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A B S T R A C T

Mitochondria have originated in eukaryotic cells by endosymbiosis of a specialized prokaryote approximately 2
billion years ago. They are essential for normal cell function by providing energy through their role in oxidizing
carbon substrates. Glutathione (GSH) is a major thiol-disulfide redox buffer of the cell including the mi-
tochondrial matrix and intermembrane space. We have generated cardiomyocyte-specific Grx1-roGFP2 GSH
redox potential (EGSH) biosensor mice in the past, in which the sensor is targeted to the mitochondrial matrix.
Using this mouse model a distinct EGSH of the mitochondrial matrix (−278.9 ± 0.4mV) in isolated cardio-
myocytes is observed. When analyzing the EGSH in isolated mitochondria from the transgenic hearts, however,
the EGSH in the mitochondrial matrix is significantly oxidized (−247.7 ± 8.7mV). This is prevented by adding
N-Ethylmaleimide during the mitochondria isolation procedure, which precludes disulfide bond formation. A
similar reducing effect is observed by isolating mitochondria in hypoxic (0.1–3% O2) conditions that mimics
mitochondrial pO2 levels in cellulo. The reduced EGSH is accompanied by lower ROS production, reduced complex
III activity but increased ATP levels produced at baseline and after stimulation with succinate/ADP. Altogether,
we demonstrate that oxygenation is an essential factor that needs to be considered when analyzing mitochon-
drial function ex vivo.

1. Introduction

Mitochondria have originated in eukaryotic cells by endosymbiosis
of a specialized prokaryote approximately 2 billion years ago [1]. They
are essential for normal cell function, particularly by providing energy
through their role in oxidative phosphorylation. Mitochondrial ATP
synthesis is driven by a proton gradient across the inner mitochondrial
membrane, which is generated through electron transport reactions
that are linked to the oxidation of carbon substrates. However, the
energy production in form of ATP is also accompanied by the produc-
tion of reactive oxygen species (ROS) [2]. While ROS production plays
an important role in cell signaling, excessive ROS levels can result in
oxidative damage [3]. Glutathione (GSH) is considered to be one major
thiol-disulfide redox buffer of the cell including the mitochondrial

intermembrane space and matrix [4]. Mitochondria are devoid of GSH
synthesis. Instead, GSH is mainly produced in the cytosol, from where it
gets exchanged with the intracellular organelle compartments including
the mitochondrial matrix [5]. There is increasing evidence that the
cytosol and the mitochondrial matrix have separate and independent
GSH redox pools, which is exemplified by distinct GSH redox potentials
(EGSH) [6,7]. GSH is predominant in the reduced form, upon increased
oxidative stress there is an increased oxidized GSH (GSSG) formation,
which may cause glutathionylation of mitochondrial proteins [8]. The
mitochondrial EGSH is routinely analyzed in isolated mitochondria by
the GSH/GSSG ratio. However, the isolation method for mitochondria,
i.e. by a discontinuous Percoll gradient versus differential centrifuga-
tion, affects the GSH and GSSG concentrations [9]. Moreover, re-
spiratory substrates are important for the reduced redox environment in
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the mitochondria [9]. Taken together these data demonstrate that a
physiological environment including a steady respiratory flux is im-
portant for the mitochondrial EGSH.

Mitochondrial bioenergetics and ROS production are highly de-
pendent on the availability of oxygen. Atmospheric oxygen levels were
probably around 0.1% at the time of mitochondria endosymbiosis [10].
The accumulation of oxygen in the atmosphere developed gradually up
to the present day [11]. Mitochondria are still exposed to low oxygen-
conditions within cells, in which there is a steep drop in the local pO2

around individual oxygen-consuming mitochondria [12]. Oxygen par-
tial pressures (pO2) of< 1–3mmHg were observed at the level of mi-
tochondria in cells exposed to normoxic (20.9% O2) culture conditions.
This is most likely due to their function as oxygen sinks [13]. Isolated
mitochondria are thus naturally exposed to artificially high pO2 levels,
which are not found in physiological in situ conditions [14]. Therefore
we examined, if the ambient oxygen concentration during the isolation
process of the mitochondria influences their EGSH and mitochondrial
energy production.

2. Material and methods

2.1. Grx1-roGFP2 transgenic mice

Generation and characterization of the Grx1-roGFP2 cardiomyocyte
specific mice, in which the biosensor is targeted to the mitochondrial
matrix, were described previously by our group [6]. Adult transgenic
mice between 8 and 12 weeks of age were used for isolating hearts,
cardiomyocytes or mitochondria. Wild type littermates were used for
determining ATP, complex III activity and ROS levels in isolated mi-
tochondria.

2.2. Isolation of mitochondria from tissues in normoxia and hypoxia

Organs were extracted from mice and immediately transferred to ice
cold PBS at the indicated oxygen concentrations. All further steps of
isolation were performed on ice. Tissue was cut into small pieces and
homogenized in a potter with isolation buffer (in mM: HEPES 20,
mannitol 220, sucrose 70, EDTA 1, freshly added PMSF 0.5). The
homogenate was centrifuged at 800 g for 10min. The homogenization
step was repeated once. Supernatants were transferred into a fresh tube
and centrifuged at 10,000 g for 30min. The pellet was washed in 1.5 ml
isolation buffer. The entire process of mitochondria isolation was done
simultaneously in normoxic conditions (20.9% O2, room air) and hy-
poxic conditions (0.1%, 3%, 5% or 10% O2) using an in invivo 2 400
hypoxia workstation (Baker Ruskin).

2.3. EGSH measurements of isolated mitochondria

All measurements of sensor fluorescence were performed in the
CLARIOstar microplate reader (BMG) with atmospheric control unit.
During the measurements the atmospheric control unit ensured stable
O2 concentrations between 0.1 and 20.9% O2 as indicated in the re-
spective experiments. Excitation wavelengths were set to 488 and
405 nm with an emission wavelength of 510 nm. Baseline fluorescence
ratio was recorded for all samples. For full oxidation and reduction of
roGFP, 100 μM diamide and 2mM DTT were added respectively. In
some experiments 2.5 mM succinate/0.5 mM ADP were added as in-
dicated. All measurements were carried out in sucrose buffer (in mM:
EDTA 1, MOPS 10, sucrose 250).

2.4. Isolation of cardiomyocytes

Adult ventricular cardiomyocytes were isolated via the Langendorff
perfusion. Mice were euthanized and the hearts were removed and
quickly transferred into a chamber filled with ice-cold PBS where the
aorta was tied to a 21G cannula. The heart was then perfused at 37 °C

with Ca2+-free perfusion buffer (in mM: NaCl 113, KCl 4.7, KH2PO4
0.6, Na2HPO4×2H2O 0.6, MgSO4×7H2O 1.2, NaHCO3 12, KHCO3

10, HEPES 10, taurine 30, 2,3-butanedione-monoxime 10, glucose 5.5,
pH 7.4) for 3min. To digest the heart it was then perfused with 30ml
digestion buffer containing liberase DH (0.04mgmL−1, Roche),
trypsin (0.025%, Gibco) and CaCl2 12.5 μM. Afterwards, the atria were
carefully excised and discarded; the digested ventricles were dissected
for 30 s in 2.5 ml digestion buffer. To stop the digestion, 2.5ml stop
buffer I (perfusion buffer containing 1% BSA (Sigma) and 50 μM CaCl2)
were added to the cell suspension, which was then homogenized for
3min using a 1ml syringe without a needle. Ten minutes after sedi-
mentation, the cardiomyocyte pellet was transferred into stop buffer II
(perfusion buffer containing 0.5% BSA and 37.5 μM CaCl2) for gradual
recalcification up to 1mM of Ca2+. The cardiomyocytes were plated
onto round laminin (Sigma)-coated coverslides (24mm, Thermo
Scientific) and incubated at 37 °C and 5% CO2 until use.

2.5. EGSH measurements of isolated cardiac myocytes

Isolated cardiac myocytes plated onto laminin-coated glass cover-
slips were incubated for at least 45min before imaging. Then, the
coverslips were mounted in the imaging chamber and washed once
with 400 μL of imaging buffer (in mmol/L: NaCl 144, KCl 5.4, MgCl2
1,CaCl2 1, HEPES 10, and pH 7.3) at room temperature. The redox
measurements were performed using the inverted fluorescence micro-
scope IX83 (Olympus) and Visiview software. The roGFP2 sensor was
excited at 488 and 405 nm using a Polychrome V light source (Till
Photonics). The emitted light from the sample was detected via a CCD
camera (emission filter 510 ± 15 nm). Cardiomyocytes were either
treated with 2mM DTT or 100 μM diamide as soon as the 405/488 nm
ratio reached a stable baseline. An exposure time of 10ms usually led to
a good signal:noise ratio, and images were acquired in GFP emission
channels every 5 s.

2.6. EGSH measurements of cryosections

Redox histology on cryosections was performed as described pre-
viously by Fujikawa et al. [15].

Fig. 1. The glutathione pool is oxidized during isolation of mitochondria.
Grx1-roGFP2 cardiomyocyte specific transgenic mice were used to determine
the mitochondrial Oxidation difference (mtOxD) of the glutathione pool in
heart cryosection (3 mice), isolated cardiomyocytes (4 mice) or isolated cardiac
mitochondria (9 mice). N-Ethylmaleimide (NEM) was either added or not
during the experimental procedure as indicated. *p < 0.05.
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2.7. Calculation of the mitochondrial oxidation difference (mtOxD) and
EroGFP2 redox potentials

mtOxD and EGSH calculations were performed as described pre-
viously [6]. Determining the EGSH values at basal conditions requires
the analyses of the fluorescence intensities at 405 nm and 488 nm after
stimulation with diamide (maximum oxidation response) and DTT
(maximum reduction response). Based on these values the mtOxD of the
probe was calculated. The mtOxD is the ratio of the number of oxidized
molecules to the total number of molecules (mtOxD
roGFP2 = [roGFP2ox]/([roGFP2red + roGFP2ox])). In short the
emission intensities (I) obtained from the measurements at 405 and
488 nm were used to calculate the mtOxD. The mtOxD then was applied
to calculate the probe redox potential, where E`roGFP2 is −280mV.
Assuming that the probe and the glutathione redox couple are in
equilibrium, the EGSH= EroGFP2. All measurements were performed
with standardized microcopy settings including laser intensities and
exposure times.

2.8. Analysis of superoxide anion (O2
.-) levels with MitoSox

Mitochondria (25 μg) were diluted in sucrose buffer (in mM: EDTA
1, MOPS 10, sucrose 250) with or without 2.5 mM succinate/0.5 mM

ADP. 5 μM of MitoSOX red mitochondrial superoxide indicator
(Invitrogen, M36008) were added and O2

%− levels were recorded in the
CLARIOstar microplate reader (BMG) with atmospheric control unit at
the indicated oxygen concentration. The MitoSOX dye was excited at
510 nm and emission filter was set to 580 nm. The measurement was
allowed to run for 20min. The average of the plateau phase of the last
10min was considered for analysis.

2.9. Analysis of hydrogen peroxide (H2O2) levels with Amplex Red

Mitochondrial H2O2 production was measured using the H2O2-sen-
sitive and specific fluorescent dye Amplex®UltraRed (Life technologies,
Molecular Probes®). Amplex Red reacts with H2O2 to form the fluor-
escent product Resorufin (excitation at 535 nm, emission at 590 nm) in
a 1:1 relation. The reaction is catalyzed by Horseradish Peroxidase
(HRP). Assay component concentrations were 50 μM for Amplex Red,
0.5 U/ml for HRP and 100 U/ml superoxide dismutase (for conversion
of O2

%− to H2O2). Mitochondrial H2O2 production was measured with
and without addition of 2.5mM succinate/0.5 mM ADP. Experiments
were performed in 96 well plates (black/transparent) using the
CLARIOstar microplate reader (BMG) with a bottom reading setting. All
experiments were conducted in sucrose buffer (in mM: EDTA 1, MOPS
10, sucrose 250) with 25 μg mitochondria per well at 37 °C.

Fig. 2. Isolation of mitochondria in hy-
poxia prevents oxidation of the glu-
tathione pool. (A) Schematic drawing of
the experiments performed in B-E. (B, C)
Mitochondria from Grx1-roGFP2 cardio-
myocyte specific transgenic hearts were
isolated, incubated and analyzed in a de-
fined oxygen environment as indicated. 11,
6, 6, and 11 hearts were included in the
analysis at 20.9, 10, 3, and 0.1% O2, re-
spectively. Subsequently the mitochondrial
Oxidation Difference (mtOxD) and the glu-
tathione redox potential (EGSH) were de-
termined. The defined oxygen environment
was continued during the mtOxD and EGSH
measurements for each sample. (D, E)
Mitochondria from Grx1-roGFP2 cardio-
myocyte specific transgenic hearts were
isolated either at 20.9% O2 or 0.1% O2.
Subsequently, the mitochondria were in-
cubated and analyzed at the same oxygen
concentration (20.9% O2, 11 hearts), reox-
ygenated (0.1→ 20.9% O2, 6 hearts) or ex-
posed to hypoxia (20.9→ 0.1% O2, 4 hearts)
as indicated. *p < 0.05.
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2.10. Complex III activity assay

Cytochrome c reductase (complex III) activity was assessed by the
reduction of cytochrome c after administration of reduced decylu-
bichinone. 10mM decylubichinone, dissolved in ethanol was reduced
with 300mM KBH4 and stabilized in 120mM HCl. The enzyme assay
was performed in assay buffer (in mM: KPi 50, n-Dodecyl β-D-maltoside
1, KCN 1, 2.5 μM rotenone and 0.1% BSA, pH 7.4) complemented with
0.1 mM of reduced decylubichinone and 15 μM cytochrome c. The re-
action was started with the administration of 25 μg of isolated mi-
tochondria and reduction of cytochrome c was followed over time at a
wavelength of 550 nm.

2.11. ATP

Mitochondria (25 μg) were diluted in sucrose buffer (in mM: EDTA
0.04, MOPS 10, sucrose 250) with or without 2.5 mM succinate/0.5 mM
ADP. Samples were incubated in the respective buffers for 20min at
defined oxygen concentrations as indicated. These mitochondria were
then centrifuged at 10,000 g for 10min. Supernatants were used for the
ATP measurements using the Celltiter-Glo luminescent cell viability
assay kit (Promega G7570/7571). The measurement of ATP in the

supernatants was performed at room air condition including 20.9% O2.

2.12. Statistics

Data are shown as mean ± SEM. Statistical analyses were per-
formed using student 2-tailed t-test. One-way ANOVA analysis
(Conferroni post hoc test) was performed in cases of comparisons with
more than two groups. Values of p < 0.05 were considered statistically
significant.

3. Results

3.1. Isolation of mitochondria in low oxygen conditions preserves the EGSH

We have previously described a transgenic mouse model, which
allows determining the EGSH by the use of the genetically encoded Grx1-
roGFP2 biosensor [6]. The transgenic expression of the biosensor is
driven by the αMHC promoter and thus results in cardiomyocyte-re-
stricted expression. Due to the Neurospora crassa ATP9 mitochondrial
targeting sequence the biosensor is located in the mitochondrial matrix.
Redox biosensors including the Grx1-roGFP2 have been used in the past
in cell culture but also in complex tissue preparations including tissue
sections and whole organs [7,16]. Determining the EGSH at tissue level
relies on procedures to prevent oxidation of the redox probes during
specimen dissection and fixation [17]. We confirmed this by analyzing
the mitochondrial mtOxD, defined as the ratio of oxidized roGFP2 to
total roGFP2, in cryosections of mtGrx1-roGFP2 transgenic mice using a
protocol described previously by Fujikawa et al. [15] (Fig. 1). Incuba-
tion of the heart sections with NEM that is protecting thiol groups
prevented oxidation of the biosensor. Interestingly, incubation of iso-
lated cardiomyocytes from Grx1-roGFP transgenic hearts with or
without NEM did not alter the mtOxD indicating that the physiological
intracellular milieu is sufficient for preserving the more reduced state of
the EGSH of the mitochondrial matrix. Next we analyzed the mtOxD in
isolated cardiomyocyte mitochondria from the Grx1-roGFP2 mice. The
mtOxD of isolated mitochondria revealed a higher degree of oxidation
compared to the isolated cardiomyocytes and was similar to the mtOxD
of non NEM-treated cryosections (around 45%). Similar to the histology
sections, the shift of the EGSH could be prevented by addition of NEM to
all steps of the mitochondria isolation procedure. To analyze if mi-
micking the physiological pO2 of the mitochondria would prevent
changes in the mtOxD and EGSH likewise, we next isolated mitochondria
under defined oxygen concentrations. Preparations of the hearts as well
as all steps of the mitochondria isolation, incubation and measurement
were performed at oxygen concentrations ranging from 20.9% to 0.1%
O2 (Fig. 2A). With decreasing oxygen concentration, i.e. 3% and 0.1%
O2 the mtOxD and EGSH were significantly lower compared to 20.9% O2

(Fig. 2B and C). Next we tested, if the reduced mtOxD and EGSH in
hypoxia can be reversed. Reoxygenation of mitochondria, which were
isolated at 0.1% O2, for 30min at 20.9% O2 indeed inverted the reduced
mtOxD and EGSH (Fig. 2D). Incubation of mitochondria isolated in
20.9% O2 for 30min at 0.1% O2 on the other hand could not rescue the
high mtOxD of the glutathione pool indicating that the changes induced
at the atmospheric oxygen levels are the result of an irreversible process
(Fig. 2E).

3.2. Isolation of mitochondria in hypoxia affects superoxide anion and ATP
production

To analyze, if mitochondria either isolated in 20.9% O2 or 0.1% O2

differ in their bioenergetic profile and function, we tested the oxidation
of the Grx1-roGFP2 biosensor of the mitochondria in response to suc-
cinate/ADP. The mtOxD and EGSH were significantly reduced in mi-
tochondria isolated in 0.1% O2 confirming the earlier finding (Fig. 3A
and B). Upon addition of succinate/ADP, mitochondria reduced the
oxidation of the glutathione pool. This is congruent with previous

Fig. 3. Addition of succinate/ADP results in a reduction of the glutathione
pool in mitochondria isolated in hypoxia. Grx1-roGFP2 tg mitochondria
were isolated in 20.9% O2 (4 hearts) or 0.1% O2 (4 hearts). One portion of the
0.1% O2 isolated mitochondria were incubated for 30min at 20.9% O2 before
addition of substrates (0.1%→20.9% 02). Subsequently, succinate and ADP
were added for 30min as indicated and the mitochondrial Oxidation difference
(mtOxD, A) and EGSH (B) were determined. During substrate addition and
mtOxD analysis the indicated oxygen concentration was continued for each
sample. *p < 0.05.

M.S. Nanadikar, et al. Redox Biology 22 (2019) 101152

4



reports [9]. The reduction was detectable in normoxic and in even more
significant in hypoxic isolated mitochondria. To analyze how addition
of succinate affects the mitochondria we next determined ROS pro-
duction of mitochondria isolated in 20.9% O2 or 0.1% O2. We de-
termined the mitochondrial O2

%− levels in the mitochondrial matrix by
the use of the dye MitoSOX (Fig. 4A) and H2O2 release of the mi-
tochondria by Amplex Red (Fig. 4B). The mitochondria that were iso-
lated in 0.1% O2 demonstrated significantly lower levels of O2

%−

compared to the normoxic isolated organelles. Addition of succinate did
not affect the O2

%− levels in the matrix upon normoxia or hypoxia.

Addition of succinate, however indeed increased the release of H2O2 of
the mitochondria in normoxia as detected by Amplex Red. In sharp
contrast, mitochondria isolated in hypoxia lacked the succinate-induced
H2O2 release. Since not only the isolation of the mitochondria but also
the ROS measurements were performed in 20.9% O2 or 0.1% O2, we
controlled for the effect of acute hypoxia on the O2

%− readings
(Fig. 4C). Exposing mitochondria isolated at 20.9% O2 during the suc-
cinate/ADP stimulation and MitoSox readings to 0.1% O2, did not affect
the O2

%− levels compared to mitochondria isolated at 20.9% O2 fol-
lowed by the MitoSox analysis performed likewise at 20.9% O2. This
excludes an impairment of O2

%− production due to the hypoxic ex-
posure during the analysis.

The reduced baseline release of ROS in the hypoxic isolated mi-
tochondria was paralleled by a decreased mitochondrial complex III
activity (Fig. 4D). To analyze the bioenergetics outcome we subse-
quently analyzed ATP levels in the supernatants of the mitochondria
(Fig. 5). Even in non-energizeda mitochondria ATP levels produced by
the hypoxic isolated mitochondria were significantly higher compared
to the normoxic isolated mitochondria. Further ATP production was
stimulated by the addition of succinate/ADP. Mitochondria isolated in
20.9% O2 and 0.1% O2 responded both with significantly increased ATP
levels in response to addition of the substrate. Overall the levels pro-
duced upon stimulation however were significantly higher in the hy-
poxic isolated mitochondria compared to the normoxic isolated mi-
tochondria indicating that metabolism and electron flow are altered in
response to the oxygen concentration during the isolation process.

4. Discussion

Isolated mitochondria are widely used and analyzed for studying
mitochondrial biology including studies involving redox signaling
pathways. Isolation of these intracellular organelles makes them ac-
cessible for example for biochemical analyses. Due to their complex
morphology one major challenge during the isolation is preserving their
structural integrity [18]. One main function of energized mitochondria

Fig. 4. Superoxide anion, hydrogen peroxide le-
vels and complex III activity are diminished in
mitochondria isolated in hypoxia. Mitochondria
were isolated in 20.9% O2 or 0.1% O2. Subsequently,
superoxide anion (O2

%−) levels (A) and hydrogen
peroxide levels (B) were analyzed at the given oxygen
concentration. (C) Mitochondria were isolated in
20.9% O2. Isolated mitochondria were either ana-
lyzed with MitoSox at 20.9% O2 or at 0.1% O2

(20.9→ 0.1% 02) as indicated. (D) Mitochondria were
isolated in 20.9% O2 or 0.1% O2. Subsequently,
complex III activity was analyzed. For each condition
3 independent mitochondria isolations from hearts
were included in the analysis.*p < 0.05.

Fig. 5. ATP production is elevated in mitochondria isolated in hypoxia.
Mitochondria from in total three independent hearts per experimental condi-
tion were isolated simultaneously in 20.9% O2 or 0.1% O2. Subsequently,
succinate/ADP were added for 30 min as indicated. During substrate addition
the defined oxygen concentration was maintained. Subsequently, mitochondria
were centrifuged, supernatants of the mitochondria were harvested and ATP
levels were analyzed. *p < 0.05.
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is the production of ATP. The mitochondrial respiratory chain generates
approximately 90% of the cellular ATP [19]. For balancing the oxygen
consumption and production of O2

%− as a side product, the mi-
tochondria rely on the glutathione redox buffer. It is known that during
sample preparation GSH can undergo oxidation [20]. There are well
established protocols analyzing cultured cells and solid tissues for
preventing auto-oxidation and consequently overestimation of oxida-
tion of the glutathione pool by adding NEM during sample preparation
[21]. Using NEM during isolation of mitochondria we have identified
that the mitochondrial glutathione pool is prone to oxidation during the
isolation process. Most interestingly adding NEM to isolated cardio-
myocytes did not affect the mitochondrial EGSH indicating that the
living cells per se can offer enough buffering potential to prevent oxi-
dation. Thus, the mitochondria seem to be largely undisturbed within
this intracellular physiological environment despite detaching the car-
diomyocytes from their surrounding tissue. In an attempt to mimic the
intracellular oxygen conditions, we were able to show that isolating
mitochondria in an oxygen reduced environment prevents the oxidation
of the mitochondrial glutathione pool likewise. The oxygen partial

pressure shows a steep gradient from the environmental high pO2 of
160mmHg (at sea level) to the mitochondrial pO2 of< 1–3mmHg
(Fig. 6). Mimicking the physiological tissue or intracellular oxygen
conditions in vitro is a major experimental challenge [22]. Despite the
crucial role of O2 in cellular physiology, much of the cell culture and
tissue work is still conducted under ambient air atmosphere (pO2

18.6 kPa in a humidified CO2 incubator), i.e. hyperoxic conditions
compared to the in vivo situation. To mimic the in vivo conditions of the
mitochondria, the isolation of the mitochondria but also the further
processing and analysis of the samples need to be done in the defined
oxygen environment without risking any reoxygenation. Using an ex-
perimental approach that allowed a continuous and stable oxygen en-
vironment, we demonstrate that reducing the environmental oxygen
concentration prevents the oxidation of the mitochondrial glutathione
pool during the isolation process (Fig. 7). This was accompanied by
altered mitochondrial complex III activity and ROS production. The
reduced levels of H2O2 of mitochondria in hypoxia are in line with a
described linear dependence of mitochondrial H2O2 production on
oxygen [23]. The isolated mitochondria likewise differed in ATP

Fig. 6. pO2 gradient from the ambient air to the mitochondria in situ. Oxygen partial pressures (pO2) shown are reported in the literature [14,28].
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production in the sense of higher ATP levels produced in the mi-
tochondria isolated in 0.1% O2. In this regard it is important to note
that cytochrome c oxidase, which is the terminal oxidase of cellular
respiration, catalyzes the transfer of electrons from ferrocytochrome c
to molecular oxygen. This is the basis for generating a proton gradient,
which is finally used for ATP production. The lowest oxygen con-
centration applied in the presented study, i.e. 0.1% O2 (equivalent to a
pO2 of 0.76mmHg or 0.1 kPa) is not limiting for cytochrome c oxidase
activity considering the high affinity of the enzyme towards oxygen as
reflected by KM values around 0.01 kPa measured in isolated mi-
tochondria [24]. However, it should be noted that indeed several KM

values for oxygen have been reported for the cytochrome c oxidase,
which might be in part explained by the fact that for example the
proton-motive force affects the oxygen affinity of the enzyme. Together
our data demonstrate that despite the low ROS levels in hypoxic iso-
lated mitochondria, more ATP was produced excluding that the elec-
tron flow in the mitochondrial respiratory chain was impaired at 0.1%
O2. The reduced complex III activity together with increased ATP levels
indicate that the individual complex activity is not rate limiting to the
overall process but rather streamlined to match and efficiently make
use of the provided oxygen by the respiratory chain. Based on these
data we hypothesize that a balance is maintained between transfer of
electrons to O2 to form water as opposed to premature electron transfer
at complex III to form ROS. The isolation of mitochondria in 0.1% O2

thus seems to create an environment that is better suited for their
function compared to the isolation in 20.9% O2. This notion is also
supported by recent in vivo studies. Chronic hypoxia led to a marked
improvement in survival and outcome in a genetic mouse model of
Leigh syndrome, which is a mitochondrial disease [25].

Oxygen is a reactive chemical that oxidizes other molecules espe-
cially transition metals. As oxygen accumulated during evolution, iron
became a limiting nutrient in the aerobic environment [26]. Iron is
especially important for mitochondria since their function relies on iron
sulfur cluster- and heme-containing proteins. Many enzymes including
iron-sulfur proteins are irreversibly destroyed by oxygen. Most inter-
estingly anaerobes have a higher content and higher variability of iron
sulfur proteins than aerobes [27]. Aerobic organisms have indeed fa-
vored the use of Fe2S2 over Fe4S4, in line with the fact that superoxide
anions are more damaging to Fe4S4 clusters. Therefore the preferential
use of Fe2S2 clusters by mitochondrial Fe-S proteins is a logical con-
sequence. In line it is tempting to speculate that the atmospheric oxygen
concentration of 20.9% O2 is simply hyperoxic for isolated

mitochondria creating a partly oxygen-toxic environment.
Taken together we found a better preserved EGSH and a more effi-

cient electron flow in mitochondria isolated in low oxygen concentra-
tion, which might be more close to the in vivo situation. Thus, con-
sidering the oxygen concentration seems to be critical when analyzing
isolated mitochondria.
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