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BACKGROUND AND PURPOSE

High-altitude pulmonary oedema (HAPE) experienced under high-altitude conditions is attributed to mitochondrial redox
distress. Hence, hypobaric hypoxia (HH)-induced alteration in expression of mitochondrial biogenesis and dynamics genes was
determined in rat lung. Further, such alteration was correlated with expression of mitochondrial DNA (mtDNA)-encoded
oxidative phosphorylation (mtOXPHOS) genes. The prophylactic effect of dexamethasone (DEX) in counteracting the
HH-induced mitochondrial distress was used as control to understand adaptation to high-altitude exposure.

EXPERIMENTAL APPROACH

Rats pretreated with DEX were exposed to normobaric normoxia (NN) or HH. HH-induced injury was assessed as an increase
in lung water content, tissue damage and oxidant generation. Mitochondrial number, mtDNA content and mtOXPHOS
activities were measured to determine mitochondrial function. The expression of mitochondrial biogenesis, dynamics and
mtOXPHOS genes was studied.

KEY RESULTS

HH-induced lung injury was associated with decreased mitochondrial number, mtDNA content and mtOXPHOS activities.

HH exposure decreased the nuclear gene oestrogen-related receptor-a. (ERRcr), which interacts with PPAR-y coactivator-1o.
(PGC-1ay) in controlling mitochondrial metabolism. Consequently, mtOXPHOS transcripts are repressed under HH. Further, HH
modulated mitochondrial dynamics by decreasing mitofusin 2 (Mfn2) and augmenting fission 1 (Fis1) and dynamin-related
protein 1 (Drp1) expression. Nevertheless, DEX treatment under NN (i.e. adaptation to HH) did not affect mitochondrial
biogenesis and dynamics, but increased mtOXPHOS transcripts. Further, mtOXPHOS activities increased together with
reduced oxidant generation. Also, DEX pretreatment normalized ERRo. along with mitochondrial dynamics genes and
increased mtOXPHOS transcripts to elicit the mitochondrial function under HH.

CONCLUSIONS AND IMPLICATIONS
HH stress (HAPE)-mediated mitochondrial dysfunction is due to repressed ERRo. and mtOXPHOS transcripts. Thus,
ERRo-mediated protection of mitochondrial bioenergetics might be the likely candidate required for lung adaptation to HH.

Abbreviations

CO I/1I/111, cytochrome c oxidase I/II/III; CS, citrate synthase; Cyt b, cytochrome b; DEX, dexamethasone; Drpl,
dynamin-related protein 1; ERRa, oestrogen-related receptor-o; Fisl, fission 1; HAPE, high-altitude pulmonary oedema;
Mifn1/2, mitofusin1/2; mtDNA, mitochondrial DNA; ND1 to 6, 4L, NADH-dehydrogenase-ubiquinone reductasel to 6,
4L; nDNA, nuclear DNA; NRF1/2, nuclear respiratory factor 1/2; OXPHOS, oxidative phosphorylation; PGC-1ca, PPAR-y
coactivator-1o; RNS, reactive nitrogen species; ROS, reactive oxygen species; TFAM, mitochondrial transcription factor A
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Introduction

Rapid ascent to high altitude (>2500 m) by humans without
prior acclimatization protocol leads to the development of
high-altitude pulmonary oedema (HAPE) (Hultgren, 1996).
Several aetiological factors, like pulmonary hypertension,
hypoxic pulmonary vasoconstriction, elevated capillary
pressure, injury to the blood-gas barrier and increased pul-
monary vascular permeability are attributed to the patho-
physiology of HAPE (West etal., 1991; Maggiorini etal.,
2001; Hopkins et al., 2005). However, at the molecular level,
an increased generation of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) was observed under
severe hypobaric hypoxic (HH) conditions (Lin et al., 2011;
Shukla et al., 2011). Such oxidative stress is due to mito-
chondrial disturbances causing protein(s) oxidation and
DNA cleavages, ultimately culminating in mitochondrial
dysfunction. As a consequence, reduced ATP is produced to
disrupt cellular energy homeostasis (Paradies et al., 2002;
Magalhaes etal., 2005). Hence, an adaptive mechanism
under severe HH conditions must operate at the mitochon-
drial level as a first line of defence in order to meet cellular
energy demand. This counteracting phenomenon (i.e. HH
adaptation) could be achieved by augmenting mitochon-
drial biogenesis as well as its dynamics and oxidative phos-
phorylation (mtOXPHOS) gene expression, which are in
turn controlled by both nuclear DNA (nDNA) and mito-
chondrial DNA (mtDNA). A schematic diagram showing the
nuclear and mitochondrial cross-talk reported so far is
depicted in Figure 1.

The nDNA-encoded ‘transcription co-regulator’ called
PPAR-y coactivator-1o. (PGC-10) plays a key role in the overall
expression of genes involved in mitochondrial biogenesis
and metabolism (Wu et al., 1999). PGC-1a, through induc-
ing the expression of nDNA-binding transcription factors
such as nuclear respiratory factors (NRF1 and NRF2) and
co-activation of NRF1, in turn activates the transcription of
mitochondrial transcription factor A (TFAM). TFAM further
regulates mtDNA for its replication and transcription (Wu
et al., 1999; Ekstrand et al., 2004). Thus, TFAM along with
other mitochondrial transcription factors control the mtDNA
expression of 13 proteins: NADH-dehydrogenase-ubiquinone
reductase (ND)1 to ND6 and NDA4L of complex I (seven
protein subunits of ND); cytochrome b (Cyt b) of complex III
(one protein subunit of ubiquinol-cytochrome ¢ reductase);
cytochrome c oxidase I/1I/III (CO I/II/III) of complex IV (three
protein subunits of CO); and ATP6 and 8 of complex V (two
protein subunits of ATP synthetase) of the mtOXPHOS
system (Fernandez-Silva ef al., 2003). The nuclear receptor
oestrogen-related receptor-o. (ERRo), along with PGC-1a is
instrumental in regulating cellular energy homeostasis and
mitochondrial biogenesis. The inhibition of ERRa diminishes
the effect of PGC-1a in inducing mitochondrial biogenesis
and cellular respiration (Mootha et al., 2004; Schreiber et al.,
2004). In addition, ERRa occupies the extended region of the
promoters of all gene-encoding enzyme/protein(s) participat-
ing in the citric acid cycle and OXPHOS functions
(Charest-Marcotte et al., 2010). Along with mitochondrial
biogenesis, the relationship between mitochondrial func-
tions and its dynamics (fusion/fission) under various physi-
ological and pathological conditions are gaining significance.
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Generally, in mammalian cells, the mitochondrial fusion
process is largely controlled by mitofusin 1 and 2 (Mfn1 and
2), the two highly conserved GTPases that are localized in the
mitochondrial outer membrane (Hales and Fuller, 1997).
Mitochondrial fission 1 (Fisl) and the dynamin-related
protein 1 (Drpl) are core components of the mammalian
mitochondrial fission machinery. Fisl protein is located
throughout the surface of the outer membrane and is
involved in recruiting Drpl, which identifies fission sites
(Smirnova etal., 1998; James etal.,, 2003) leading to an
increased number of mitochondria.

Several drugs (nifedipine, salmeterol) or increased
oxygen availability through ventilation are in vogue essen-
tially to treat the HH stress-induced lung dysfunction.
However, prophylactic administration of synthetic glucocor-
ticoid dexamethasone (DEX) a day prior to high-altitude
ascent by humans are shown to prevent the onset of HAPE,
even in susceptible individuals (Maggiorini et al., 2006). Yet,
in the individuals experiencing acute mountain sickness,
treatments with DEX started after the episode could not
prevent the onset of symptoms of HAPE (Bartsch etal.,
1990). Such observations suggest that the genomic effects
exerted by DEX at the cellular level (which require days
rather than hours) are critical in counteracting the HAPE
(i.e. inducing adaptation) at HH conditions. Various mecha-
nisms detailing the mode of action of DEX in preventing
HAPE have been postulated. They include an increase in
surfactant production (Young and Silbajoris, 1986), strength-
ening of cell-to-cell tight junctions (Stelzner et al., 1988) and
up-regulation of alveolar sodium (Na) transporters (Guney
etal., 2007). All these effects of DEX are high-energy
demanding biological activities that require optimal mito-
chondrial function for the uninterrupted supply of ATP
under HH conditions. In this context, it is worth mention-
ing that DEX has been shown to increase the transcription
of mtDNA-encoded OXPHOS genes as well, even under nor-
moxic conditions (Scheller and Sekeris, 2003); this may play
a predominant role in the maintenance of cellular energy
status especially under HH stress conditions. However, the
molecular mechanisms by which DEX brings about these
effects are not enumerated.

Although the effect of hypoxia-induced oxidative stress
on mitochondrial dysfunction has been studied in other
tissues (Magalhaes et al., 2005; Zungu et al., 2007; Gutsaeva
et al., 2008), to the best of our knowledge, no data is available
regarding the effect of in vivo acute and severe simulated
high-altitude hypoxia exposure on rodent lung mitochon-
drial function. Additionally, the cross-talk between nDNA
(involved in mitochondrial biogenesis/dynamics), and
mtDNA (OXPHOS) gene expression, that may have an effect
on mitochondrial function in cellular energy homeostasis has
not been well-characterized. Therefore, in the present study,
acute but severe HH conditions are employed to impose high-
altitude stress in rats; and their lung tissue were then exam-
ined for the expression of genes involved in mitochondrial
biogenesis (PGC-1a, ERRa, NRF1, NRF2 and TFAM), dynam-
ics (Mfn1, Mfn2, Drpl, Fis1l) and mtOXPHOS (ND1 to 6,
NDA4L, Cyt b, CO I/II/III, ATP6 and ATP8). Essentially, this
study also deciphers whether DEX prophylaxis-mediated
adaptation to HH conditions is accomplished by the mainte-
nance of mitochondrial functions.
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Figure 1

Orchestration of mitochondrial function by PGC-1o. and ERRa. Interaction among genes (considered in the present study) encoded by nDNA and
mtDNA, which participates in transcriptional network regulating mitochondrial biogenesis, dynamics and mtOXPHOS are depicted schematically.
The nDNA-encoded PGC-1a. interacts with ERRa. to form ‘PGC-1a-ERRa’ complex and coordinately control the transcription of genes involved in
mitochondrial biogenesis and mtOXPHOS. ‘PGC-1a-ERRa’ complex directly triggers the genes encoding mitochondrial structural components
and mtOXPHOS enzymes, as well as indirectly by enhancing the expression of downstream transcriptional regulators such as NRF1 and NRF2.
Subsequently, NRFs also enhance the TFAM expression, which directly activates the transcription and replication of mtDNA. In turn, mtDNA-
encoded 13 subunits along with nDNA-encoded subunits forms multi-subunit mtOXPHOS complexes required for ATP synthesis. Mitochondrial
function is also regulated by the processes of fusion (Mfn1 and Mfn2) and fission (Fis1 and Drp1) that lead to proper organization of the
mitochondrial network. Along with mitochondrial biogenesis, ‘PGC-10-ERRo” complex also regulates the Mfn2 expression. Apart from fusion
process, Mfn2 drives the mitochondrial metabolism through regulation of nDNA-encoded subunits of OXPHOS.

Methods

Animals

Male Sprague-Dawley rats (200-225 g) were used in the study.
The animals were maintained in the Animal house of the
institute at 28 *= 2°C and subjected to a 12-12 h light-dark
cycle with free access to food and water. The experiments
were carried out in accordance with the guidelines of the
ethics committee of the institute Bharathiar University,
Coimbatore, India. All studies involving animals are reported
in accordance with the ARRIVE guidelines for reporting
experiments involving animals (Kilkenny etal.,, 2010;
McGrath et al., 2010).

Hypobaric hypoxic exposure

The rats were randomly assigned to four experimental groups
(n=6): saline-treated normobaric normoxia (NN); saline-
treated HH; DEX-treated NN; and DEX-treated HH. DEX
(2 mg-kg'-day') or an equivalent volume of saline was
administered through i.p. for 3 consecutive days (Guney
et al., 2007). From the third day of treatment onwards, the
rats continued to be exposed to NN or exposed to a simulated
altitude of 9142 m in an animal decompression chamber
(Seven Star, Delhi, India) coupled to a mercury barometer at
28°C for 6 h (Shukla et al., 2011). The airflow and relative
humidity in the chamber were maintained at 2 L min™ and
50-55%, respectively. The rats were provided with food and
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water ad libitum during the experimental protocol. All the
animals survived the high-altitude exposure. After exposure
to HH, the animals were killed immediately by cervical dis-
location; and the lungs were dissected en bloc after perfusion
with ice-cold PBS to remove blood. One portion of fresh lung
tissue from the various experimental groups was used for
extraction of total RNA and isolation of mitochondria. The
second portion was snap frozen and stored at —80°C for bio-
chemical and enzyme assay.

Determination of HH-induced toxicity in lung
Analysis of oedema formation in lung. Lung water content was
used as an index of oedema formation. The water content of
the lung tissue was calculated as the difference between wet
weight and dry weight and expressed as milligrams of water
per milligrams of dry tissue (Shukla et al., 2011).

Preparation of lung tissue. All the lung tissue obtained for
biochemical measurements was washed in 0.9% sodium chlo-
ride and kept in ice. The tissue was homogenized with cold
1.15% potassium chloride fortified with a protease inhibitor
cocktail to make a 10% homogenate (w/v) and centrifuged at
400x g for 10 min at 4°C. The protein concentrations of the
tissue homogenates were determined using BSA as standard
(Lowry etal., 1951).

Analysis of lactate dehydrogenase (LDH) activity. LDH activity
in the lung homogenate was quantified using reduction
of 3-(4, S5-dimethylthiazol-2-yl)-2, S5-diphenyltetrazolium
bromide dye (Abe and Matsuki, 2000).

Analysis of oxidative stress markers

Measurement of RNS. The total of NO metabolites nitrate
(after reduction to nitrite with 20 mM vanadium chloride)
and nitrite present in the supernatant of lung homogenate
was assayed using Griess reagent (Sigma Chemical Company,
St. Louis, MO, USA) in accordance with the manufacturer’s
instructions (Boyaci et al., 2006).

Measurement of ROS. About 5 mg of lung tissue in 1 mL of
Hank’s balanced salt solution was taken, and ROS production
measured spectrophotometrically by the quantitative nitro
blue tretazolium (NBT) reduction assay as reported previously
(Mookerijee et al., 2006).

Determination of gene expression using
real-time PCR

Total RNA from lung tissue was extracted using the RNA
extraction kit (RBC Real Genomics, Real Biotech Corporation,
Taipei, Taiwan) following the manufacturer’s protocols. The
concentration and purity of the RNA was determined using a
UV spectrophotometer (Implen GMbH, Munchen, Germany)
by measuring the absorbance at 260 and 280 nm. RNA integ-
rity was assessed in a randomly chosen subset of samples
using agarose gel electrophoresis and ethidium bromide
staining. RNA isolated from each two different animals per
group was pooled proportionately (i.e. to make three biologi-
cal replicates per group). About 1 ug of total RNA was reverse-
transcribed with first-strand cDNA synthesis kit (Fermentas,
Thermo Scientific, Waltham, MA, USA) in accordance with
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the manufacturer’s instructions. Quantitative real-time PCR
amplification reactions were performed in 20 pL final volume
via SYBR Green chemistry (Roche Diagnostics India Pvt. Ltd.,
Maharashtra, India) according to the manufacturer’s instruc-
tions on LightCycler® 480 system (Roche Diagnostics Asia
Pacific Pte Ltd., Singapore). The B-actin gene amplification
acted as an internal control. The details of the primer
sequences (Mikula et al., 2005; de Cavanagh et al., 2008; Ding
et al., 2010) for the various genes studied are given in Sup-
porting Information Table S1. Amplification specificity was
controlled by melting curve analysis. The ‘REST-2009’ appli-
cation was used to understand the relative expression profile
with the input of Cp value and relative efficiency of each
primer pair (Pfaffl, 2009).

Determination of mtDNA/nDNA ratio
MtDNA/nDNA ratio was quantified by the method described
earlier using the p-loop region of mtDNA and GAPDH gene
of nDNA. The mtDNA/nDNA ratio was reported as 27" (de
Cavanagh et al., 2008).

Determination of mitochondrial content

and function

Isolation of mitochondria. Mitochondria of the lung tissue
were isolated using MITOISO1 kit (Sigma Chemical Com-
pany) following the manufacturer’s instructions. The func-
tional specificities of citrate synthase (CS) and different
mitochondrial complexes (I, III, IV and V), in terms of their
specific enzyme activities, were measured using isolated mito-
chondria. All the assays were performed at 30°C.

Analysis of CS activity. CS, a mitochondrial matrix enzyme,
is commonly used as a marker for the contents of intact
mitochondria. About 50 ug of mitochondrial protein prepa-
ration was used for activity measurement. Enzyme activity
was assayed following the acetylation of 5, 5’-dithio-bis-(2-
nitrobenzoic acid) at 412 nm (Craig, 1973).

Analysis of mitochondrial OXPHOS complex activity. The activ-
ity of complex I was measured by monitoring the reduction
of 2, 6-dichlorophenol indophenol in the presence of
200 mM NADH at 600 nm (Janssen et al., 2007). The activity
of complex III was measured as an increase in absorbance
because of the reduction of cytochrome c¢ at 550 nm
(Krahenbuhl et al., 1994). The activity of complex IV was
measured as a decrease in absorbance because of the oxida-
tion of cytochrome c at 550 nm (Capaldi etal., 19953).
Complex V activity was measured as oligomycin-sensitive
Mg*-ATPase activity by measuring the increasing oxidation
of NADH at 340 nm in the presence of LDH, pyruvate kinase
and ATP (Zheng and Ramirez, 2000).

Statistical analysis

For relative expression studies, REST 2009 uses randomization
and bootstrapping methods to test the statistical significance
of gene expression ratios and calculates 95% confidence
intervals for relative fold changes. The hypothesis test P(H1)
obtained represents the probability of the alternate hypoth-
esis that the difference between the sample and control
groups is due only to chance. The significance level was set at
P(H1) < 0.05. (Pfaffl, 2009). The gene expression ratio was
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reported in the form of a box and whisker plot showing
median expression (horizontal line), surrounded by the first
and third quartiles of those values (box) and the extreme
values (whiskers). Results of the biochemical experiments
were reported as mean values = SD. Data was analysed with
one-way ANovAa. When a significant effect was detected, the
Bonferroni’s post hoc test was used to compare among groups
as applicable. The significance level was set at P < 0.05.

Materials

RNA extraction kit was procured from RBC Real Genomics,
Real Biotech Corporation. DEX, NBT, MITOISO1 kit and all
the other chemicals used in the mtOXPHOS complex assay
were procured from Sigma Chemical Company. First-strand
cDNA synthesis kit was procured from Fermentas, Thermo
Scientific. LightCycler 480 SYBR Green I Master was procured
from Roche Diagnostics India Pvt. Ltd.. The primers were
procured from Integrated DNA Technologies (Coralville, IA,
USA). All the other chemicals used were indigenous in nature
and of the highest purity.

Results

HH condition-induced lung injury

Animals exposed to acute, but severe HH conditions were
evaluated for the lung injury by measuring (i) pulmonary
oedema and (ii) increase in LDH activity of lung tissue. The
severity of pulmonary oedema was determined in terms of its
water content. There was no significant change in oedema
either in the control (i.e. saline-treated) or in the DEX pre-
treated animals kept in NN conditions. However, in animals
exposed to HH, there was a significant increase in oedema
(~120%; P<0.01), in comparison with NN animals
(Figure 2A). The increase in oedema observed in HH condi-
tions was brought back (P <0.01) to NN levels in animals
subjected with DEX pretreatment (i.e. adaptation).

LDH activity was significantly reduced (~60%; P < 0.05) in
animals kept under NN conditions, but pretreated with DEX,
as compared with untreated animals. On the other hand,
animals exposed to HH recorded a significant increase
(~130%; P < 0.05) in their lung LDH activity. Also, DEX pre-
treatment followed by HH exposure protected the lung as
observed by the maintenance of LDH activity. It is almost
equal to the animals subjected with DEX pretreatment
(Figure 2B).

HH-induced lung injury is due to

oxidative stress

ROS and RNS generation in lung tissues were measured as
markers of oxidative stress. ROS generation was increased
approximately twofold under HH in comparison with NN
animals (Figure 3A). An interesting observation is that
DEX pretreatment decreased ROS generation significantly
(P <0.05), even in the animals maintained under NN condi-
tions. Also, pretreatment of animals with DEX prevented the
effect of HH-induced ROS generation. It almost maintained to
the level of NN animals subjected with DEX pretreatment
(P <0.05).
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Figure 2

Effect of DEX on HH-induced pulmonary oedema (A) and LDH activ-
ity (B) in rat lung. The pulmonary oedema (i.e. increase in water
content) of lung tissue of animals exposed to NN or HH conditions
with or without DEX pretreatment was determined (A). Similarly,
lung tissue damage was assessed as an increase in LDH activity (B).
The extent of lung oedema/damage under NN (CJ) condition is
compared with DEX plus NN ({[lll), HH &) and DEX plus HH
(EH) conditions. DEX prophylaxis did not alter the water content
but decreased LDH activity in the lung tissue of animals maintained
under NN conditions. Increase in water content and LDH activity
observed under HH conditions reverted to NN levels by DEX pre-
treatment. This shows the adaptation of lung to HH stress by DEX
pretreatment. Results are expressed in % variation as mean * SD
(n=6 per group). *P<0.05 versus NN; *P<0.05 versus HH.
The 100% value in absolute quantity of oedema and LDH activity,
respectively, corresponds to 3.85 + 0.067 mg mg™' dry tissue and
0.62 = 0.023 U mg™' of protein. Determination of oedema and LDH
activity are described in Materials and Methods.

Similarly, RNS generation was increased (~140%; P < 0.01)
under HH conditions when compared with NN animals
(Figure 3B). Pretreatment with DEX significantly inhibited
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Figure 3

DEX pretreatment (or HH adaptation) protects against HH-induced
ROS (A) and RNS (B) production. The ROS generation (i.e. increase in
NBT reduction) in lung tissues of animals exposed to NN or HH
conditions with or without DEX pretreatment were determined (A).
Similarly, RNS generation was assessed as an increase in NO content
(B). The generation of ROS/RNS under NN ((CJ) condition is com-
pared with DEX plus NN (), HH (=) and DEX plus HH (&)
conditions. DEX prophylaxis decreased ROS but did not alter the RNS
generation in lung tissue of animals maintained under NN condition.
However, profound increase in ROS and RNS generation observed
under HH condition were reverted to NN levels by DEX pretreat-
ment. Results are expressed in % variation as mean = SD (n= 6 per
group). *P < 0.05 versus NN; *P < 0.05 versus HH. The 100% value in
absolute quantity of ROS and NO, respectively, corresponds to
0.355 = 0.021 OD at 630 nmmg™ tissues and 799 = 101.27
nmoles mg™' of protein. Determination of ROS and RNS generation
are described in Materials and Methods.

HH-induced RNS generation and maintained the level similar
to that of NN animals (P < 0.05). Thus, DEX contributes (i.e.
during adaptation) in protecting to the level of ROS and RNS
formation under HH conditions.
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HH-induced oxidative stress affected
mitochondrial complexes

HH-induced pulmonary oxidative stress was monitored
further, in terms of lung tissue mtOXPHOS enzyme function
(Figure 4). The diverse functional activity unique to each
mitochondrial complex in animals exposed to HH recorded a
substantial decrease (~45 to 65%; P <0.01) in comparison
with NN animals. However, in animals pretreated with DEX
exhibited a significant increase (~130 to 150%; P < 0.01) in all
respiratory complexes activities. DEX pretreatment followed
by HH exposure in animals, registered stabilized functional
properties of all mitochondrial complexes at their NN levels.
Thus, during adaptation, the contributory effect of DEX in
reducing ROS/RNS was the manifestation of stabilized func-
tional properties of all mitochondrial complexes under NN
and HH conditions.

HH-induced oxidative stress also affected
mitochondrial content and mtDNA

The CS activity (Figure 5A) to determine number of mito-
chondria and the mtDNA content, in terms of the ratio of
mtDNA (D-loop region) to nDNA (GAPDH gene) (Figure 5B)
were monitored. The CS activity and mtDNA/nDNA ratio of
lung tissues were not altered significantly in animals main-
tained under NN conditions either with or without DEX
pretreatment. However, in animals exposed to HH, a drastic
fall in CS activity was observed concomitant with the
decreased content (~50 to 60%; P < 0.01) of mtDNA relative
to nDNA. DEX pretreatment, however, restored CS activity
and mtDNA content to the NN level (P < 0.01) even under
HH conditions. Altogether, these results demonstrate the
plausible role of DEX in counteracting the HH stress, involv-
ing the stabilization of mitochondrial content and its DNA
integrity under HH.

Effect of HH on mitochondrial functional
gene expression

In order to elucidate the involvement of nDNA in the regu-
lation of mtDNA/mitochondrial content under HH, the levels
of nDNA-encoded gene regulators involved in mitochondrial
biogenesis and dynamics (Figure 6A) were measured using
QRT-PCR. Under HH, PGC-1ao mRNA was increased [~2-fold;
P(H1) < 0.05]; however, selective and profound repression of
ERRo. was observed. Despite the abundance of PGC-la
mRNA, the expression of downstream regulatory genes
involved in mitochondrial biogenesis such as NRF1, NRF2
and TFAM remained unchanged compared with NN animals.
In contrast, the expression of genes involved in mitochon-
drial dynamics was significantly altered. Out of the two genes
involved in mitofusion, only Mfn2 expression was signifi-
cantly decreased whereas, Mfn1 was not altered under HH
conditions. Conversely, expression of mitochondrial fission
genes: Fisl and Drpl were significantly increased [~2.5- to
4-fold; P(H1) < 0.05] in HH-exposed animals. This modula-
tion in levels of nDNA-encoded regulators especially the
ERRo. was manifested into a significant decrease [P(H1) <
0.05; Figure 6B] of all mtDNA-encoded genes involved in
OXPHOS. The relative gene expression profile obtained for
different genes using ‘REST-2009’ software enumerates the
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Figure 4

DEX pretreatment (or HH adaptation) protects against HH-induced mitochondrial complexes dysfunction. The integrity of mitochondrial complex
I (A), complex Il (B), complex IV (C) and complex V (D) of lung tissues of animals exposed to NN or HH conditions with or without DEX
pretreatment was determined in terms of their protein specificity (i.e. functional activity). The respective functional activity under NN ()
condition is compared with DEX plus NN ([Illll), HH (&) and DEX plus HH (EEH) conditions. A profound increase in all complex activities was
observed in DEX-treated animals maintained under NN conditions. The decreased functional activities observed under HH conditions were
restored to their NN levels in the presence of DEX. Results are expressed in % variation as mean = SD (n= 6 per group). *P < 0.05 versus NN;
#P < 0.05 versus HH. The 100% value in absolute quantity of complex I, lll, IV and V, respectively, corresponds to 189 + 16.54, 886 = 85.27,
1493 + 230.96 and 183.6 = 10.41 nmoles min~' mg™' of protein. Determination of mtOXPHOS activities is described in Materials and Methods.

statistical significance of each reaction (Supporting Informa-
tion Table S2).

Adaptation to HH condition is mediated
through mitochondrial functional genes
Prophylactic treatment of animals with DEX under NN con-
ditions (i.e. adaptation to HH) increased the expression of
PGC-1o. mRNA, but other genes involved in mitochondrial
biogenesis and dynamics were not altered (Figure 7A). Con-
trary to this effect, treatment of animals with DEX facilitated
a 2- to 12-fold [P(H1) < 0.0S5; Figure 7B] increase in all 13
genes of mitochondrial origin in comparison with NN
animals (Supporting Information Table S3). The gene expres-
sion profiles of DEX pretreated animals subjected to HH con-

ditions are depicted in Figure 8. PGC-1o. mRNA increased by
DEX pretreatment was upheld even in HH-exposed animals.
Also, ERRa transcripts were maintained at the NN level by
DEX pretreatment (Figure 8A). The other downstream regu-
lators of nDNA origin involved in mitochondrial biogenesis
(NRF1, NRF2, TFAM) were maintained at the NN level. A
close look at Figures 6A and 8A shows that under HH
conditions, decreased Mfn2 and increased mitochondrial
fission genes (Fis1 and Drpl) are restored to the NN level by
DEX pretreatment. Similarly, genes involved in mtOXPHOS
are increased in DEX pretreated animals, even under HH
conditions (Figure 8B, Supporting Information Table S4).
Thus, adaptability to HH stress (i.e. DEX pretreatment) is
mainly favoured by the increased level of mtOXPHOS gene
product.
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DEX pretreatment (or HH adaptation) protects against HH-induced
mitochondrial disintegrity. The mitochondrial number (i.e. CS activ-
ity) of lung tissues of animals exposed to NN or HH conditions with
or without DEX pretreatment were determined (A). Similarly, mtDNA
content was calculated as the mtDNA/nDNA ratio (B). The mito-
chondrial and mtDNA content under NN (C_]) condition is com-
pared with DEX plus NN ([I), HH (&=5) and DEX plus HH (EF)
conditions. DEX prophylaxis did not alter either the CS or mtDNA
content of animals maintained under NN conditions. A profound
decrease in both the CS activity and mtDNA content was observed
with HH treatment. However, the presence of DEX in HH restores
both the CS as well as mtDNA content significantly to NN levels.
Results are expressed in % variation as mean *+ SD (n = 6 per group).
*P < 0.05 versus NN; P < 0.05 versus HH. The 100% value in abso-
lute quantity of CS activity and mtDNA/nDNA ratio (27P), respec-
tively, corresponds to 1.41 = 0.14 nmoles min~' mg™' of protein and
300.56 = 41.78. Determination of CS activity and mtDNA/nDNA
ratio is described in Materials and Methods.

Discussion

The pulmonary oedema (HAPE) experienced under high-
altitude hypoxic (i.e. HH) stress conditions is very similar in
rats and humans (Dempsey and Forster, 1982; Boyaci et al.,
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Figure 6

Effect of HH on the relative expression of mitochondrial biogenesis/
dynamics genes (A) and mtDNA-encoded OXPHOS genes (B). The
relative expression of genes in lung tissue of rat exposed to HH
condition was measured using QRT-PCR as detailed under Materials
and Methods. The Box and whisker plot reports the mRNA expres-
sion ratio on the y-axis of different genes denoted in the x-axis. The
gene expression ratio of rat lung tissue exposed to HH was calculated
relative to the control group (i.e. without DEX treatment) maintained
in NN conditions (fixed at 1), using B-actin gene expression for
normalization. Note that although PGC-1o. mRNA transcript level
was increased (~2.5-fold), a selective repression of ERRo (~0.022) was
observed. Also, expression of fusion gene Mfn2 was decreased along
with increased fission genes (Fis1 and Drp1) transcript level. The
decrease in expression of all 13 mtOXPHOS genes under HH condi-
tions was highly significant (*P(H1) < 0.05 in comparison to control
group; n=3 per group). The name of the genes as abbreviated in
x-axis is given in expansion under abbreviations section.

2006). In the present rat model study, an attempt has been
made in identifying the dysregulation of mitochondrial func-
tional genomics of lung as an early signalling event in
response to acute but severe HH stress. Further, DEX, the
prophylactic corticosteroid drug widely used for high-altitude
acclimatization, is employed in the present study as positive
control to see its effect on the molecular event of mitochon-
dria in counteracting the HH stress and restoring the
normalcy (i.e. HAPE adaptation). Secondly, DEX pre-
administered to HAPE-susceptible human individuals were
protected from HAPE during HH stress conditions and,
hence, the effect of DEX in NN conditions in all likelihood
would mimic adaptive mechanisms essential to get rid off
HAPE under HH stress.

Adaptation to HH stress is mediated through

mitochondrial functions
Exposure of rats to ‘in vitro-stimulus’ of 9142 m altitude at
28°C for 6 h resulted in pulmonary oedema. Concomitantly,
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Effect of DEX (or HH adaptation) on the relative expression of mito-
chondrial biogenesis/dynamics genes (A) and mtDNA-encoded
OXPHOS genes (B). The relative expression of genes in the lung
tissue derived from DEX pretreated rats under NN conditions was
measured using QRT-PCR as detailed under Materials and Methods.
The Box and whisker plot reports the mRNA expression ratio on the
y-axis of different genes denoted on the x-axis. The expression ratio
of DEX pretreated rat lung was calculated relative to the control
group (i.e. without DEX treatment) maintained in NN conditions
(fixed at 1) using B-actin gene expression for normalization. Note
that DEX selectively increased (~3.5-fold) the PGC-1o. mRNA tran-
script. However, other genes involved in mitochondrial biogenesis/
dynamics were maintained at NN levels only. Also, DEX treatment
augmented (~2- to 12-fold) the expression of mtDNA-encoded
OXPHOS genes, which is highly significant (*P(H1) < 0.05 in com-
parison with the control group; n= 3 per group). The name of the
genes as abbreviated in x-axis is given in expansion under abbrevia-
tions section.

an increase in LDH activity was also observed, which might
have triggered the cytotoxic effects observed at this simulated
high altitude (Shukla et al., 2011). However, pretreatment
with DEX significantly reduced the LDH activity and, conse-
quently, a reduction in oedema (Figure 2) was also observed.
Further, an increase in ROS and RNS generation (Figure 3) was
observed in rats under stimulated HH stress as an index of
oxidative stress. However, DEX pretreatment substantially
decreased not only the excessive ROS generations under HH,
but also decreased the ROS formation under NN (Figure 3).
DEX, the widely acclaimed regulator of ROS homeostasis is
reported to be involved in promoting ROS scavenging
systems at the transcriptional level (Jose et al., 1997). Thus,
the HAPE experienced by the rats due to ‘in vitro-stimulus’ is
possibly mediated through oxidative stress. Such oxidative
stress has caused mitochondrial dysfunction due to decreased
activities of mtOXPHOS complexes (Figure 4). Further, DEX
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Figure 8

Protective effect of DEX pretreatment (or HH adaptation) against HH
on the expression of mitochondrial biogenesis/dynamics genes (A)
and mtDNA-encoded OXPHOS genes (B). The relative expression of
genes in lung tissue derived from DEX pretreated rat but subjected to
HH condition was measured using QRT-PCR as detailed under Mate-
rials and Methods. The Box and whisker plot reports the mRNA
expression ratio on y-axis of different genes denoted in x-axis. The
expression ratio of DEX pretreated rat lung subjected to HH were
calculated relative to the control group maintained in NN conditions
(fixed at 1) using B-actin gene expression for normalization. Note
that DEX pretreatment has selectively increased (5-fold) the PGC-1a
mRNA transcript. Also, other genes involved in mitochondrial
biogenesis/dynamics are normalized to NN levels. Further, DEX pre-
treatment upheld the increased expression of some mtDNA-encoded
OXPHOS genes by 2- to 8-fold even under HH condition, which are
highly significant (*P(H1) < 0.05 in comparison with the control
group; n=3 per group). The name of the genes as abbreviated in
x-axis is given in expansion under abbreviations section.

was shown to regulate all mtOXPHOS complexes activities by
enhancing its functions not only at NN, but also under HH
condition (Figure 4). Thus, during HAPE acclimatization (i.e.
DEX pretreatment) maintenance of mitochondrial complex
functions to keep the ROS/RNS formation at bay could be the
molecular event, which must happen in the lung. It may be
also inferred that mitochondria are the immediate targets
in oxidative stress, especially under severe HH conditions.
Additional evidence like decreased mitochondrial number
(i.e. CS activity) and mtDNA (i.e. mtDNA/nDNA ratio)
observed during stimulated HH stress (Figure 5) support our
hypothesis of maintaining the mitochondrial functions to
NN condition is the prerequisite for HAPE acclimatization.
These observations give an insight into coordinated regula-
tory alteration of mitochondrial-related genes under HH
stress. Also, while bioenergetics homeostasis in mitochondria
is achieved through post-translation modification of several
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metabolic enzymes, long-term adaptation is achieved by the
regulation of mitochondrial metabolic genes at the transcrip-
tional level through co-regulators and transcription factors
(Feige and Auwerx, 2007; Charest-Marcotte et al., 2010).

Deregulation of nDNA-encoded mitochondrial
regulators impairs mitochondrial function
under HH stress

The nDNA-encoded mitochondrial regulators, PGC-1o. and
ERRo. complementarily brings about mitochondrial biogen-
esis and dynamics functions. However, HH caused a selective
repression of ERRo. while the level of PGC-1o was increased.
Surprisingly, the other further downstream nDNA regulators
like NRF1, NRF2 and TFAM involved in mitochondrial bio-
genesis were not altered (Figure 6A). Thus, under HH stress, at
a restricted level of ERRa, one cannot expect its interaction
with PGC-1o towards forming an active complex ‘ERRo~
PGC-10/ (as shown in Figure 1) and, hence, decreased the
expression of mtDNA-encoded OXPHOS genes (Figure 6B).
Also, the role of PGC-1a (through induction of NRFs and
interaction with NRF1) in influencing mtOXPHOS genes pro-
posed (Wu et al., 1999) are not operating in lung tissue under
stimulated HH condition. In other words, although a phe-
nomenal increase in the levels of PGC-1o was observed, in
the absence of ERRo (as observed in the present study), the
mitochondrial biogenesis could not be effected under HH
conditions, which is in perfect resonance with the earlier
reports (Mootha et al., 2004; Schreiber et al., 2004). Interest-
ingly, in parallel to this observation, in ERRa null rats and
human heart failure cases, a decreased ERRo. gene expression
along with increased levels of PGC-lo. and NRF2 were
reported. Such gene expression was then characterized as a
compensatory mechanism (Sihag et al., 2009; Karamanlidis
etal., 2010). Taking these earlier inputs together with the
results in Figures 5 and 6, we pinpoint that mitochondrial
biogenesis and mtOXPHOS are impaired due to decreased
ERRo along with depleted mtDNA (Sihag etal., 2009;
Karamanlidis et al., 2010) under HH condition.

Another significant finding is that stimulated HH condi-
tions induced mitochondrial fission (Fisl and Drpl) genes
along with decreased Mfn2 expression (Figure 6A). This
would result in an imbalance of mitochondrial dynamics (i.e.
fusion and fission) that will eventually lead to mitochondrial
fragmentation. Also, reduced ATP synthesis along with
elevated oxidative stress under HH conditions would create a
favourable condition for initiation of mitochondrial frag-
mentation (Benard et al., 2007; Chen et al., 2010; Sauvanet
et al., 2010). Similar to HH exposure, various other stresses
that involves elevated hydrostatic pressure like external
elevated pressure, ischaemia/reperfusion and shear stress has
also resulted in significant mitochondrial fragmentation (Ju
et al., 2007; Giedt et al., 2012). Apart from such induced dis-
turbances on mitochondrial dynamics, down-regulated Mfn2
(Figure 6A) could also trigger mitochondrial de-energization,
in part, by repressing nDNA-encoded OXPHOS complex
genes expression, which is again PGC-1a-independent (Pich
et al., 2005). In fact, decreased ERRo (Figure 6A), which con-
trols the expression of Mfn2 (Cartoni et al., 2005), independ-
ent of the increased PGC-1o. observed in the present study, is
singularly responsible for mtOXPHOS dysregulation. The
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decreased expression of ERRo. under HH stress (i.e. HAPE) is
the forerunner of triggering a cascade of events interlinking
transcriptional dysfunction in mitochondria as it is the
‘bioenergetics regulon’ that concurrently regulates the genes
involved in mitochondrial biogenesis, dynamics and mtOX-
PHOS (energy production; Charest-Marcotte et al., 2010). In
this context, it is worth mentioning several reports (Huss
etal., 2007; Karamanlidis et al., 2010; Hu etal., 2011) in
which the role of ERRo in bioenergetics homeostasis and
mitochondrial functional adaptation has been emphasized.

mtOXPHOS genes as molecular markers in
HH adaptation

DEX has been administered before venturing into high alti-
tude for better adaptability or to prevent the onset of HAPE.
In order to understand the role of DEX on nDNA and mtDNA
in bringing about acclimatization, its effect under NN condi-
tions were studied. DEX-treated animals kept under NN con-
ditions favoured an increase of the PGC-10. gene only among
all the mitochondrial biogenesis/dynamics genes (Figure 7A).
Contrary to this, all the mtOXPHOS complex genes were
increased (Figure 7B) by DEX under NN conditions. This is
attributed to direct effects of DEX on mtDNA-encoded genes,
possibly through the glucocorticoid receptor localized in
mitochondria (Psarra and Sekeris, 2011). This effect need not
be through PGC-lo induction of NRFs and its interaction
with NRF1 as reported (Wu et al., 1999) because there is no
augmentation of these genes proportional to the increased
expression of mtOXPHOS genes (Figure 7B). Secondly, DEX
under NN conditions did not influence the expression of
TFAM gene (Figure 7A) individually; this again explains the
reasons for not having any variation either in mtDNA
content or mitochondrial density as observed in Figure 5.
Thus, we lay emphasis on the plausible direct action of DEX
on mitochondrial transcription (Scheller and Sekeris, 2003).
To put it differently, molecular adaptation to HH stress (i.e.
DEX treatment of animals, but maintained under NN condi-
tions) invariably facilitated increased mtOXPHOS genes
expression and, hence, increased mtOXPHOS complex func-
tions. Thus, one can comfortably conclude that under NN
condition, the molecular event triggered for adaptation to
HAPE is the augmentation of mtOXPHOS genes.

HH adaptability is regulated by ERRo

Prophylactic treatment of DEX normalized the levels of
ERRo together with other biogenesis genes besides elevating
PGC-1o level under HH conditions (Figure 8A). Also, the
increased transcripts level of mtOXPHOS genes by DEX pre-
treatment was maintained even under HH condition
(Figure 8B). Elevated level of PGC-1a in DEX-treated animals,
nevertheless, could not have independent influence on mito-
chondrial function per se as corroborated by the results from
Figures 5, 6 and 8. However, ERRa is significantly decreased
under HH stress conditions, but is restored to the NN level
in the DEX pretreated animal. This effect correlates well
with decreased mitochondrial biogenesis (i.e. mitochondrial
number and mtDNA content) and expression of mtOXPHOS
genes under HH, which is either normalized or augmented by
DEX pretreatment under HH conditions. Yet, another signifi-
cant interpretation is that only the normoxic level of ERRa is
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quite sufficient (irrespective of increased PGC-10. observed) in
eliciting mitochondrial function because HH stress down-
regulated the ERRa function. In addition, DEX pretreatment
under HH conditions resulted in the maintenance of the
mitochondrial fusion/fission gene expression to NN levels
(Figure 8A). Along with normalized expression of mitochon-
drial dynamics genes, the effect of DEX treatment (i.e. adap-
tation) on metabolic augmentation to preserve ATP synthesis
and reduce oxidative stress would avert mitochondrial
fragmentation under HH conditions. This is possible as the
relationship between mitochondrial bioenergetics and mito-
chondrial network organization is bidirectional (Benard et al.,
2007).

Conclusion

The scheme showing the HH exposure-induced mitochon-
drial dysfunction in rat lung and mechanism of HH adapta-
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tion rendered by DEX pre-administration is depicted in
Figure 9. In conclusion, the present study demonstrates that
the underlying molecular mechanism involved in lung mito-
chondrial dysfunction under high-altitude (HH) stress are
well-correlated with the decreased expression of ERRa. This
has resulted in decreased mitochondrial biogenesis and
expression of mtOXPHOS genes. In addition, HH has resulted
in the aberration of mitochondrial dynamics as is evidenced
by increased fission (Fisl and Drpl)- and decreased fusion
(Mfn2)-related gene expression. The prophylactic administra-
tion of DEX (i.e. HH adaptation) overcomes this dysfunction
through the preservation of mitochondrial bioenergetics pos-
sibly by normalizing ERRo and elevating mtOXPHOS genes
expression. These observations made in the present study
indicate that (i) HAPE susceptibility under HH stress is due to
mitochondrial dysfunction; and (ii) HAPE adaptation might
be due to protective effects on mitochondrial function
through mtOXPHOS genes and its major nDNA regulators
like ERRo.
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Scheme showing molecular mechanism of HH exposure-induced mitochondrial dysfunction and DEX pre-administration (or HH adaptation)-
mediated protection in rat lung. Under HH condition, decreased ERRo-mediated repression of ‘ERRa-PGC-1a active form has eventually resulted
in loss of mitochondrial biogenesis-mediated adaptation and decreased Mfn2 transcripts leading to mitochondrial de-energization. Also,
decreased ERRo. along with oxidative stress-mediated mtDNA damage has resulted in decreased expression of genes involved in mtOXPHOS
complex to further affect its function. In addition, increased expression of genes involved in fission (Fis1 and Drp1) along with decreased Mfn2
will result in mitochondrial fragmentation under HH condition. On the other hand, prophylactic treatment of DEX (i.e. adaptation to HH) has
normalized the expression of ERRa and increased the PGC-1a: transcripts under HH conditions. Hence, the formation of ‘ERRo-PGC-10." active form
would maintain the Mfn2 transcripts and mitochondrial biogenesis. Also, DEX increased the transcripts of mtOXPHOS genes through the
interaction with mitochondrial localized glucocorticoid receptor (GR) to augment the mtOXPHOS functions. In addition, mitochondrial dynamics
genes are restored to NN level. Thus, the protection of ERRo along with elevated expression of mtOXPHOS genes are the likely candidates

prerequisite for lung adaptation to HH stress.
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