lungs show
that mitochondrial bioenergetics are differentially altered in H-T and H-S lungs suggesting a potential role for mitochondrial bio-
energetics in hyperoxia-induced ARDS. Results are clinically relevant since hyperoxia exposure is a primary therapy for patients
with ARDS, and differential sensitivity to hyperoxia surely occurs in humans.

acute lung injury; acute respiratory distress syndrome; isolated lung mitochondria; isolated perfused lungs; lung tissue mitochon-
drial bioenergetics

INTRODUCTION

Acute respiratory distress syndrome (ARDS) is a life-threat-
ening disorder characterized by refractory hypoxemia (1).
This condition is one of the most frequent causes of admis-
sion to medical intensive care units, occurs in �200,000
patients in the United States per year, and carries a mortality
rate of nearly 30–40% despite the best supportive care (1–4).
Lower morbidity and mortality rates should be achieved by
developing clinical means for risk stratification, early detec-
tion, and novel therapies to supplement supportive care.

A primary therapy for patients with ARDS is exposure to
high fractions of oxygen (O2) (hyperoxia) to improve blood

oxygenation and maintain the functions of vital organs (5).
Although lifesaving, exposure to hyperoxia can cause lung
injury, amplifying the damage that leads to ARDS (6–9). For
most animals, prolonged exposure to >95% O2 is lethal due
to lung injury (9–12). Rat exposure to hyperoxia is a well-
establishedmodel of human ARDS (9, 12). Adult rats exposed
to >95% O2 die from respiratory failure in 60–72 h (12).
However, unlike other rodents, adult rats can be precondi-
tioned to become more tolerant or more susceptible to the
otherwise lethal effects of further exposure to >95% O2 (10,
12, 13). For instance, rats preconditioned by exposure to
>95% O2 for 2 days followed by a 24-h “rest period” in room
air acquire tolerance (H-T) of the otherwise lethal effects of
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further exposure to >95% O2 (13). This is evidenced by the
fact that if transferred back to a >95% O2 they survive for lon-
ger period of time (13). In contrast, adult rats exposed to 60%
O2 for 7 days become more susceptible to hyperoxia (H-S) as
their survival time in subsequent exposure to a >95% O2

decreases significantly, with the median lethal time (LT50)
dropping from �66 h for normoxia rats to �46 h for H-S rats
(14). These rat models provide a platform for assessing the
underlying mechanisms of rat tolerance of, or susceptibility
to, hyperoxia-induced ARDS. Differential sensitivity to hyper-
oxia surely occurs in humans, given the wide spectrum of
responses to a similar insult (15). There is ample evidence that
oxidative stress, mitochondrial dysfunction, and inflamma-
tion play key roles in hyperoxia-induced ARDS, with the pul-
monary capillary endothelium a primary and early target (16–
23). However, the cellular pathways that regulate these injury
processes and the role of those pathways in rat tolerance
or susceptibility to hyperoxia-induced ARDS are poorly
understood.

Increase in the permeability of the lung air-blood barrier
can lead to edema, which is a cardinal feature of ARDS (2).
Previously, Bongard et al. (22) established a connection
between pulmonary mitochondrial bioenergetics and lung
barrier function as measured by the endothelial filtration
coefficient (Kf). Specifically, they showed that inhibiting
mitochondrial complex I, which decreased lung total max-
imum ATP content by �80%, increased Kf by �2.8-fold.
Furthermore, the addition of coenzyme Q1 (a homolog of
endogenous ubiquinone) fully reversed the effect of rote-
none (Rot) on ATP and Kf, demonstrating a key role for mi-
tochondrial ATP in lung barrier function and a potential
role for mitochondrial dysfunction in the pathogenesis of
ARDS (22).

Few studies have assessed the changes in tissue mitochon-
drial functions in the lungs of H-T andH-S rats and the under-
lying mechanisms of tolerance and susceptibility (14, 24–26).
Studies of mitochondrial bioenergetics in the lungs of H-S and
H-T rats are needed to further our understanding of the role of
mitochondrial function in the tolerance of H-T rats and the
susceptibility of H-S rats to lethal hyperoxia exposure. Thus,
the objective of this study was to test the hypothesis that lung
mitochondrial processes are differentially altered betweenH-S
and H-T rats compared with control (normoxia) rats. Lung tis-
sue mitochondrial function is assessed in isolated mitochon-
dria, tissue homogenate, and isolated perfused lungs (IPLs),
i.e., a vertically integrated experimental approach to increase
scientific rigor. In addition, we measure the levels of mito-
chondrial damage-associated molecular patterns (mt-DAMPs)
in plasma and the endothelial filtration coefficient in isolated
perfused lungs.

MATERIALS AND METHODS

Materials

Antibodies were purchased from Sigma-Aldrich (Cat. No.
ABN-302) for mitochondrial complex I and from Thermo
Fisher Scientific (Cat. No. 45-8099) for mitochondrial com-
plexes II–V. HEK-Blue hTLR9 cells were obtained from
InvivoGen (Cat. No. hkb-htlr9). Rhodamine 6G (R6G), dye
tetramethylrhodamine methyl ester (TMRM), verapamil

hydrochloride, carbonyl cyanide 4-(trifluoromethoxy) phe-
nylhydrazone (FCCP), rotenone (Rot), thenoyltrifluoroace-
tone (TTFA), and all other reagents used in experiments
were purchased from Sigma-Aldrich (St. Louis, MO).

Rat Exposure to Hyperoxia with and without
Preconditioning

All treatment protocols were approved by the Institutional
Animal Care and Use Committees of the Clement J. Zablocki
Veterans Administration Medical Center, Medical College of
Wisconsin, andMarquette University.

Adult male Sprague Dawley rats were obtained from
Charles River and randomized into three groups. For nor-
moxia (control) studies, rats [342 ± 5 (SE) g, n ¼ 34] were
housed in chambers with room air. Another group of rats
(342 ± 5 g, n¼ 26) were housed in the exposure chambers with
>95% O2 for 48 h, followed by exposure to room air for 24 h
(H-T). The third group of rats (304 ± 3 g, n ¼ 28) were housed
in the exposure chamber with 60%O2 for 7 days (H-S).

Plasmamt-DAMPs Using Toll-Like Receptor 9 Assay

Exposure of cells overexpressing Toll-like receptor 9
(TLR9) receptors can be used to quantifymt-DAMPs released
from damaged mitochondria in vivo (27, 28). HEK-Blue
hTLR9 cells (InvivoGen, Cat. No. hkb-htlr9) were grown and
used according to the manufacturer’s protocol. Plasma har-
vested at euthanasia from individual rats was plated in 96-
well dishes with the HEK-Blue cells overnight. Ligand-bound
TLR9 in these cells activates an inducible secreted embry-
onic alkaline phosphatase reporter, turning the media blue.
Color was quantified with a spectrophotometer at 620 nm.

Histology

In a randomly selected subset of rats from each group,
excised lungs were fixed after inflation in 10% neutral buf-
fered formalin (Fisher Scientific, Pittsburg, PA) and embed-
ded in paraffin. Whole mount sections of lung were cut (4
lm thick) and stained with hematoxylin and eosin (H&E,
Richard Allan, Kalamazoo, MI). Then, using high-resolution
jpeg images of the slides, an investigator masked to the treat-
ment groups obtained six representative images from prese-
lected areas of each lung on each slide, avoiding large vessels
or airways. These images were then scored independently
and the six values for each rat averaged for a single “n.” A 0–
2 scoring system was used for neutrophil influx, edema, and
thickness of the diffusion barrier (Table 1), as previously pre-
sented (29).

Mitochondrial Complexes I–V Expressions Using
Western Blot Analysis

For complex I expression, primary antibody from Sigma-
Aldrich (Cat. No. ABN-302) was used (30). This antibody rec-
ognizes NADH-ubiquinone oxidoreductase protein in com-
plex I. The protein is a 75-kDa subunit of complex I that
catalyzes electron transfer from NADH. The OxPhos Rodent
WB Antibody Cocktail (Thermo Fisher Scientific, Cat. No. 45-
8099) of primary antibodies was used to quantify complex II
through V expression (27).

Approximately 50 mg of lung tissue was homogenized in
500 μL of Radio-Immunoprecipitation Assay (RIPA) buffer.
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After centrifugation for 10 min at 10,000 g to remove debris,
supernatants were denatured at 80�C for 5 min. Thirty micro-
grams (30 μg) protein/lane were loaded for electrophoresis.
The primary OxPhos and complex I antibodies were diluted
1:250 in nonfat dry milk and Tris-buffered saline -Tween
20 (TBST). After electrophoretic separation and washing,
matched secondary antibodies were applied, and blots were
visualized using ECL Plus detection reagent.

Complex I blots were cut at 50 kDa. The higher molecular
weight bands were probed for complex I (75 kDa) and the
lower molecular weight bands for b-actin (42 kDa). For the
OxPhos cocktail, membranes were stripped and probed for
b-actin (Sigma-Aldrich, Cat. No. A2228) after quantification
of bands consistent with mitochondrial complexes II
through V.

Molecular weight (MW)markers (ladder) were run with ev-
ery Western blot. BioRad Precision Plus Protein Standards
(Cat. No. 161-0394) or Spectra MultiColor broad range protein
ladder (Cat. No. 26634, Thermo Fisher) were used for MW
ladders. All comparisons of normoxia to H-T or H-S Western
blot densities represent three or more separate blots.
Individual data points depict biological rather than technical
replicates.

For a given lane and protein, the protein density was esti-
mated by ImageJ software and was normalized to the corre-
sponding b-actin density. This resulting value is referred to
as the “relative protein.” Finally, to reduce the variability in
the data from study to study, including any differences in ex-
posure time, each immunospecific relative protein value was
expressed as a fold change relative to the mean of the nor-
moxia values from the same blot. See Supplemental Fig. S6.

Isolation of Mitochondria from Lung Tissue

For isolation of mitochondria from rat lungs, we used a
modified version of a previously described approach (24, 31).
In brief, rats were anesthetized, after which the chest was
opened and blood was heparinized (1 mL/kg via left ventricle).
The lungs were then washed free of blood with 25 mL of cold
perfusion buffer (10mMHEPES in saline with 5.5mM glucose,
pH 7.4), after which time the lungs were isolated and trans-
ferred to a petri dish on ice with 3mL ice-cold homogenization
buffer (200 mM mannitol, 10 mM HEPES, 70 mM sucrose, 1
mM EGTA, 2% fatty acid-free bovine serum albumin (BSA),
and protease inhibitor at 50 lL/g lung tissue, pH 7.4) and
chopped into small pieces as quickly as possible. The lung
pieces along with the homogenization buffer were then trans-
ferred to a glass homogenization tube on ice for manual ho-
mogenization using pestle A (15 strokes) followed by pestle B
(20 strokes). The homogenized tissue was then transferred to a
chilled 50-mL cold conical tube alongwith additional homoge-
nization buffer (12 mL/g lung tissue). The homogenate in the
conical tube was then centrifuged at 2,000 g at 4�C for 15 min,
and the supernatant was collected and centrifuged at 17,800 g

at 4�C for 15 min. The resulting supernatant was removed, and
the remaining pellet was resuspended in 5mL ice-cold homog-
enization solution without the protease inhibitor and centri-
fuged at 17,800 g at 4�C for 15 min. The resulting supernatant
was removed, and the final pellet was resuspended in 0.3–0.4
mL ice-cold isolation buffer (200 mM mannitol, 10 mM
HEPES, 70 mM sucrose, and 1 mM EGTA, pH 7.4) and stored
on ice to be used for the mitochondrial bioenergetic studies
described in subsequent sections. Mitochondrial protein con-
centration was determined using BSA as the standard with
Bio-Rad Quick Start Bradford Assay Kit in a Thermo Scientific
NanoDrop OneC spectrophotometer (32).

To explore mitochondrial metabolic pathways potentially
contributing to hyperoxic lung injury, we measured mito-
chondrial bioenergetics, including mitochondrial O2 con-
sumption rates and membrane potential (Dwm) as described
in the following sections.

Mitochondrial O2 Consumption Rate

Mitochondrial respiration was measured using an Oxy-
graph-2k (O2K) system (Oroboros Instruments, Innsbruck,
Austria) with two different experimental protocols. For the
first protocol (Fig. 1A), a fixed ADP concentration (100 mM)
was used to assess states 2, 3, and 4 oxygen consumption rates
(OCRs) and respiratory control ratio (RCR, state 3 OCR/state 2
OCR). For the second protocol (Fig. 1B), the dependency of
state 3 OCR on ADP concentration was assessed via the addi-
tion of sequentially increasing ADP concentrations ranging
from 12.5 lM to 100 lM (33). For both protocols, the respiratory
buffer (RB) contained (in mM) 130 KCl, 5 K2HPO4, 20 MOPS, 1
EGTA, and 0.1% bovine serum albumin at pH 7.2 adjusted
with KOH, and the measurements were carried out at 37�C.
Before each experiment, RB was first added to the O2K cham-
bers (2 mL), and O2 concentration in the RB was equilibrated
for up to 15 min with air at 37�C until a stable signal was
obtained at an O2 concentration of �205 μM, after which the
chambers’ lids were closed. The experiment was initiated at
t ¼ 0 min with the addition of different substrate combina-
tions at saturating concentrations, including pyruvate þ
malate (P þ M; 10 þ 5 mM), glutamate þ malate (G þ M;
10 þ 5 mM), or succinate ± rotenone (Suc ± Rot; 7 mM ± 0.5
μM). State 2 respirationwas initiatedwith the addition ofmito-
chondria (0.125 mg/mL) at time ¼ 2 min. For the first protocol
(Fig. 1A), state 3 respiration was initiated at time ¼ 5 min with
the addition of ADP (100 lM). State 4 respiration data were
collected for several minutes following the phosphorylation of
added ADP to ATP, after which the experiment was ended. For
the second protocol (Fig. 1B), state 3 respiration was initiated
with the sequential addition of incremental concentrations of
ADP ranging from 12.5 lMat time¼ 5min to 100 lMat time¼
14 min. State 4 respiration data were collected for several
minutes following the phosphorylation of the last dose of ADP
(100 lM) added, after which the experiment was ended.

Table 1. Histological scoring table on 0–2 scale

Histology Score Neutrophilic Influx Edema Alveolar Septum Thickness

0 None to very rare None to very rare �1.8 � control thickness
1 Perivascular or peribronchiolar only Proteinaceous material in >5% and <20% field >1.8 and <2.5 � control thickness
2 Intra-alveolar and widely distributed Proteinaceous material in >20% field >2.5 � control thickness
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Oxygen consumption rate (OCR) during each of the states
of respiration was calculated as the negative of the time de-
rivative of O2 concentration measured in the closed O2k
chambers and expressed as nmol of O2/min/mg protein (33).
Data were acquired every 1 s, and 5 data points averaging
was used to calculate the slope of the O2 concentration data
using the DatLab 7 software. For a given substrate combina-
tion, the respiratory control ratio (RCR) was calculated as
state 3 OCR/state 2 OCR, measured from the collected OCR
data using the first protocol (Fig. 1A). The calculated RCR
with P þ M as substrates was used to assess the functional
integrity of isolatedmitochondria.

Mitochondrial Membrane Potential

The Oroboros O2K system allows for the measurement of
mitochondrial OCR and/or mitochondrial membrane poten-
tial (Dwm) using the cationic dye TMRM (1 lM, excitation/
emission wavelength 530 ± 21 nm/592 ± 22 nm), which is se-
questered in the mitochondrial matrix driven by Dwm (34).
Thus, Dwm was measured using the protocol in Fig. 1B as
described in the previous section for OCR measurements
with sequentially increasing ADP concentrations in the pres-
ence of different substrate combinations at 37�C. The meas-
ured TMRM emission signal at a given time was normalized
by the initial TMRM signal obtained prior to the addition of
mitochondria to the O2K chambers. This protocol was car-
ried out in the lungs from normoxia (n¼ 11), H-T (n¼ 6), and
H-S (n¼ 5) rats.

Isolated Perfused Rat Lung Preparation

Each rat was anesthetized with ketamine/xylazine (80–
100 mg/kg:5–10 mg/kg ip). The trachea was surgically iso-
lated and cannulated, the chest opened and heparin (0.7 IU/
g body wt) injected into the right ventricle as previously
described (35). The pulmonary artery and the pulmonary ve-
nous outflow were accessed via cannulas, then the heart/
lungs were removed en bloc and connected to a ventilation-
perfusion system. The Krebs-Ringer bicarbonate perfusate
contained (in mM) 4.7 KCl, 2.51 CaCl2, 1.19 MgSO4, 2.5
KH2PO4, 118 NaCl, 25 NaHCO3, and 5.5 glucose. To maintain
consistent oncotic pressure, the perfusate also contained ei-
ther 5% bovine serum albumin (BSA) for the Kf studies or
0.5% BSA plus 2.5% Ficoll for the Dwm studies (35, 36). The
perfusion system was primed with the perfusate maintained
at 37�C and equilibrated with 15% O2, 6% CO2, balance N2 gas

mixture resulting in perfusate PO2, PCO2 and pH of�105 Torr,
40 Torr, and 7.4, respectively. The lung was ventilated at 40
breaths/min with the aforementioned gas mixture with end-
inspiratory and end-expiratory pressures of�6 and 3mmHg,
respectively. The pulmonary artery and airway pressures
were referenced to atmospheric pressure at the level of the
left atrium and monitored continuously during the course of
the experiment. The Kf and tissue Dwm of the isolated per-
fused lungs were then assessed as described in the following
sections.

Pulmonary Vascular Endothelial Filtration Coefficient

Randomly selected rats from the normoxia and H-S
groups were anesthetized with pentobarbital sodium (50–
100mg/kg ip). The lungs were then cannulated and removed
from the thorax as aforementioned, then suspended from a
calibrated force displacement transducer (F30 Type 372;
Hugo Sachs Elektronik-Harvard Apparatus), which is part of
a rat lung ventilation-perfusion system; lung weight was
monitored continuously. The value of Kf, a measure of vas-
cular permeability, was then determined using the approach
previously described (22, 24). Kf was previously measured in
the lungs from H-T rats (24). Rat lungs used for Kf studies
were not used for other studies.

Mitochondrial Membrane Potential in IPL Using the
Fluorescent Rhodamine 6G Dye

The single-pass perfusion system was primed with the
perfusate, and �30 mL of the perfusate was passed through
the system until the lungs were clear of blood with the pump
flow rate set at 10mL/min.

The experimental protocol to probe Dwm in intact lungs
was developed by Audi et al. (23, 35). It consists of three
single-pass phases: a loading phase during which the lung
perfusate contained R6G (0.25 lM) and the multi-drug
efflux pump P-glycoprotein (Pgp) inhibitor verapamil (100
lM), a washing phase in which the R6G-free perfusate con-
tained just verapamil, and an uncoupling phase in which
the R6G-free perfusate contained the uncoupler FCCP (67
lM) with verapamil. Before each phase, the pump flow was
stopped, and the reservoir was emptied and then refilled
with the appropriate perfusate. For each phase, a reservoir
sample was collected before restarting the flow. For the
loading phase, the lung was perfused for 10 min at 10 mL/
min during which venous effluent perfusate samples were

Time (min)
0 2 5

Substrates
(P+M, G+M, Suc, Suc+Rot)

Mitochondria
(0.125 mg/ml)

ADP
(100 M)

Time (min)
0 2 5

Substrates
(P+M, G+M, Suc, 

or Suc+Rot)
Mitochondria
(0.125 mg/ml)

ADP
(12.5 M)

7

ADP
(25 M)

10

ADP
(50 M)

14

ADP
(100 M)

A

B

Figure 1. Addition of a single ADP concen-
tration (A) and sequentially increasing
ADP concentrations (B) protocols and
timelines for the isolated mitochondria
studies. P þ M, pyruvate þ malate; G þ
M, glutamate þ malate; Suc, succinate;
Suc þ Rot, succinate þ rotenone.
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collected as previously described (23). For the washing
phase, the lungs were perfused for 5 min during which
venous effluent samples were collected as previously
described (23). For the uncoupling phase, the lungs were
perfused for 7 min during which venous effluent samples
were collected as previously described (23). All collected
samples were centrifuged to remove cellular components
and debris (23, 35). The sample supernatant was then
transferred to plastic cuvettes to measure R6G emission
fluorescence (525 nm excitation/565 nm emission) using
a RatioMaster fluorescence system (Photon Technology
International, HORIBA Scientific, New Jersey) (23). The
R6G emission signal was then converted to R6G venous
effluent concentration using a standard curve (23). At the
end of each experiment, the lungs were weighed, dried,
and reweighed to obtain their dry weight. The aforemen-
tioned protocol was carried out in the lungs from nor-
moxia (n ¼ 5), H-T (n ¼ 5), and H-S (n ¼ 4) rats.

The aforementioned protocol was then repeated in the
lungs from separate groups of rats with either rotenone
(complex I inhibitor, 40 lM) or TTFA (complex II inhibi-
tor, 20 lM) added to the perfusate for all three phases and
to perfusate that was recirculated through the lungs prior
to the start of the aforementioned three-phase protocol.
For both inhibitors, the protocol was carried out in the
lungs from normoxia (n ¼ 8), H-T (n ¼ 8), and H-S (n ¼ 10)
rats.

For each experimental day, a standard curve was obtained
and used to convert R6G emission signal in collected sam-
ples to R6G concentrations as previously described (23). The
standard curve was repeated in the presence of either rote-
none or TTFA.

Statistical Analysis

Statistical evaluation of data was carried out using
SigmaPlot v. 12.0 (Systat Software Inc., San Jose, CA). The
level of statistical significance was set at 0.05 for all tests. For
normally distributed data, group results are expressed as
means ± SE. To evaluate the differences among the three
groups of rats, one-way ANOVAwith Tukey’s post hoc analy-
sis, or nonparametric equivalent (one-way ANOVA on ranks
with Dunn’s post hoc analysis) when data were not normally
distributed, was used. A paired or unpaired two-tailed t test
was used when appropriate.

DATA ANALYSIS

OCR Data from Isolated Mitochondria Studies

For the first mitochondrial O2 consumption protocol (fixed
ADP concentration, Fig. 1A), state 2 OCR was estimated as
the average over a 30-s period just before the addition of
ADP, whereas state 4 OCR was the average over the last 30 s
of measurement (after steady state is reached). State 3 OCR
was estimated as the average OCR of a 30-s period around
themaximal OCR.

For the second mitochondrial O2 consumption protocol
with sequentially increasing ADP concentrations (Fig. 1B),
maximum state 3 OCR for a given ADP concentration was
determined. For a given group of rats, to assess the capacity
and affinity of state 3 OCR for ADP, we fit the following

modified Michaelis–Menton equation to maximal state 3
OCR as a function of added ADP concentration for the differ-
ent combinations of substrates studied (33).

OCR ¼ V0 þ Vmax½ADP�
Km þ ½ADP� ð1Þ

where V0 ¼ state 2 OCR, Vmax is a measure of the capacity of
state 3 respiration for ADP, and Km is a measure of the affin-
ity of state 3 respiration for ADP.

The model fitting was carried out in MATLAB (MathWorks
Inc.) using the “lsqcurvefit” function to implement the trust-
region-reflective algorithm, an iterative optimization algo-
rithm that readily incorporates bounds on the values of the
parameters.

Previous studies have defined the respiratory control ratio
(RCR) as either the ratio of state 3 oxygen consumption rate
(OCR) to state 2 OCR or the ratio of state 3 OCR to state 4
OCR in the presence of the complex V inhibitor oligomycin
(referred to as state 4o OCR) (33, 37–41). State 2, which is
OCR in the presence of exogenously added substrates and no
added ADP, is a measure of proton leak; state 3, which is
OCR in the presence of exogenously added substrates and
excess ADP, is a measure of mitochondrial oxidative phos-
phorylation (OxPhos) capacity (ATP generation capacity);
state 4, which is OCR in the presence of exogenously added
substrates following the full conversion of added ADP to
ATP, is a measure of proton leak plus ATP hydrolysis activity
due to recycling of some ATP back to ADP due to high ATP/
ADP ratio. As such, state 4 OCR is normally higher than state
2 OCR. Oligomycin inhibits complex V and ATP synthesis/
hydrolysis. As such, state 4o OCR approaches state 2 OCR
(38). Thus, state 2 OCR is a good approximation of state 4o
OCR (38) and does not require the addition of oligomycin.
This is critically important since the use of oligomycin can
cause contamination that would limit experimental proto-
cols with the Oroboros system without extensive cleaning.
For these reasons and to be consistent with our previous
publications (33, 40, 41), we defined RCR as state 3OCR/state
2OCR.

Computational Model for Quantitative Interpretation of
R6G Data from Isolated Perfused Lungs

For mechanistic and quantitative interpretation of the
R6G dynamic data from isolated perfused lungs, we used a
previously developed physiologically based pharmacokinetic
(PBPK) model (23, 35). The PBPK model (see APPENDIX and
Fig. 2) includes four regions, namely the tubing connecting
the reservoir to the pulmonary artery, lung vasculature,
extravascular (intracellular, nonmitochondrial) region, and
mitochondria. The model accounts for the dominant vascu-
lar and tissue processes that determine the lung uptake and
retention of R6G on passage through the pulmonary circula-
tion, including electrochemical gradients that drive R6G
from the vascular region to the extravascular region and
from the extravascular to themitochondrial region (23, 35).

The volumes of the four regions, the dissociation constant
for R6G binding to protein (bovine serum albumin, BSA) in
the vascular region, the mitochondrial permeability-surface
area product for R6G, and the plasma membrane potential
were fixed to previously estimated values (23). In addition,
the rate of efflux of R6G via Pgp pump from cytoplasm to the
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vascular region was set to zero since the Pgp inhibitor vera-
pamil was added to the perfusate for all three phases of the
protocol in all experiments (23). Thus, the unknown model
parameters Dwm, Kd3, k̂2, k2r, and P1S1 (see Table 2 for defini-
tion of each parameter) for the different rat groups and ex-
perimental conditions were estimated as follows. For each
treatment group (normoxia, H-T, and H-S), the model solu-
tion was simultaneously fit to the mean R6G concentration
data in the absence and presence of the complex II inhibitor
TTFA with the values of the unknown parameters Kd3, k̂2,
k2r, and P1S1 assumed to be the same for both experimental
conditions, but with different Dwm values in the absence and
presence of TTFA. Thus, a total of six parameters were esti-
mated using a Monte Carlo approach in which the model so-
lution was fit simultaneously to the mean R6G data
measured without and with the complex II inhibitor. The fit-
ting was repeated 100 times with random initial parameter
values sampled from a uniform distribution with mean
within ±30% of the mean of the optimal values previously
estimated from normoxia lungs (23). The model fitting was
done in MATLAB (MathWorks Inc.) using “lsqcurvefit” and

“ode45” to solve the differential equations numerically at
each iteration. For a given group, the model solution was
then fit separately to the mean R6G data measured in the
presence of the complex I inhibitor rotenone since in addi-
tion to inhibiting complex I, rotenone affects the binding of
R6G within the cytoplasm and mitochondria regions (23).
Thus, a total of five parameters (Kd3, k̂2, k2r, P1S1, and Dwm)
were estimated using the Monte Carlo approach described
earlier in this paragraph. The estimated values of the model
parameters are shown in Table 2. The Monte Carlo approach
was also used to estimate 95% confidence intervals (Table 2)
for the estimated values of the various parameters (23). For n
independently estimated values of a given parameter (l), sort
the estimates from smallest to largest, then an estimate of the
95% confidence interval (a ¼ 0.025) for l is provided by the
estimated values that correspond to the rounded jth and kth
sorted values where j¼ (n þ 1)a and k¼ (n þ 1)(1	 a).

RESULTS

BodyWeights and LungWet/Dry Weight Ratios

H-S rats gained body weight over the 7-day exposure
period (from 306 ± 3 to 366 ± 5 g) at a rate (8.6 g/day) simi-
lar to that of normoxia rats (25, 26). The body weights of
H-T rats decreased by 3% (from 342 ± 5 to 331 ± 5 g) during
the 48-h exposure period to >95% O2, then increased by
1.6% (from 331 ± 5 to 336 ± 4 g) after the 24-h rest period in
room air.

Table 3 shows no significant difference in the lung wet
weight among the three groups of rats. Table 3 also shows
that the lung wet/dry weight ratios for H-T and H-S rats were
not significantly different from those for normoxia rats.

Histology

Figure 3 shows images of representative lung sections
stained with H&E. Figure 3A shows the lacy architecture,
single-cell alveolar septum thickness, and no evidence of
neutrophil infiltration or edema, typical of normoxia
lungs. Figure 3B shows a scant to modest collection of pro-
teinaceous material in perivascular and intra-alveolar
space in the lungs of an H-S rat, along with greater septum
thickness and neutrophil infiltration. Figure 3C shows no
evidence of neutrophil infiltration or edema and only a
moderate increase in the thickness of the alveolar septum
in the lungs of an H-T rat. As such, injury scores (Table 3)
from the images are higher for the H-S lungs than for the
normoxia lungs, with more neutrophils, edema, and alveo-
lar thickness.

Lung Vascular Endothelial Filtration Coefficient

Table 3 shows that Kf increased by 177% in the lungs from
H-S rats compared with normoxia rats. Previously, we
reported that Kf for H-T lungs was not different than nor-
moxia lungs (24).

Plasmamt-DAMPs

Table 3 shows that plasma mt-DAMPS concentrations
were �40% lower in plasma from H-T rats than normoxia
rats. There were no significant differences in mt-DAMPs
plasma concentrations between normoxia and H-S rats.

Cc + Bc

CeBe
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Lung vascular region

Non-mitochondrial
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k2

Tubing
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Cm + Bm CmBmKd3

J2
Mitochondria region

Vm

Ve

VcVtub

Be + Ce
k2r

Kd1

Kpgp

Ctubf + Bc CtubbKd1

Lung tissue

Figure 2. Physiologically based pharmacokinetic (PBPK) model of rhoda-
mine 6G (R6G) lung uptake and retention on passage through the rat pul-
monary circulation. The model consists of four regions: tubing, vascular,
extravascular (nonmitochondrial), and mitochondrial with volumes Vtub, Vc,
Ve, and Vm, respectively. [Cin] and [Ctub] are total [free (f) þ bound (b)] con-
centration of R6G in reservoir and tubing regions, respectively; Kd1 is the
R6G to bovine serum albumin (BSA, Bc) binding dissociation constant; and
[Cc] and [CcBc] are the respective concentrations of free and BSA-bound

R6G within the vascular region; J1 ¼ aP1Dwp

1	e	aDwpð Þ e	aDwp ½Cc� 	 ½Ce�
� �

, where

a ¼ ZF/RT is a constant dependent on the universal gas constant (R),
Faraday’s constant (F), R6G valence (Z ¼ 1), and absolute temperature (T);
[Ce] is the free R6G concentrations in the nonmitochondrial region; [Be]
and [CeBe] are concentrations of protein and protein-bound R6G within
the nonmitochondrial region; P1S1 is R6G permeability-surface area prod-
uct across the plasma membrane, where S1 is the vascular surface area;
Dwp is plasma membrane potential; Kpgp is the rate of efflux of R6G via P-
glycoprotein (Pgp) pump from cytoplasm to the vascular region; k2 is the
rate constant for R6G-Be binding within the nonmitochondrial region, and
k2r is the dissociation rate constant of R6G-Be binding within the nonmito-
chondrial region; J2 ¼ aP2Dwm

1	e	aDwmð Þ e	aDwm ½Ce� 	 ½Cm�
� �

, where Dwm is the mi-

tochondrial membrane potential, P2S2 is the mitochondrial permeability-
surface area product for R6G, and [Cm] is the free R6G concentrations in
the mitochondrial region; Kd3 is R6G and Bm is binding dissociation con-
stant, where [Bm] is the protein concentration within the mitochondrial
region.
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Mitochondrial Complex I–V Expressions

Results of Western blot analyses exemplified in Fig. 4A are
shown in Fig. 4, B and C, which show the relative expression
(expressed as fold change relative to the mean of the nor-
moxia values from the same blot) of complexes I–V in lung
tissue. For H-T lungs, Fig. 4B shows that complex I and II rel-
ative expression were 38% and 52%, respectively, lower than
the corresponding relative expression in normoxia lungs. On
the other hand, complex V relative expression was �70%
higher in H-T lung tissue than normoxia.

For H-S rats, Fig. 4C shows that lung tissue complex I
relative expression was 43% lower than in normoxia rats.
There was no significant difference in the relative expres-
sions of lung tissue complex II–V between H-S and nor-
moxia rats.

Mitochondrial Oxygen Consumption Rates

Figure 5 shows the dynamic data (means ± SE) of buffer ox-
ygen concentration (Fig. 5, A–C) and corresponding OCR (Fig.
5, D–F) following the addition of mitochondria isolated from
lungs of normoxia, H-T, and H-S rats in the presence of pyru-
vate þ malate (P þ M, complex I substrates), glutamate þ
malate (G þ M, complex I substrates), or succinate (Suc, com-
plex II substrate) before (state 2), after the addition of ADP
(state 3), and following the consumption of ADP (state 4).
Additional data in the presence of succinate plus the complex
I inhibitor rotenone, which are similar to those with just Suc,
are not shown. The timeline of the protocol used to collect
these data is shown in Fig. 1A. For all three groups of rats,
OCR increased following the addition of ADP (state 3). This
increase was significantly lower in H-S than normoxia

Table 2. Estimated values of model parameters for each of the different experimental conditions

Experimental Condition k̂2, min21 k2r, min21 Kd3 Dwm, mV P1S1, mL/min

Normoxia 9.63 ± 0.93
(8.06, 11.54)

0.109 ± 0.016
(0.083, 0.141)

0.0138 ± 0.0008
(0.0125, 0.0153)

	147.3 ± 10.7
(	132.0, 	165.4)

52.1 ± 10.1
(38.1, 68.9)

Normoxia þ TTFA 9.63 ± 0.93
(8.06, 11.54)

0.109 ± 0.016
(0.083, 0.141)

0.0138 ± 0.0008
(0.0125, 0.0153)

	141.6 ± 10.6
(	125.8, 	156.7)

52.1 ± 10.1
(38.1, 68.9)

Normoxia þ Rot 4.70 ± 0.71
(4.05, 6.35)&

0.064 ± 0.009
(0.053, 0.083)&

0.0055 ± 0.0009
(0.005, 0.008)&

	56.9 ± 2.8
(	51.0, 	63.4)&

54.5 ± 8.9
(38.1, 69.0)

H-S 8.79 ± 0.80
(7.49, 10.39)

0.101 ± 0.014
(0.08, 0.131)

0.0139 ± 0.0009
(0.0125, 0.0159)

	149.6 ± 9.0
(	135.7, 	168.9)

55.5 ± 8.6
(39.0, 69.6)

H-Sþ TTFA 8.79 ± 0.80
(7.49, 10.39)

0.101 ± 0.014
(0.08, 0.131)

0.0139 ± 0.0009
(0.0125, 0.0159)

	124.6 ± 6.5
(	116.1, 	137.8)

55.5 ± 8.6
(39.0, 69.6)

H-S þ Rot 7.70 ± 1.05
(6.35, 9.72)


0.095 ± 0.015
(0.076, 0.124)

0.0069 ± 0.0005
(0.0062, 0.008)&

272.0 ± 4.0
(	66.6, 	80.0)
&

51.5 ± 9.6
(37.3, 68.6)

H-T 9.53 ± 0.96
(7.95, 11.30)

0.106 ± 0.015
(0.081, 0.135)

0.0146 ± 0.0008
(0.0132, 0.0162)

	133.6 ± 9.4
(	120.5, 	153.3)

54.2 ± 9.2
(37.1, 68.5)

H-T þ TTFA 9.53 ± 0.96
(7.95, 11.30)

0.106 ± 0.015
(0.081, 0.135)

0.0146 ± 0.0008
(0.0132, 0.0162)

	142.9 ± 10.2
(	130.1, 	167.9)

54.2 ± 9.2
(37.1, 68.5)

H-T þ Rot 6.21 ± 0.66
(5.35, 7.62)&

0.061 ± 0.008
(0.049, 0.079)&

0.0059 ± 0.0004
(0.0053, 0.0066)&

	61.8 ± 3.5
(	55.4, 	69.3)&

52.9 ± 9.6
(38.4, 69.3)

Values are means ± SD of estimated values of model parameters (Monte Carlo approach) with estimated 95% confidence intervals in parenthe-
ses. For each experimental condition, the model solution was fit to the mean rhodamine 6G (R6G) data 100 times with random initial parameter
values sampled from a uniform distribution within ±30% of the mean of the optimal values obtained from the normoxia group (23). Boldface
highlights the experimental conditions for which the model parameters changed significantly. k̂2 is the apparent rate constant for R6G-Be bind-
ing within the nonmitochondrial region, k2r is the dissociation rate constant of R6G-Be binding within the nonmitochondrial region, Kd3 is the
dissociation constant for R6G-Bm binding within the mitochondria region, P1S1 is the R6G permeability-surface area product across the plasma
membrane, and Dwm is the mitochondrial membrane potential. H-S, susceptible to hyperoxia; H-T, tolerance to hyperoxia; Rot, rotenone; TTFA,
thenoyltrifluoroacetone. 
Different from corresponding normoxia group; &different from corresponding group with no inhibitors.

Table 3. Injury endpoints and lung histology score

Condition Normoxia H-T H-S

Lung wet weight, g 1.37 ± 0.05
n ¼ 7

1.43 ± 0.09
n ¼ 5

1.34 ± 0.06
n ¼ 5

Lung wet-to-dry weight ratio 5.00 ± 0.10
n ¼ 7

4.89 ± 0.05
n ¼ 5

5.08 ± 0.04
n ¼ 5

Kf � 102, mL/min/cmH2O/g dry lung wt 2.30 ± 0.23
n ¼ 5

1.56 ± 0.39
n ¼ 4

6.36 ± 0.87
&
n ¼ 4

Neutrophilic influx score 0 ± 0
n ¼ 6

0.21 ± 0.08
n ¼ 4

0.68 ± 0.05

n ¼ 5

Edema score 0 ± 0
n ¼ 6

0.17 ± 0.0
n ¼ 4

0.55 ± 0.06

n ¼ 5

Alveolar septum thickness score 0 ± 0
n ¼ 6

0.38 ± 0.08
n ¼ 4

0.45 ± 0.05

n ¼ 5

mt-DAMPs, lg/mL 5.72 ± 0.32
n ¼ 6

3.47 ± 0.04

n ¼ 4

5.22 ± 0.26&

n ¼ 9

Values are means ± SE. n ¼ number of rats. Kf is pulmonary endothelial filtration coefficient. H-S, susceptible to hyperoxia; H-T, toler-
ant to hyperoxia; mt-DAMPs, mitochondrial damage-associated molecular patterns. 
Different from normoxia; &different from H-T (one-
way ANOVA with Tukey’s post hoc analysis or one-way ANOVA on ranks with Dunn’s post hoc analysis, P < 0.05).
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mitochondria for the different combinations of substrates
studied. For H-T mitochondria, state 3 OCR was higher than
normoxia mitochondria in the presence of Suc or Suc þ Rot
(data not shown), but not in the presence of complex I
substrates.

Figure 6 shows a summary of the substrate-specific OCRs
for respiratory states 2, 3, and 4 (Fig. 6, A–C) along with the
respiratory control ratio (RCR ¼ state 3 OCR/state 2 OCR;
Fig. 6D) derived from the dynamic data in Fig. 6 as described
in DATA ANALYSIS. For all three groups of rats, state 2, 3, and 4
were highest in the presence of complex II substrates com-
pared with complex I substrates, whereas RCR values were
significantly lower in the presence of complex II substrate
Suc in the absence (Suc) or presence (Suc þ Rot) of rotenone
compared with complex I substrates.

Figure 6A shows that for all substrate combinations, state
2 OCRs were significantly higher in H-T mitochondria com-
pared with those from normoxia or H-S mitochondria. There
were no significant differences in state 2 OCRs between nor-
moxia and H-Smitochondria for the different substrate com-
binations studied. Figure 6B shows that for all substrate
combinations, state 3 OCR was significantly lower in H-S mi-
tochondria than normoxia or H-Tmitochondria. For H-Tmi-
tochondria, state 3 OCR was not significantly different from
normoxia in the presence of complex I substrates. However,
state 3 OCR was�21% and�19% higher in H-Tmitochondria
than in normoxia in the presence of complex II substrate
without (Suc) or with rotenone (Suc þ Rot), respectively.
State 4 OCRs (Fig. 6C) were also differentially altered
between H-T and H-S mitochondria compared with nor-
moxia. For H-S mitochondria, state 4 OCR was significantly
lower than normoxia in the presence of complex I substrates
(�31% for P þ M and �21% for G þ M), but not complex II
substrate without or with rotenone. On the other hand, state
4 OCR in H-T mitochondria was significantly higher than
those in normoxia in the presence of G þ M (�22%), Suc
(�23%), or Suc þ Rot (�28%).

Figure 6D shows that RCR values for H-S mitochondria
were �41%, �30%, and �13% lower than those for nor-
moxia in the presence of P þ M, G þ M, and Suc, respec-
tively. For H-T mitochondria, RCR values were lower than
those for normoxia in the presence of P þ M (�22%) and
G þ M (�15%), but this decrease in RCR was significantly
smaller than that for H-S mitochondria compared with
normoxia. There was no significant difference in the RCR
between H-T and normoxia mitochondria in the presence
of Suc or Suc þ Rot.

For H-T mitochondria, the decrease in RCR in the pres-
ence of complex I substrates was mostly due to an increase
in state 2 OCR, whereas for H-S mitochondria, the decrease
in RCR in the presence of the various combinations of sub-
strates studied was predominantly due to a decrease in
state 3 OCR. These results suggest that H-S lung mitochon-
dria are less coupled than lung mitochondria from H-T or
normoxia rats.

We also assessed the impact of inhibiting complex I with
rotenone (Rot) on mitochondrial respiration in the presence
of succinate (Suc) (Fig. 6). For mitochondria from normoxia
lungs, inhibiting complex I had a small (�6%) but significant
effect on state 3 OCR in the presence of Suc compared with
state 3 OCR in the presence of Suc alone. For H-S lung mito-
chondria, inhibiting complex I in the presence of Suc had a
small but significant effect on state 2 (	6%), state 3 (	9%),
and state 4 (þ 10%) OCR compared with OCR in the presence
of Suc alone.

To assess the apparent capacity of mitochondrial oxida-
tive phosphorylation (OxPhos) and its affinity for ADP,
we measured mitochondria OCR following sequentially
increased ADP concentrations in the presence of complex
I (P þ M, G þ M) or complex II (Suc) substrates (Fig. 7, A–
C). For each ADP concentration, maximal state 3 OCR was
determined. Figure 7, D–F, shows a summary of the maxi-
mal state 3 OCR as a function of ADP concentration in the
presence of different substrate combinations. For all three
groups, maximal state 3 OCR in the presence of 100 lM
ADP (Fig. 7, D–F) was significantly lower than state 3 OCRs
measured following the addition of a single ADP concen-
tration (100 lM, Fig. 6B), but the decrease was larger for H-
S mitochondria than for normoxia or H-T in the presence
of complex I substrates. This difference between state 3
OCRs with ADP concentration using the two different pro-
tocols is most likely due to buffer ATP accumulation and
inhibition of ADP/ATP exchange (42). However, differen-
ces in state 3 OCR among the three different groups of rats
were mostly consistent using the two different protocols
(Fig. 6B vs. Fig. 7, D–F). The maximal state 3 OCR was sig-
nificantly lower in H-S mitochondria compared with nor-
moxia in the presence of complex I substrates, but not
complex II substrate, for all ADP concentrations studied.
For H-T mitochondria, maximal state 3 OCR was signifi-
cantly higher than corresponding values in normoxia in
the presence of Suc or Suc þ Rot.

To quantify the apparent affinity and capacity of mito-
chondrial state 3 respiration for added ADP concentration

H-TA Normoxia B CH-S

Figure 3. Images from representative rat
lung slices stained with hematoxylin and
eosin (H&E) from normoxia (A), H-S (sus-
ceptible, B), and H-T (tolerant, C) rats.
Scale bar is 100 lm.
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([ADP]), we fit the maximal state 3 OCR as a function of
[ADP] (Fig. 7, D–F) to Eq. 1. Figure 8 provides a summary of
the estimated Vmax þ V0 (capacity) and Km (affinity) of state
3 OCR for ADP for all three groups of rats in the presence of
different substrate combinations. The results show that H-S
mitochondrial state 3 OxPhos has a significantly smaller
capacity (	46% for P þ M and 	43% for G þ M), but higher
affinity for ADP than normoxia mitochondria in the

presence of complex I substrates. For H-T mitochondria on
the other hand, state 3 OxPhos had a higher capacity than
that for normoxia mitochondria in the presence of Suc
(þ 25%) and Suc þ Rot (þ 26%). For H-S, inhibiting complex
I decreased the affinity of state 3 OxPhos for ADP in the pres-
ence of Suc þ Rot compared with that in the presence of Suc
alone. For H-T, inhibiting complex I with rotenone in the
presence of Suc had a relatively small but significant effect

Figure 4. A: representative Western blots for mitochondrial electron transport chain complexes I–V (CI–CV) and corresponding b-actin that were
assessed on the same gels. All spliced images were obtained from the same gel; nonpertinent lanes were removed for clarity in presentation. See
Supplemental Figures S1–S5 for full Western blot images. Individual data points represent biological rather than technical replicates. For a given protein,
the protein density was first normalized to the corresponding b-actin density. The normalized value is referred to as the relative protein. For each blot,
relative protein values were expressed as fold change relative to mean of the normoxia values from the same blot. B: relative proteins of mitochondrial
complexes I–V, expressed as fold change relative to mean of the normoxia values from the same blot, in lung tissue homogenates from normoxia and
H-T (tolerant) rats. C: relative proteins of mitochondrial complexes I–V, expressed as fold change relative to mean of the normoxia values from the same
blot, in lung tissue homogenate from normoxia and H-S (susceptible) rats. See Supplemental Fig. S6 for plots of protein densities and relative proteins
for the different groups. Values are means ± SE. 
Different from normoxia; &different from H-S (n¼ 5 for all groups, unpaired t test, P< 0.05).
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on the capacity and affinity of state 3 OxPhos for ADP com-
pared with those in the presence of Suc alone.

Mitochondrial Membrane Potential in Isolated
Mitochondria

To assess differences in the functionality of the inner mi-
tochondrial membrane between the three different groups of
rats, we evaluated mitochondrial membrane potential (Dwm)
using the cationic dye TMRM.

Applying the protocol and timeline shown in Fig. 1B,
medium TMRM emission signal (Fig. 9, A and B) was
measured using our Oroboros O2K system as described in
the previous section. Figure 9 shows that in the presence
of P þ M (complex I substrates) or Suc (complex II sub-
strate), the addition of mitochondria stimulated a large
drop in the TMRM emission signal in buffer, consistent
with mitochondrial uptake of TMRM driven by Dwm. The
addition of ADP (state 3) stimulated a transient and re-
versible efflux of TMRM from mitochondria, consistent
with transient and reversible partial depolarization of
Dwm. The results also show that the larger the ADP con-
centration, the longer it took for the TMRM to reverse
back to baseline (state 4). Similar results were obtained
with Suc (complex II substrate). We quantified the full-
width half-maximum (FWHM) time for TMRM return to
baseline (state 4) following the addition of a given ADP
concentration, as a measure of the kinetics of ADP-

stimulated Dwm depolarization/repolarization (24, 31).
Figure 9C shows that in the presence of P þ M, the
FWHM values for H-S mitochondria were significantly
longer than those for normoxia and H-T mitochondria,
especially for the higher ADP concentrations (þ62% for
50 lM ADP and þ 72% for 100 lM ADP). Figure 9D shows
that in the presence of Suc, the FWHM values for the
highest ADP concentration were differentially altered
between H-S and H-T mitochondria, with the FWHM for
H-S significantly longer (þ 21%) and the FWHM values for
H-T significantly shorter (	24%) than those for normoxia.

R6G Venous Effluent Dynamic Data from Isolated
Perfused Lungs

Figure 10 shows mean dynamic R6G venous effluent con-
centration from normoxia, H-T, and H-S lungs in the ab-
sence (Fig. 10A) or presence of rotenone (Fig. 10B) or TTFA
(Fig. 10C). For normoxia lungs, R6G venous effluent concen-
tration decreased from �0.13 lM during the loading phase to
�0.02 lMduring the washing phase, and perfusing the lungs
with perfusate containing FCCP resulted in a rapid increase
in the concentration of R6G in the venous effluent samples
(uncoupling phase). This increase is consistent with the
uncoupling of lung tissue mitochondria and the release of
R6G that accumulated in the mitochondria during the load-
ing phase, driven by Dwm. The results also show no signifi-
cant differences in R6G concentrations between normoxia,
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Figure 5. A–C: buffer oxygen (O2) concentration reflecting aerobic metabolism following the addition of mitochondria (0.25 mg/mL) isolated from lungs of
normoxia (n¼11), H-T (n¼ 6), or H-S (n¼ 5) rats in the presence of complex I substrates (P þ M or G þ M) or complex II substrate (Suc) under state 2, state
3 (addition of 100 μM ADP), and state 4 respiration conditions. D–F: oxygen consumption rates (OCR) under the same experimental conditions as in A–C.
Values are means ± SE. G þ M, glutamate þ malate; H-T, tolerance to hyperoxia; H-S, susceptible to hyperoxia; P þ M, pyruvate þ malate; Suc, succinate.
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H-T, and H-S lungs during the loading and washing phases.
However, during the uncoupling phase, R6G peak concen-
tration was significantly higher for H-S than for normoxia
and H-T lungs. In addition, for the tail portion of the

uncoupling phase, R6G concentration was significantly
lower for H-T than for normoxia and H-S lungs.

To assess the role of mitochondrial complex I and II
in the aforementioned observed changes, we repeated the
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experimental protocol in Fig. 10A in the presence of either
rotenone (complex I inhibitor) or thenoyltrifluoroacetone
(TTFA, complex II inhibitor).

Effect of Inhibiting Complex I with Rotenone on R6G
Venous Effluent Dynamic Data

Figure 10B and Fig. 11 show that for all three groups of
lungs, inhibiting complex I with rotenone increased R6G ve-
nous effluent concentration during the loading and washing
phases but decreased R6G concentration during the uncou-
pling phase, compared with R6G concentration in the ab-
sence of rotenone. These changes are consistent with
rotenone-induced Dwm depolarization and with a dominant
role for complex I in Dwm. However, the increase in R6G ve-
nous effluent concentration during the loading phase was

significantly lower in H-S lungs than in normoxia lungs (Fig.
10B). This could be due to the decrease in mitochondrial
complex I activity/expression in H-S lungs or a difference in
the effect of rotenone on R6G binding in the cytoplasm and/
or mitochondrial regions (see DISCUSSION). Furthermore, Fig.
10B shows that for the uncoupling phase, R6G concentration
for H-T lungs was significantly lower than H-S. This may
suggest a larger contribution from complex I to Dwm in H-T
than inH-S lungs (see DISCUSSION).

Effect of Inhibiting Complex II with TTFA on R6G
Venous Effluent Dynamic Data

Figure 10C shows that R6G concentrations during all three
phases were not different between the three groups. For nor-
moxia lungs, Fig. 11A shows that inhibiting complex II with
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TTFA had no significant effect on R6G concentration during
all three phases, which suggests that complex II does not
contribute much to Dwm in normoxia lungs. For H-T lungs
(Fig. 11B), there was no significant effect on R6G concentra-
tion during the loading and washing phases; however, R6G

concentration during the tail end of the uncoupling phase
tended to be higher in the presence versus absence of TTFA.
For H-S lungs (Fig. 11C), TFFA had no significant effect on
R6G concentration during the loading and washing phase.
However, R6G concentration was significantly lower during
the uncoupling phase compared with the concentration in
the absence of TTFA, suggesting a potential contribution
from complex II to Dwm in H-S lungs.
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Figure 11. Rhodamine 6G (R6G) venous effluent concentration from the
lungs of normoxia (A), H-T (tolerant, B), and H-S (susceptible, C) rats in the
absence (n ¼ 5, 4, and 5) or in the presence of rotenone (n ¼ 4, 5, 3) or
thenoyltrifluoroacetone (TTFA) (n¼ 4, 5, and 5) during the three phases of
the experimental protocol. Dashed lines superimposed over the data in
A–C are the fits of a physiologically based pharmacokinetic model of R6G
disposition on the passage through the pulmonary circulation. Values are
means ± SE.

MITOCHONDRIAL FUNCTION AND HYPEROXIC LUNG INJURY

J Appl Physiol � doi:10.1152/japplphysiol.00243.2024 � www.jap.org 245
Downloaded from journals.physiology.org/journal/jappl at Medical Col of Wisconsin (141.106.122.055) on June 14, 2025.

http://www.jap.org


Computational Modeling Results

Figure 11 shows model fits to mean data from normoxia,
H-T, and H-S lungs in the absence or presence of either ro-
tenone or TTFA. The model parameter values estimated
by simultaneously fitting R6G data without and with
TTFA were not different for Kd3, k̂2, k2r, and P1S1 among
the three groups of lungs based on the significant overlap
of the confidence intervals for a given parameter. For nor-
moxia lungs, estimated values of Dwm (Table 2) with and
without TTFA were not significantly different. For H-S
lungs, the estimated value of Dwm depolarized from 	149.7
mV in the absence of TTFA to 	124 mV in the presence of
TTFA, but this difference was not statistically significant
based on the confidence intervals (Table 2). The tendency
of Dwm in H-S lungs to be more depolarized, although not
statistically significant, in the presence compared with
that in the absence of TTFA is consistent with a contribu-
tion of complex II to Dwm. For H-T lungs, Dwm tended to be
more hyperpolarized in the presence (	143 mV) than in
the absence (	134 mV) of TTFA, but again the difference
was not statistically significant due to overlapping confi-
dence intervals.

As expected, inhibition of complex I activity with rote-
none significantly depolarized Dwm from 	147 mV to 	 57
mV for normoxia lungs, from 	149 mV to 	72 mV for H-S
lungs, and from 	134 mV to 	62 mV for H-T lungs (Table 2).
The estimated value of Dwm in the presence of rotenone was
significantly higher (more hyperpolarized) in H-S lungs than
in normoxia lungs. The rotenone-induced drop in Dwm, as a
percentage of Dwm in the absence of rotenone, was 61% for
normoxia versus just 52% in H-S lungs. These observations
are consistent with a smaller contribution from complex I to
Dwm in H-S lungs than in normoxia or H-T lungs.

For normoxia and H-T lungs, the addition of rotenone sig-
nificantly decreased the values of k̂2, k2r, and Kd3, but had no
effect on the value of P1S1 (Table 2) (23). For H-S lungs, rote-
none significantly decreasedKd3 but had no significant effect
on the other parameters. The value of k̂2 in the presence of
rotenone was significantly higher for H-S than normoxia
lungs. This could be due to the effect of rotenone on R6G
binding kinetics within the nonmitochondrial and mito-
chondrial regions based on changes in the redox states
within these regions resulting from the partial depolariza-
tion of Dwm, as discussed by Audi et al. (23).

DISCUSSION

The objective of this study was to test the hypothesis that
lung mitochondrial processes are differentially altered
between H-S and H-T rats compared with control (normoxia)
rats by evaluating lung tissue mitochondrial bioenergetics,
since currently little is known (13, 14, 24–26). Our results
demonstrate differences in the mitochondrial bioenergetics
of H-T and H-S lungs measured at different levels of biologi-
cal organization. Furthermore, our data show that although
rat exposure to 60% O2 for 7 days had no apparent effect on
overall rat health, as measured by body weight gain, it did
cause lung injury as measured by mitochondrial bioener-
getics, histology by light microscopy, and pulmonary vascu-
lar endothelial filtration coefficient (Kf). The contribution of
such changes to the observed tolerance of H-T and suscepti-
bility of H-S rats is an important question but depends first
on the results presented in the current study.

Western Blot Studies

Previously, we measured the activity of complex I, II, III,
and/or IV in the lung tissue homogenate from H-S and H-T

Table 4. Summary of the effect of rat exposure to H-S or H-T on cellular processes and lung uptake of SPECT
biomarkers

H-S % Change from Normoxia References H-T% Change from Normoxia References

Complex I activity 	51% (25) 	49% (24)
Complex II activity NA NS (24)
Complex III activity NS (25) NA
Complex IV activity 	25% (26) 39% (24)
Complex I expression 	43% Present study 	38% Present study
Complex II expression NS Present study 	52% Present study
Complex III expression NS Present study NA Present study
Complex IV expression NS Present study NA Present study
Complex V expression NS Present study þ 70% Present study
RCR (complex I substrates, P þ M) 	41% Present study 	22% Present study
RCR (complex II substrate, Suc) 	13% Present study NS Present study
State 2 OCR (P þ M) NS Present study þ39% Present study
State 2 OCR (Suc) NS Present study þ22% Present study
State 3 OCR (P þ M) 	35% Present study NS Present study
State 3 OCR (Suc) 	17% Present study þ21% Present study
FWHM (P þ M) þ 72% Present study NS Present study
FWHM (Suc) þ 21% Present study 	24% Present study
Kf � 102, mL/min/cmH2O/g dry lung wt þ 177% Present study NS (24)
GSH content þ 19% (26) þ40% (26)
GSH synthetase expression NA þ44% (24)
G-6-PDH per g dry wt NS (25) NA
g-Glutamyl transferase per lU/mg NS (25) NA

FWHM, full-width half-maximum, a measure of the kinetics of ADP-stimulated mitochondrial membrane potential (Dwm) depolariza-
tion/repolarization (100 lM ADP concentration); G-6-PDH, glucose 6 phosphate dehydrogenase; GSH, glutathione; H-S, susceptible to
hyperoxia; H-T, tolerance to hyperoxia; Kf, pulmonary endothelial filtration coefficient; NA, not available; NS, not significant; P þ M,
pryruvate þ malate; Suc, succinate.
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rats (Table 4) (24–26). The measured decreases in complex
I expression in the present study (Fig. 4) are consistent
with the previously measured decreases in complex I ac-
tivity in H-T (49%) and H-S (51%) lung tissue homogenate
(24–26). However, it is not clear whether this decrease in
lung tissue complex I expression/activity has a significant
impact on lung tissue mitochondrial function since com-
plex I is normally in excess (24, 43). A previous study
showed that a reduction of up to 40% of complex I activity
has only a modest effect on cell respiration in various cell
types (43).

Previously, we reported that complex II activity in the
lung tissue homogenate from H-T rats was not significantly
different from that of normoxia rats (Table 4) (24). This is
consistent with themeasured OCR and RCR in isolatedmito-
chondria from H-T lungs in the presence of complex II sub-
strate succinate (Fig. 6). However, Fig. 4B shows a 52%
decrease in the expression of complex II in H-T lung com-
pared with that of normoxia lungs. Although a Western blot
detects the primary structure of an expressed protein, activ-
ity depends on, among other factors, the correct folding of
the enzyme, the presence of co-factors, proper subcellular
targeting, or mutations of crucial catalytic residues. Other
factors that could affect complex II activity, but not expres-
sion, include the contribution of the targeted subunit (with
the chosen antibody) to complex II activity, changes in sub-
strate availability, and regulatory molecules that may have
changed to counter the decrease in complex II expression
and preserve complex II activity. Regardless, as discussed
under Dcm in Isolated Perfused Lungs, complex II appears to
provide only a minor contribution to the pulmonary mito-
chondrial electron transport chain (ETC) in intact rat lungs.

The results from the present study show no significant
change in lung tissue complex IV expression with H-T, but
a 70% increase in complex V expression (Fig. 4). The lack
of change in complex IV expression should be interpreted
in the context of our results from a previous study in
which we reported �40% increase in the activity of com-
plex IV in H-T lung tissue homogenate (Table 4) (24, 26).
The increase in lung complex V expression and the previ-
ously measured increase in complex IV activity in H-T rats
could be a means of decreasing reactive oxygen species
(ROS) production at complexes I, II, and III, since the
higher the respiration rate, the less time the electrons are
delayed at critical leakage sites (such as complex I, II, and
III) by depleting upstream electron-rich intermediates
such as ubisemiquinone that lead to ROS formation (25, 44,
45). This interpretation would be consistent with the meas-
ured 40% decrease in mt-DAMPs plasma concentration in
H-T rats compared with normoxia rats. Mitochondrial oxida-
tive stress leads to mitochondrial damage and release of mt-
DAMPs, including damaged mtDNA, into the cytosol and
plasma region, where they can stimulate an inflammatory
response and an increase in endothelial permeability (46,
47). Thus, changes in the activity of ETC complexes, espe-
cially the increase in complex IV activity and complex V
expression with normal mitochondrial membrane potential
(see Dcm in Isolated Perfused Lungs) may be an important
factor in the tolerance of H-T rats to hyperoxia. Additional
studies would be needed to evaluate the effect of these
changes on lungmitochondrial ROS formation.

Isolated Mitochondria OCR Studies

For the isolated mitochondria studies, the integrity of mi-
tochondria was based on the respiratory control ratio (RCR)
in the presence of P þ M, which for the present study was
�7.6 for normoxia rats. This number is higher than previ-
ously reported RCR for mitochondria isolated from nor-
moxia rat lung tissue, perhaps reflecting optimization of our
isolation techniques (39, 42, 48–52).

To assess the stability of our isolated mitochondria prepa-
ration while kept on ice, we measured RCR in isolated mito-
chondria from the lungs of a normoxia rat in the presence of
pyruvate þ malate at time 0 (�15 min after isolation) and 2 h
later. RCR was initially 7.34 and then 7.69 at 2 h, consistent
with the stability of our isolated mitochondria preparation
over a period of at least 2 h.

State 2 OCR was significantly higher for H-T than for nor-
moxia mitochondria for all combinations of substrates (Fig.
6A). State 2 is the mitochondrial respiration state in the ab-
sence of ATP synthesis, presumably due to proton leak
through the inner mitochondrial membrane (53). This pro-
ton leak dissipates the protonmotive force (Dp) due to the
reentry of Hþ into the mitochondrial matrix in the absence
of ATP synthesis. Thus, our data support a lack of complete
coupling between respiration and phosphorylation in H-T
rats. Mechanisms involved in uncoupling of mitochondria
and hence Hþ leak include uncoupling proteins, the adenine
nucleotide translocase (ANT), and the mitochondrial perme-
ability transition pore (MPTP) (53). Under normal conditions,
state 2 proton leak is predominantly via uncoupling proteins
and increases nonlinearly with an increase in Dp, which con-
sists of electrical (Dwm) and chemical (DpH) components. A
relatively small increase in leak (mild uncoupling) slightly
lowers Dp, which may decrease mitochondrial ROS genera-
tion and minimize oxidative stress without a significant
effect on ATP synthesis (54). As such, an increase in state 2
OCRmay be protective (so called “uncoupling to survive” hy-
pothesis) during hyperoxia (54), especially when it is con-
comitant with a proportional increase in state 3 OCR, which
is the case for H-T mitochondria (Fig. 6B). A relatively high
Dp leads to a more reduced ETC and a decrease in the flow of
electrons through the chain, resulting in an increase in the
leak of electrons that react with O2 to generate superoxide
(53). Measuring ROS production in isolated mitochondria
would be needed to assess the impact of this increase in state
2 OCR on mitochondrial ROS generation in H-T mitochon-
dria but is beyond the scope of this work.

State 3 OCRmeasured using the single ADP concentration
protocol (Fig. 1A) was significantly lower in H-S mitochon-
dria than in normoxia and H-T for both complex I and II sub-
strates (Fig. 6B). For H-T mitochondria, state 3 OCR in the
presence of Suc was significantly higher (�21%) than nor-
moxia. State 3 OxPhos capacity for ATP synthesis (Vmax) esti-
mated from the data in Fig. 7, D–F was differentially altered
between H-T and H-S mitochondria (Fig. 8). For H-S, Vmax

decreased by �46% and �43% in the presence of P þ M and
G þ M, respectively (Fig. 8A). In contrast, for H-T, Vmax

increased by �16% and �25% in the presence of G þ M and
Suc, respectively (Fig. 8A). For H-S, the affinity of state 3
OCR for ADP (inverse of Km) increased in the presence of
complex I substrates (Fig. 8B). The increase in Vmax for H-T
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mitochondria is consistent with the increase in the expres-
sion of complex Vmeasured in the present study (Fig. 4) and
in the activity of complex IV (Table 4) previously measured
(24, 26). For H-S, the decrease in Vmax in the presence of
complex I substrates could be due to the decrease in complex
I activity/expression (Fig. 4 and Table 4) or decrease in com-
plex IV activity previously reported (Table 4) (26).

Results in Fig. 6D indicate that for H-S mitochondria, RCR
values were �41%, �30%, and �13% lower than normoxia
mitochondria in the presence of P þ M, G þ M, and Suc,
respectively. For H-T, RCR was only �22% and �15% lower
than normoxia in the presence of P þ M and G þ M, respec-
tively. RCR for H-T and normoxia mitochondria was not dif-
ferent in the presence of succinate. These results suggest
that H-S mitochondria are significantly more uncoupled
thanH-T or normoxiamitochondria.

For all groups of rats, state 4 OCR was higher than state 2
OCR for all substrate combinations (Fig. 6C). State 4 respira-
tion reflects not only intrinsic proton leak (state 2) but also
ATP hydrolysis activity due to recycling of some ATP back to
ADP due to high ATP/ADP ratio (42). Carlson et al. (42)
showed adding ATP to the mitochondria respiration buffer,
which increases matrix ATP via reverse adenine nucleotide
translocator (ANT), increases respiration of mitochondria
isolated from rat lung tissue. Furthermore, they showed that
inhibiting ANT eliminated the difference between state 2
and state 4 OCR and the ATP-stimulated increase in OCR
(42). For H-T mitochondria, the higher state 4 OCR, com-
pared with normoxia, is mostly due to higher state 2 OCR
(Fig. 6).

Reversed electron transport (RET) occurs when NADþ is
reduced to NADH via the transfer of electrons from ubiqui-
nol to complex I (55). This mechanism, first reported
by Chance and Hollunger (56) when they observed the
reduction of NADþ to NADH in isolatedmitochondria in the
presence of succinate (Suc), is an important source of mito-
chondrial ROS. One approach to detect and quantify RET in
isolated mitochondria is to measure OCR in the presence of
Suc, without (Suc) and with (Suc þ Rot) the complex I inhib-
itor rotenone. An increase in state 3 OCR with Suc þ Rot
compared with OCR with Suc only is indicative of RET. For
normoxia mitochondria, inhibiting complex I had no signifi-
cant effect on mitochondria respiration, including state 3
OxPhos capacity for ATP synthesis or the affinity of state 3
for ADP (Fig. 8). For H-S mitochondria, inhibiting complex I
decreased the affinity of state 3 OxPhos for ADP with Suc þ
Rot as compared with Suc alone. For H-T, using Suc þ Rot
had a small but significant effect on the capacity and affinity
of state 3 OxPhos for ADP compared with Suc alone (Fig. 8).
Overall, for all three groups of mitochondria inhibiting com-
plex I had a relatively small effect on state 3 OCR in the pres-
ence of Suc. These results suggest efficient conversion of
ADP to ATP in rat lung mitochondria in the presence of Suc,
and that RET is not an important mechanism in lung mito-
chondrial bioenergetics in any of the three rat groups.
Similar results were reported by Carlson et al. (42) in mito-
chondria from control rats.

Hayatdavoudi et al. (14) reported no significant differ-
ence in the O2 consumption rate of lung tissue slices
from normoxia and H-S rats in the absence or presence of
a mitochondrial uncoupler. Based on these results, they

concluded that overall tissue mitochondrial function
was not significantly altered in H-S lungs (14). The
approach they used to measure O2 consumption is sensi-
tive to many factors, including slice thickness, incuba-
tion conditions, buffer used, temperature, head space
gas, and shaking frequency (57).

Mitochondrial Membrane Potential in Isolated
Mitochondria

To assess the effect of H-T and H-S on Dwm in isolated mi-
tochondria, we evaluated the kinetics of mitochondrial
uptake of the cationic compound TMRM. The results show
that FWHM values for H-S mitochondria in the presence of
P þ M were significantly longer (þ 85%) than normoxia or
H-T, especially for the higher ADP concentrations. This is
consistent with a lower capacity of state 3 for ADP and a
decrease in complex I activity/expression. These results sug-
gest that Dwm is partially depolarized in H-S mitochondria.
For H-T mitochondria, the results suggest that the �70%
increase in complex V expression and previously reported
increase in complex IV activity were sufficient to counter the
potential effect of a decrease in complex I expression/activ-
ity on Dwm, and hence preserve Dwm. In the presence of Suc,
FWHM values at the highest ADP concentration were differ-
entially altered between H-S (þ 21%) and H-T (	24%), con-
sistent with changes in state 3 capacity for ADP in the
presence of Suc. This suggests a slight increase in Dwm

(hyperpolarized) in H-T mitochondria potentially due to
increased complex IV activity and complex V expression
with no change in complex II activity (Table 4). For H-S, we
observed a slightly depolarized Dwm in the presence of succi-
nate despite no change in complex II–V expression. It is pos-
sible that the activity of complex II or other complexes
decreased with no change in expression. Previously, we
reported a decrease (25%) in complex IV activity in H-S lung
tissue homogenate (Table 4) (26), which could contribute to
the partial depolarization of Dwm.

Dwm in Isolated Perfused Lungs

Computational modeling of the R6G venous effluent con-
centration data reveals no significant difference in Dwm in
isolated perfused lungs from the three groups of rats.
Therefore, changes in mitochondrial processes measured in
isolated mitochondria from lungs of H-S and H-T rats could
be countered by other adaptive shifts (i.e., availability of sub-
strates, regulation molecules, etc.) to preserve lung tissue
Dwm under normoxia conditions.

Computational modeling analysis (Table 2) of the R6G ve-
nous effluent concentration from isolated perfused nor-
moxia lungs show that inhibiting complex I had a large
effect on Dwm, depolarizing it from 	147 mV to 	57 mV,
whereas inhibiting complex II had no significant effect on
Dwm. These data suggest that complex I is the dominant
source of electrons flowing through ETC, with essentially no
contribution from complex II. This interpretation is consist-
ent with data by Bongard et al. (22), which showed that in-
hibiting complex I decreased lung tissue total maximum
ATP content by about the same fraction (	80%) as inhibiting
complex III (	78%), which is equivalent to inhibiting both
complex I and II. Mitochondrial respiration accounts for 80–
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85% of total lung ATP content (80–85%) (22, 58). The concen-
tration of TTFA used in the present study is similar to that
used in previous studies in isolated perfused rat lungs (59,
60). Previously, we showed that this TTFA concentration
inhibited �76% of the H2O2 released by isolated perfused
lungs, suggesting that complex II is the dominant source of
ROS in lung tissue mitochondria (59). These results imply
that in normal rat lungs, complex I is the dominant source of
electrons for the ETC, whereas complex II is the dominant
source of ROS.

Additional computational modeling of the R6G data from
H-T lungs show similar results as those from normoxia lungs
in terms of estimated Dwm and the contributions of complex
I and complex II to Dwm. However, for H-S lungs, modeling
results show that the estimated value of Dwm in the presence
of rotenone was significantly larger (more hyperpolarized,
	72 mV) than normoxia (	57 mV) and that the rotenone-
induced drop in Dwm, as a percentage of Dwm in the absence
of rotenone, was larger in normoxia (61%) than H-S (52%)
lungs. Furthermore, Dwm for H-S lungs tended to be more
depolarized in the presence of TTFA (	124 mV) than in its
absence (	150 mV), although the difference was not statisti-
cally significant (Table 2). These results suggest that complex
II makes a larger contribution to the mitochondria ETC in H-
S than in normoxia or H-T lungs, consistent with a partial
shift in tissue mitochondrial bioenergetics in H-S lungs from
complex I to complex II.

In the isolated mitochondria studies, the complex II sub-
strate Suc was capable of energizing the mitochondria as
reflected by OCR and TMRM data, whereas in intact lungs
complex II makes virtually no contribution to the mitochon-
drial ETC. To understand this apparent difference between
isolated mitochondria and mitochondria in intact lungs,
complex II function is considered.

Complex II consists of four subunits namely a flavoprotein
(SDHI), an iron-sulfur subunit (SDH2), and two member sub-
units (SDH3 and SDH4), all encoded by nuclear DNA (61).
Unlike complexes I, III, and IV, complex II is not a proton
pump. Instead it oxidizes succinate to fumarate (succinate
dehydrogenase activity) in the Krebs cycle and in the process
provides two electrons to ETC by reducing ubiquinone.
Thus, complex II is unique in that it is the only enzyme that
is a component of both the ETC and the Krebs cycle, thus
linking these two vital mitochondrial processes. The oxida-
tion of succinate to fumarate (succinate dehydrogenase
activity) is countered by the conversion of fumarate to suc-
cinate (fumarate reductase activity). In the isolated mito-
chondria studies, fumarate reductase activity is inhibited
by the addition of a large concentration of exogenous suc-
cinate, which maximizes the succinate dehydrogenase ac-
tivity of complex II. It is possible that in intact lungs,
fumarate reductase activity is high enough to counter suc-
cinate dehydrogenase activity such that complex II makes
only a minor contribution to the mitochondrial ETC. This
could explain the differences between the results from iso-
lated mitochondria and isolated perfused lungs as far as
the contribution of complex II to ETC. This balance
between succinate dehydrogenase activity and fumarate
activity of complex II may have changed in H-S lungs,
resulting in a larger contribution of complex II to the ETC
than in normoxia or H-T lungs.

A previous study showed succinate dehydrogenase activ-
ity is relatively low in pulmonary arterial walls, and high in
bronchiolar epithelial cells (62). As such, one limitation of
the use of R6G to probe tissue Dwm in isolated perfused lungs
is that the venous concentration of R6G is affected predomi-
nantly by pulmonary endothelial cells since these cells are in
direct contact with the perfusate and account for �50% of
the lung cells, whereas mitochondria isolated from lung tis-
sue contain mitochondria from all lung cells, including epi-
thelial cells.

Lung Vascular Endothelial Filtration Coefficient

Previously, Bongard et al. (22) established a connection
betweenmitochondrial dysfunction and pulmonary vascular
permeability as measured by Kf. The change in mitochon-
drial bioenergetics in lung tissue of H-S rats measured in the
present study could account for the measured 177% increase
inKf in H-S lungs.

Hayatdavoudi et al. (14) reported no difference between the
lung wet or wet/dry wet ratios of normoxia and H-S rats in the
absence of mechanical ventilation or perfusion. However,
when the rats were exposed to high positive ventilation pres-
sure for 30 min, lung wet and wet/dry ratios of H-S rats
increased by fourfold compared with just 50% in normoxia
rats (14). This is consistent with the results of the present
study, which show that wet and wet/dry ratios of unperfused
lungs from H-S rats were not different from normoxia, but Kf,
whose measurement requires exposure of lungs to high perfu-
sion pressures, was significantly higher in lungs of H-S rats
compared with that in lungs of normoxia rats (Table 3).

Previously, we reported that rat exposure to >95% O2 for
48 h increased Kf by 213%, decreased complex I (78%) and
complex II (66%) activity, increased complex IV activity
(47%), and partially depolarized lung tissue Dwm (from 	140
mV to 	107 mV), and that subsequent exposure to room air
for 24 h (H-T rats) partially reversed the decrease in complex
I activity, fully reversed the decrease in complex II activity,
maintained the increase in complex IV activity, and fully
reversed the increase in Kf (24). Results from the present
study show that subsequent exposure to room air for 24 h
(H-T) fully reversed the depolarization in lung tissue Dwm.
These mitochondrial changes could account for the reversal
of the increase inKf after 48 h of exposure to>95 O2 (24).

Limitations

Published data regarding the rat models of tolerance (H-T)
and susceptibility (H-S) to hyperoxia have come from studies
that used only male rats (13, 14). Since the time- or dose-
response necessary to develop tolerance and/or susceptibil-
ity to hyperoxia is not known in female rats, male rats were
used in the present studies. We plan to carry out similar
studies in female rats in the future once we confirm that tol-
erance and susceptibility to hyperoxia can be induced in
female rats.

Potential Mechanisms of the Protection from Hyperoxia-
Induced Injury in H-T Rats

There is ample evidence that oxidative stress and mito-
chondrial dysfunction play a key role in the pathogenesis of
hyperoxia-induced ARDS (16–19, 22, 63, 64). Hyperoxia-
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induced increases in reactive oxygen species (ROS) formation
can overwhelm antioxidants that cannot respond quickly
enough to prevent cellular oxidant injury including denatur-
ing of proteins, oxidation of membrane lipids, and damage to
nuclear and mitochondrial DNA. H-T tolerance of and H-S
susceptibility to hyperoxia-induced oxidative stress could
involve a change in lung tissue antioxidant content to counter
increased ROS formation that leads to oxidative stress andmi-
tochondrial dysfunction, a change in the response of cellular
antioxidant systems to increased ROS formation, a change in
the rate of ROS formation under hyperoxic conditions, a
change in pro- or antiapoptotic mechanisms, or a combina-
tion thereof (24, 44).

Hayatdavoudi et al. (14) suggested that injury to the pul-
monary capillary bed along with no stimulation of antioxi-
dant enzymes or other protective enzymes may contribute
to the enhanced susceptibility of H-S rats to the lethal
effects of subsequent exposure to 100% O2. Audi et al. (26)
demonstrated a decrease in the activity of mitochondria
complex I (51%) and complex IV (25%) in the lung tissue
homogenate from H-S rats. They suggested that this mito-
chondrial change could alter lung tissue mitochondrial
function and contribute to the susceptibility of H-S rats to
lethal hyperoxia.

Previously, we proposed that tolerance of hyperoxia-
induced ARDS is associated with the ability of the host to
rapidly increase its lung antioxidant enzymes in response
to hyperoxia exposure, or with an increase in the lung anti-
oxidant content induced prior to and maintained during
hyperoxia exposure (24). Exposure to hyperoxia for 48 h
increased (�40%) glutathione (GSH) tissue content
and this increase is maintained during the 24-h in room
air (H-T) (Table 4) (26, 31). Such results suggest that
increased lung tissue GSH, which protects sulfhydryl com-
ponents of the mitochondrial ETC from oxidation (65–67),
could be a factor in H-T tolerance. Audi et al. (26) reported
a significantly smaller increase in lung tissue GSH concen-
tration in H-S (19%) than H-T (40%) rats (Table 4). Frank et
al. (13) suggested that tolerance of H-T rats is associated
with increased lung antioxidant enzymes GSH peroxidase,
superoxide dismutase, and catalase during reexposure of
H-T rats to 100% O2.

The results of the present study show that for H-T lungs,
the decrease in complex I expression/activity, which is
normally in excess, is accompanied by an increase in com-
plex V expression and complex IV activity (Table 4), which
could account for the increase in the capacity of state 3
OxPhos for ATP synthesis and could decrease mitochon-
drial ROS production. These changes along with the rela-
tively high tissue GSH content (Table 4) could protect
mitochondria from additional stress such as exposure to
>95% O2. This would be consistent with the decrease in
mt-DAMPs in plasma from H-T rats. For H-S lungs, results
suggest that excess of complex I, which is the case in
health, and a larger contribution of complex II to Dwm

might be sufficient to overcome the effect of a decrease in
complex I expression/activity and a decrease in RCR and
state 3 OxPhos capacity for ATP synthesis on Dwm in lungs.
However, the higher dependency of lung tissue Dwm on
complex II could lead to higher mitochondrial ROS pro-
duction. Furthermore, complex I expression/activity is low

enough that additional stress (e.g., exposure to >95% O2),
which further decreases complex I expression/activity,
could deteriorate lung tissue mitochondria and have a sig-
nificant effect on cellular functions. These changes in mi-
tochondrial bioenergetics along with the increase in Kf

could make H-S rats more susceptible to stress such as ex-
posure to exposure to >95% O2. These results are clinically
relevant since exposure to hyperoxia is a primary therapy
for patients with ARDS, and ventilation with � 60% O2 is
often required for extended periods, particularly in sub-
jects with COVID-19 (68). In addition, differential sensitiv-
ity to hyperoxia surely occurs in humans, given the wide
spectrum of responses to a similar insult (15) and some var-
iation in susceptibility to severe ARDS based on genetic
polymorphisms (69).

APPENDIX

We used a previously developed physiologically based
pharmacokinetic (PBPK) model that describes the pulmo-
nary disposition of rhodamine 6G (R6G) for quantitative
interpretation of the R6G data and for estimating lung tis-
sue mitochondrial membrane potential (Dwm) (23, 35). The
model (Fig. 2) consists of four regions, namely the tubing
connecting the reservoir to the pulmonary artery, lung vas-
culature, extravascular (intracellular, nonmitochondrial)
region, and mitochondria, each with volume Vtub, Vc, Ve,
and Vm, respectively. Within the vasculature, the model
accounts for binding of R6G to BSA. The model also
accounts for electrochemical gradients that drive the
uptake of R6G from the vascular to the extravascular
region and from there to the mitochondria region. Within
the extravascular region, the model allows for slowly equi-
librating interactions for R6G. Within the mitochondrial
region, the model accounts for the binding of R6G to pro-
tein (35).

The volumes of the four regions, the dissociation con-
stant for R6G binding to protein [bovine serum albumin
(BSA)] in the vascular region (Kd1), themitochondrial perme-
ability-surface area product for R6G (P2S2), and the plasma
membrane potential (Dwp) were fixed to previously esti-
mated values (35). In addition, the rate of efflux of R6G via
Pgp pump from cytoplasm to the vascular region (Kpgp) was
set to zero since the Pgp inhibitor verapamil was added to
the perfusate for all three phases of the protocol in all experi-
ments (35). Thus, for each lung the unknownmodel parame-
ters are Dwm, Kd3, k̂2, k2r, and P1S1 (Table 2).

The rates of change in the concentrations of R6G in each
of the four regions are described by the following system of
ordinary differential equations (ODEs), which were derived
using the laws ofmass balance andmass action.

Tubing Region

Vtub
d½Ctub�

dt
¼ Q ½Cin� 	 ½Ctub�

� � ðA1Þ

where [Cin] and [Ctub] are total (free þ bound) concentration
of R6G in reservoir and tubing regions, respectively, and Q is
the pump flow rate.
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Vascular Region

Vc
d½Ĉc�
dt

¼ 	S1J1 þ Kpgp½Ce� þ Q ½Ctub� 	 ½Ĉc�
� �

ðA2Þ

where ½Ĉc� ¼ ½Cc� þ ½CcBc� ¼ ½Cc� 1 þ ½Bc �
Kd1

� �
, Kd1 is the R6G to

BSA-binding dissociation constant, [Cc] and [CcBc] are the re-

spective concentrations of free and BSA-bound R6G within

the vascular region, S1 is the vascular surface area,

J1 ¼ ap1Dwp

1	e	aDwpð Þ e	aDwp ½Cc� 	 ½Ce�
� �

, and a ¼ ZF/RT is a constant

dependent on the universal gas constant (R), Faraday con-

stant (F), R6G valence (Z¼ 1), and absolute temperature (T).

Nonmitochondrial Region

Rates of change in the concentrations of free, [Ce], and
protein-bound, [CeBe], R6Gwithin this region are as follows:

Ve
d½Ce�
dt

¼ Ve k2r½CeBe� 	 k̂2½Ce�
� �

	 S2J2 þ S1J1 	 Kpgp½Ce�
ðA3Þ

Ve
d½CeBe�

dt
¼ Ve 	k2r½CeBe� þ k̂2½Ce�

� �
ðA4Þ

where k̂2 ¼ k2½Be�, [Be] is the concentration of extravascular
R6G-binding sites, S2 is the mitochondrial surface area, and
J2 ¼ aP2Dwm

1	e	aDwmð Þ e	aDwm ½Ce� 	 ½Cm�� �
.

Mitochondrial Region

Rate of change in the concentration of free R6G, [Cm],
within this region:

Vm app
d½Cm�
dt

¼ S2J2 ðA5Þ

where Vm app ¼ Vm 1 þ 1
Kd3

� �
is the apparent volume of the

mitochondrial region, Kd3 ¼ k3r
k3½Bm� is R6G and Bm-binding dis-

sociation constant, and [Bm] is the protein concentration
within the mitochondrial region, and k3 and k3r are the asso-
ciation and dissociation rate constants of R6G-Bm binding in
themitochondrial region, respectively.
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