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Abstract—An increase in mitochondrial DNA (mtDNA) mutations and an ensuing increase in mitochondrial re-
active oxygen species (ROS) production have been suggested to be a cause of the aging process (“the mitochon-
drial hypothesis of aging”). In agreement with this, mtDNA-mutator mice accumulate a large amount of mtDNA
mutations, giving rise to defective mitochondria and an accelerated aging phenotype. However, incongruously,
the rates of ROS production in mtDNA mutator mitochondria have generally earlier been reported to be lower —
not higher - than in wildtype, thus apparently invalidating the “mitochondrial hypothesis of aging”. We have
here re-examined ROS production rates in mtDNA-mutator mice mitochondria. Using traditional conditions for
measuring ROS (succinate in the absence of rotenone), we indeed found lower ROS in the mtDNA-mutator mi-
tochondria compared to wildtype. This ROS mainly results from reverse electron flow driven by the membrane
potential, but the membrane potential reached in the isolated mtDNA-mutator mitochondria was 33 mV lower
than that in wildtype mitochondria, due to the feedback inhibition of succinate oxidation by oxaloacetate, and to
a lower oxidative capacity in the mtDNA-mutator mice, explaining the lower ROS production. In contrast, in nor-
mal forward electron flow systems (pyruvate (or glutamate) + malate or palmitoyl-CoA + carnitine), mitochondrial
ROS production was higher in the mtDNA-mutator mitochondria. Particularly, even during active oxidative phos-
phorylation (as would be ongoing physiologically), higher ROS rates were seen in the mtDNA-mutator mitochon-
dria than in wildtype. Thus, when examined under physiological conditions, mitochondrial ROS production rates
are indeed increased in mtDNA-mutator mitochondria. While this does not prove the validity of the mitochondrial
hypothesis of aging, it may no longer be said to be negated in this respect. This paper is dedicated to the memory
of Professor Vladimir P. Skulachev.
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INTRODUCTION

Aging has been suggested to be a consequence
of accumulation of mutations of mitochondrial DNA
(reviewed in [1]). According to this, “the mitochondrial

Abbreviations: mtDNA, mitochondrial DNA; ROS, reactive ox-
ygen species.

* To whom correspondence should be addressed.

hypothesis of aging”, these mutations would lead to er-
rors occurring in the proteins of the respiratory chain,
which in turn would lead to increases in mitochondrial
production of reactive oxygen species (ROS). The ROS
generated in this way would then lead to oxidative
damage of cellular proteins, DNA, and lipids, which
would finally manifest as aging [2, 3]. There is, howev-
er, presently no agreement concerning the validity of
this hypothesis [4-6].
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A substantial number of studies do support a role
for mtDNA mutations in aging (reviewed in [7, 8]). There
are several studies showing increased ROS production
with age in both animal systems and humans [9-13].
However, not all studies agree [14,15]). In reality, the
generally observed parallel increase of ROS and mtDNA
mutations with age has made it difficult to determine a
cause-and-effect relationship [16, 17].

In this conundrum, the construction of the mtDNA
mutator mouse [18,19] should principally enable sep-
aration of cause and effect. Indeed, solely due to an
increased rate of mitochondrial DNA mutations, this
mouse shows features that can adequately be described
as signs of premature aging, and it also has a signifi-
cantly reduced lifespan [18, 19]. Whether this is a mod-
el that replicates the normal aging process may be dis-
cussed [1]. However; it undoubtedly opens for studies of
the processes that lead from mitochondrial DNA muta-
tions to the features of premature aging. Studies of this
mouse should then be a way of establishing the possi-
ble significance of ROS production for aging.

Thus, in the mitochondrial hypothesis of aging, a
predicted feature of increased mtDNA mutations would
be an increased level of ROS. This ROS would then
be responsible for the protein alterations that finally
manifest themselves in features of premature aging.
However, contrary to such expectations, in the mito-
chondrial mutator model, there is little evidence of
oxidative damage [20-22]. Additionally and important-
ly, when the mutator mitochondria have been ana-
lyzed ex vivo, no increase in production of ROS by iso-
lated mitochondria has been reported [23, 24], severely
weakening the mitochondrial oxidative damage theory
of aging [5].

However, despite these observations, certain in vivo
investigations imply that an increased level of ROS
production is involved in the aging process observed
in the mtDNA mutator mice. For example, we have
used the mitochondria-targeted mass spectrometry
probe MitoB for estimation of hydrogen peroxide
within mitochondria of living mice. In these studies,
the invivo level of mitochondrial hydrogen peroxide
was enhanced in old mtDNA mutator mice, suggest-
ing that the prolonged presence of mtDNA muta-
tions invivo increases hydrogen peroxide production
that could contribute to an accelerated aging pheno-
type [25]. Additionally, when the mtDNA mutator mice
were treated with the mitochondrially targeted anti-
oxidant SkQ that would reduce ROS levels, the aging
process of the mtDNA mutator mice was markedly de-
layed [26]. Similarly, in mice overexpressing catalase
targeted to mitochondria, heart hypertrophy and fibro-
sis in the mtDNA mutator mice was attenuated [27].
These invivo observations are thus supportive for an
increase in ROS being the cause of the aging process
and for this increase being an effect of the mitochon-
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drial mutations. The reason for the apparent discrep-
ancy of the results obtained ex vivo and in vivo is cur-
rently unknown.

In the present study, we have therefore re-exam-
ined ROS production in mitochondria isolated from
heart and liver of the mtDNA mutator mice. In par-
ticular, we have focused on examining the mitochon-
dria when they are metabolizing physiologically rele-
vant substrates and doing this during active oxidative
phosphorylation, i.e., we have examined conditions
that may be said to more closely reflect the situa-
tion invivo. We conclude that under these more phys-
iologically relevant conditions, the mitochondria from
the mtDNA mutator mice do produce more ROS, and
the mitochondrial hypothesis for aging is thus not ne-
gated in this respect.

MATERIALS AND METHODS

Animals. Mice heterozygous for the mtDNA muta-
tor allele (+/PolgA™+) [18] were backcrossed to C57B1/6
mice for at least 6 generations. After intercrossing
mice heterozygous for the PolgA™ allele and genotyp-
ing the offspring as previously described [18], mtDNA
mutator mice were identified as the homozygote trans-
genic offspring; heterozygote offspring were not used;
homozygote wildtype offspring were used as wild-
type mice. The mice were fed ad libitum (R70 Standard
Diet, Lactamin), had free access to water, and were kept
on a 12:12h light: dark cycle in cages with 4-5 animals
at 24°C. The animals were routinely examined at the
age of 25 weeks, i.e, at a time point where the first
symptoms of premature aging, e.g. slight kyphosis,
alopecia, and impaired weight gain, are observable
in the mtDNA mutator mice [18, 26]. Oxidative stress
biomarkers were measured in mice at the age of 40
weeks, i.e., at a time where symptoms of aging become
grossly evident [26]. Animal protocols were in accor-
dance with guidelines for humane treatment of ani-
mals and were reviewed and approved by the Animal
Ethics Committee of the North Stockholm region.

Tissue collection and mitochondrial isolation.
Mice were anaesthetized for 1 min by a mixture of
79% CO: and 21% O: and decapitated. All experiments
were made in parallel, i.e., preparations from wildtype
and mtDNA mutator mice were directly compared on
each experimental day. Hearts from two mice were
placed into ice-cold medium containing 100 mM sucrose,
50 mM KCl, 20 mM K-TES, 1 mM EDTA and 0.1% (w/v)
fatty-acid-free bovine serum albumin (BSA) and were
freed of white fat and connective tissue, weighed and
used for mitochondrial isolation. Liver mitochondria
were isolated as previously described [28, 29].

The tissues were finely minced with scissors and ho-
mogenized in a Potter homogenizer with a Teflon pestle.
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During mincing and homogenizing, the heart fragments
were treated with nagarse, added to the medium at a
concentration of 1 mg per g of tissue. Throughout the
isolation process, tissues were kept at 0-2°C.

Mitochondria were isolated by differential cen-
trifugation. Tissue homogenates were centrifuged at
8500g for 10 min at 2°C using a Beckman J2-21M cen-
trifuge. The resulting supernatant, containing floating
fat and nagarse, was discarded. The pellet was resus-
pended in ice-cold medium containing 100 mM su-
crose, 50 mM KCl, 20 mM K-TES, 1 mM EDTA and 0.2%
(w/v) fatty-acid-free BSA. The resuspended homoge-
nate was centrifuged at 800g for 10 min, and the result-
ing supernatant was centrifuged at 8500g for 10 min.
The resulting mitochondrial pellet was resuspended
in the same buffer (but albumin-free) and centrifuged
again at 8500g for 10 min. The final mitochondrial pel-
lets were resuspended by hand homogenization in a
small glass homogenizer in the same medium. The con-
centration of mitochondrial protein was measured us-
ing fluorescamine [30] with BSA as a standard. Mito-
chondrial suspensions were kept on ice for no longer
than 4 h during measurements.

All mitochondrial preparations were tested by
quality control traces, examining adequate respiratory
control by following the effect of ADP and FCCP addi-
tions on Complex I substrate respiration rates.

Mitochondrial ROS net production in heart
mitochondria. Mitochondrial H.O: net production in
heart mitochondria was determined fluorometrically
by the use of the Amplex Red™ reagent, Trade Mark of
Molecular Probes, USA. Oxidation of Amplex Red cou-
pled through horseradish peroxidase to reduction of
H:0: produces the red fluorescent product resorufin
[31]. Mitochondria (0.05-0.2 mg of mitochondrial pro-
tein ml?) were incubated at 37°C in a buffer consisting
of 100 mM sucrose, 20 mM K*-Tes (pH 7.2), 50 mM KCl,
2mM MgCl;, 1mMEDTA, 4mMKP; and 0.1 % fatty-
acid-free BSA. All incubations also contained 5 uM
Amplex Red, 12 units ml* horseradish peroxidase and
45 units ml* superoxide dismutase. The reaction was
routinely initiated by addition of mitochondria fol-
lowed by the successive addition of substrate: Com-
plex II substrate (5 mM succinate), or Complex I sub-
strates (2 mM malate + 5 mM pyruvate for heart (2 mM
malate + 5mM glutamate for liver) or a fatty acid-
derived substrate (30 uM palmitoyl-CoA + 5 mM carni-
tine), followed by successive addition of rotenone
(1.7 uyM), antimycin A (3 pg/ml) and myxothiazol (0.8 pM)
or ADP (450 pM).

The fluorescent signal was measured by three tech-
niques: (1) kinetics of fluorescence emitted through
a band pass filter of 600+ 20 nm from an excitation
wavelength of 545 nm was followed in a 3 ml cuvette
for 10-15 min (2 points per sec) with a SIGMA ZWS-11
spectrofluorometer (SIGMA instrument GMBH, Berlin,
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Germany); (2) simultaneous fluorescent signals from
mitochondrial samples supported by various substrates
and ADP were detected with an EnSpire Multimode
Plate Reader (PerkinElmer, USA) in a 24-well plate. The
excitation wavelength 563 nm and the emission wave-
length 584 nm were set by applying the optimisation
mode of EnSpire plate reader. (3) Simultaneous mea-
surements of fluorescence and oxygen consumption
rates were performed by the O2k-MultiSensor System
(Oroboros Instruments Corp., Innsbruck, Austria).

The rate of H20. production was calculated as the
change in fluorescence intensity during the linear in-
crease, as earlier described [32]. Calibration curves
were obtained by adding known amounts of fresh-
ly diluted H:0: (concentration of stock solution was
checked at 240 nm using a molar extinction coefficient
of 43.6) to the assay medium. The standard curve was
linear in a range up till 500 nM H,0..

Mitochondrial ROS net production in liver mito-
chondria. The measurement of H.0. production in liver
mitochondria is problematic due to the presence of
catalase in the mitochondria [33, 34]. Therefore, we
measured superoxide for examination of ROS produc-
tion in liver mitochondria. Superoxide was measured
using the superoxide-induced conversion of dihydro-
ethidium (DHE) (Molecular Probes) to ethidium at 37°C
using an excitation wavelength of 495nm and col-
lecting the emission via a narrow band pass filter at
570 + 5 nm with a SIGMA ZWS-11 spectrofluorometer
(SIGMA instrument GMBH, Berlin, Germany) [29, 32].
For validation of DHE as a potent tool for ROS mea-
surement, we have earlier compared the DHE and
Amplex Red methods and obtained qualitatively simi-
lar results [32].

Mitochondrial oxygen consumption. Heart mi-
tochondria (0.1-0.2 mg protein/ml) were incubated in
a medium of the same composition as that used for
ROS production. Oxygen consumption rates were moni-
tored using two techniques: an O2k-MultiSensor Sys-
tem (Oroboros Instruments Corp. Innsbruck, Austria)
and a Clark-type oxygen electrode (Yellow Springs
Instrument Co., USA) in a sealed incubation chamber
at 37°C, as earlier described [35]. The output signal
from the Clark-type electrode amplifier was electron-
ically time-differentiated and collected every 0.5s
by a PowerLab/AD Instrument (application program
Chart v5.0.1.). Phosphorylation state 3 was measured
in the presence of 450 uM ADP. State-4 respiration was
measured as the residual respiration after addition
of 2 ug/ml oligomycin. Maximal oxygen consumption
rates (uncoupled state) were obtained by addition of
FCCP at a final concentration of 1.0-1.4 pyM.

Mitochondrial membrane potential. Mitochon-
drial membrane potential measurements were per-
formed with the dye safranin O [36]. The changes in
absorbance of safranin O were followed at 37°C in
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an Olis® modernized Aminco DW-2 dual-wavelength
spectrophotometer at 511-533 nm with a 3-nm slit.
Olis GlobalWorks™ software was used for recording
and quantification. Calibration curves were made for
each mitochondrial preparation in K'-free medium
and were obtained from traces in which the extra-
mitochondrial K* was altered by addition of KCl in
a 0.1-20mM final concentration range in the pres-
ence of 3 uM valinomycin. The change in absorbance
caused by each addition was plotted against [K‘]Jout
and the intramitochondrial K, [K*]in, was estimated
by extrapolation of the line to the zero-uptake point, as
described [36]. The absorbance readings were used to
calculate the membrane potential (mV) by the Nernst
equation according to: Ay =61 mV -log ([K*]in / [K*]Jout).

Proton leak. To determine proton leak, mito-
chondrial membrane potential and oxygen consump-
tion measurements were performed in parallel using
the same media consisting of 100 mM sucrose, 20 mM
K*-Tes (pH 7.2), 50 mM KCI, 2mM MgCl;, 1 mM EDTA,
4 mM KPi, 0.1 % fatty-acid-free BSA, 2 ug/ml oligomycin,
5 uM safranin O and 5 mM succinate, in the presence of
increasing amounts of malonate (0.5-3.3 mM), at 37°C.
An energizing preincubation time of =3.5 min was used
before malonate additions; proton leak kinetic mea-
surements were finalized within 11-12 min as in [35].

Protein oxidative modification biomarkers. Ox-
idative stress biomarkers were analyzed in liver total
tissue homogenate. For collection of tissue, mice were
anaesthetized for 1-2 min by a mixture of 79% CO: and
21% 02 and decapitated. Tissues were dissected out
and rapidly placed in liquid nitrogen; then tissues were
powdered under liquid nitrogen, weighed, divided into
small amounts and stored under nitrogen at -80°C.
A small amount was homogenized in RIPA buffer with
proteinase inhibitor (Complete Mini, Roche) and pro-
tein concentration measured.

4-HNE-adducts was detected by immunoblot analy-
sis with polyclonal antibodies from Alpha Diagnos-
tics (HNE12-S, dilution 1:1000) as described [37, 38].
4-HNE-BSA protein conjugate (HNE12-C, Alpha Diag-
nostics) was used as an internal control.

Carbonyl groups of proteins were analysed by
OxyBlot Protein oxidation detection kit (Chemicon
International) consisting of several steps: derivatiza-
tion of carbonyl groups to 2,4-dinitrophenylhydrazone
(DNP-hydrazone), separation of protein samples by
SDS PAGE (12%), and Western blotting using primary
antibodies specific to the DNP moiety of the proteins.
A mixture of Standard Proteins with attached DNP
residues (Chemicon International) was used as inter-
nal control.

Statistics. KaleidaGrapH 4.5.2 Synergy Software
(Reading, USA) was used for the graphs and statistical
analysis. Groups were compared with Student’s two-
tailed t-test. All data were expressed as means + SE.
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Significance was accepted at the level of p <0.05 (indi-
cated in the graphs by one symbol), p <0.01 (two sym-
bols) and p <0.001 (three symbols).

RESULTS

To clarify the relationship between mitochondrial
DNA mutations and ROS production, we examined ROS
production in mitochondria isolated from heart and
liver of the mtDNA mutator and wildtype mice. We uti-
lized a series of protocols for examination of ROS
production and clarified the cause for the differences
seen. We finally examined whether the alterations in
ROS production were associated with differences in
degrees of oxidative damage.

Diminished ROS production in mitochondria
from mtDNA mutator mice under classical ROS as-
sessment conditions. ROS production in isolated mi-
tochondria is classically examined with the complex
II-coupled substrate succinate (reviewed in [39-41]).
Besides being a classical invitro approach to ROS mea-
surement as such, succinate-supported ROS produc-
tion has attracted much attention in the longevity
field since it somewhat puzzlingly has been proposed
as both being involved in lifespan reduction [42] and
lifespan extension [43].

In isolated mitochondria, added succinate is oxi-
dized by Complex II and this reduces ubiquinone (Q)
and generates a proton-motive force that is sufficient-
ly high to drive electrons thermodynamically uphill
through Complex I, to reduce NAD* to NADH (reverse
electron flow). This results in superoxide production
from semi-reduced coenzyme Q (semiquinone) at the
coenzyme Q-binding site of Complex I [44, 45]. We ini-
tially used this standard condition for ROS production
to examine mitochondria isolated from the heart and
liver of wildtype and mtDNA mutator mitochondria.
H:0. production from the heart was measured with the
Amplex Red system as exemplified with a represen-
tative trace (Fig. 1a); for liver mitochondria, the DHE
method was used (Fig. 1b) (see Materials and Methods
section).

ROS from Complex I. After addition of succinate,
wildtype mitochondria displayed a high amount of ROS
production, which was markedly inhibited in heart mi-
tochondria by rotenone (Fig. 1a). A similar effect was
seen with liver mitochondria (Fig. 1b). Rotenone inhib-
its Complex I at subunit ND1 [46]. The inhibition by
rotenone therefore indicated that Complex I was the
major site of ROS production in these mitochondria,
and that electrons required for ROS production are
delivered to Complex I by reverse electron transport
from Complex II.

There was a clearly diminished rate of ROS pro-
duction in heart mitochondria from mtDNA mutator,

BIOCHEMISTRY (Moscow) Vol. 89 No. 2 2024
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Fig. 1. ROS production in mitochondria energized by succinate and examined under traditional conditions. a, b) A representa-
tive trace of (a) Amplex Red fluorescence and (b) dihydroethidium (DHE) measurements in wildtype heart (a) and liver (b) mito-
chondria energized by succinate. Additions were 0.1 mg/ml heart (HM) or liver (LM) mitochondria, 5 mM succinate, 1.7 uM rote-
none, 3 mg/ml antimycin A and 0.8 uM myxothiazol. ¢) Hydrogen peroxide production rate under conditions of reverse electron
flow from Complex I (measured principally as shown in (a) and expressed as hydrogen peroxide amount, based on calibration)
in heart mitochondria isolated from wildtype (WT, white bars) and mtDNA mutator mice (Mut, black bars). The difference be-
tween the rate with succinate alone and that after the further addition of rotenone (A) is considered to represent ROS production
from Complex I. d) Hydrogen peroxide production rate after antimycin A addition (as in a) in heart mitochondria isolated from
wildtype and mtDNA mutator mice, the rate after further myxothiazol addition, and the A between these. The rate after myxo-
thiazol represents ROS from Complex II and the A rate ROS from Complex III. e) Relative ROS production rates from Complex I
and Complex III in mitochondria isolated from mtDNA mutator mice. ROS refers to hydrogen peroxide in heart (measured as
in a) and to the change in DHE fluorescence signal intensity in liver mitochondria (measured as in b). For each preparation day,
the A (b) rate in wildtype mitochondria was set to as 100% and the A rate in mtDNA mutator was expressed as a percentage of this.
Values in (c)-(e) represent means + SE of 5-7 independent parallel mitochondrial preparations. * ** Indicate statistically signif-
icant differences between wildtype and mtDNA mutator mice (p < 0.05, < 0.01). f) A representative trace of the effect of FCCP
on Amplex red fluorescence (H:0: levels) measured in wildtype heart mitochondria energized by succinate. Additions were
0.2 mg/ml mitochondria (Mit), 5 mM succinate, and 1.4 uM FCCP.
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compared to that in wildtype mitochondria (Fig. 1c).
The small amount of residual ROS generated in mi-
tochondria after rotenone addition was not different
between wildtype and mtDNA mutator mitochondria
(Fig. 1c). We defined the Complex I-derived ROS as the
difference (delta) in ROS production before and after
addition of rotenone. ROS production from Complex I
was thus clearly reduced in the heart mitochondria
from the mtDNA mutator mice (Fig. 1c). Similarly to
the case in heart mitochondria (Fig. 1c), liver mtDNA
mutator mitochondria produced less ROS from Com-
plex I than did wildtype mitochondria (Fig. 1e).

From Complex III. Another major site capable of
producing ROS under these conditions is Complex III
(forward electron flow from Complex II). To study
this site, we further added first antimycin A and then
myxothiazol to the mitochondria (Fig. 1, a, b). Antimy-
cin A is a Complex III Qi-site inhibitor that blocks elec-
tron transfer from b heme to quinone, resulting in
increased formation of semiquinone at the Q.-site of
Complex III, which in turn can transfer an electron to
oxygen, yielding superoxide. In heart and liver mito-
chondria, antimycin A addition accordingly increased
ROS production (Fig. 1, a, b). Also, here, ROS production
was lower in mtDNA mutator mitochondria (Fig. 1d).
Myxothiazol blocks electron entry from Complex II
into the Q.-site of Complex III, preventing the forma-
tion of this semiquinone and hence decreasing ROS
production (Fig.1,a,b). Thus, after myxothiazol addi-
tion, ROS production from Complex III is blocked, and
also reverse electron transport into Complex I is here
blocked by rotenone (Fig. 1, a,b). We thus define Com-
plex III-derived ROS production as the difference (del-
ta) between the ROS production rate after antimycin A
and after myxothiazol (Fig. 1d). Defined in this way,
it is seen that ROS production from Complex III in
mtDNA mutator mice was 18 % lower in heart mito-
chondria. The production in liver mitochondria was
unchanged (Fig. 1e).

From Complex II. After myxothiazol addition (Fig. 1,
a, b), the only residual ROS production should be from
Complex II. This rate was equal in wildtype and mtDNA
mutator mitochondria from heart (Fig. 1d), as well as
from liver (not shown). Thus, the conclusion from
these standard experiments with succinate as electron
donor was that mtDNA mutator mitochondria showed
either an unchanged (from ComplexII) or a clearly
diminished rate of ROS production (from Complexes I
and III). It is thus obvious that the invitro ROS mea-
surements in succinate-supported mitochondria yield
results that are in direct contrast to the results obtained
in in vivo measurements [25].

The low membrane potential in the mtDNA
mutator mitochondria respiring on succinate may
explain the low ROS production rate. In order to ob-
tain further insight into the physiological relevance of
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the use of succinate for studying ROS production in mi-
tochondria invitro, we analyzed the bioenergetics of
mitochondria under the conditions classically used for
measuring ROS production. In particular we focused
on how ROS produced through succinate-supported
respiration is dependent on the membrane potential.

ROS production in mitochondria energized by suc-
cinate-induced reverse electron flow is susceptible to
changes in the membrane potential (reviewed in [39-41]
and seen by us in brown adipose tissue mitochondria
[32]). Indeed, the uncoupler FCCP eliminates the high
ROS production supported by reverse electron trans-
port in heart mitochondria (Fig. 1f), as expected [47, 48].
Thus, the observed low ROS production in mtDNA mu-
tator mitochondria oxidizing succinate (Fig. 1) could be
due to a lower membrane potential in the mitochondria
isolated from these mice.

We assessed the membrane potential by safranin O
absorbance in mitochondria respiring on succinate
without rotenone (Fig. 2). The membrane potential was
stable for both wildtype and mtDNA mutator mito-
chondria (Fig. 2a). It was eliminated by FCCP (Fig. 2a).
After calibration of each mitochondrial preparation
versus K' gradients, we calculated the membrane po-
tential to be as much as 33 mV lower in mtDNA mutator
mitochondria than in wildtype mitochondria (200 mV
wildtype vs 167 mV mutant) (Fig. 2b), suggesting that a
low membrane potential could be the reason for the
reduction in ROS production seen in the mtDNA mu-
tator mitochondria under these conditions: the ener-
gy may not be enough to support the reverse electron
flow to Complex I.

To establish the cause of the lower membrane po-
tential, we first examined the respiratory capacity of
heart mitochondria under these conditions. As seen in
Fig. 2c, contrary to what is expected in isolated mito-
chondria the respiration rate of wildtype heart mito-
chondria was not limited by proton leak: addition of
the uncoupler FCCP induced just a brief increase in
respiration with subsequent inhibition, principally in
agreement with e.g., [49]. Also, in the mtDNA mutator
mitochondria, the respiration was not regulated by the
membrane potential, as FCCP addition also here led to
inhibition of respiration (Fig. 2c) after a short stimula-
tion.

However, when mitochondria respire on succinate
in the absence of rotenone (as is the case in the clas-
sical design for studying ROS production used here),
there may be an inhibition of Complex II (succinate
dehydrogenase) activity due to the successive accumu-
lation of oxaloacetate in the mitochondria; this oxalo-
acetate will with high affinity compete with succinate
for the binding site in Complex II [50]. Thus, this in-
hibition may limit the rate of succinate oxidation and
the oxidative rate is then not regulated by proton leak
through the membrane.
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Additions were 5 mM succinate, 0.2 mg/ml mitochondria (Mit), and 1.4 yM FCCP. b) Comparison of membrane potential levels
in heart mitochondria from wildtype and mtDNA mutator mice, examined principally as in (a). Values represent means + SE of
6 independent parallel mitochondrial preparations. * Indicates statistically significant difference between wildtype and mtDNA
mutator mice (p < 0.05). ¢) Respiratory traces comparing succinate-supported respiration of wildtype (thin line) and mtDNA
mutator (thick line) heart mitochondria in the absence of rotenone. Additions were as in (a). d) Respiratory traces comparing
succinate-supported respiration of wildtype (thin line) and mtDNA mutator (thick line) heart mitochondria in the presence of
rotenone (1.7 uM). Additions were 0.2 mg mitochondria (Mit), 5 mM succinate, 2 ug/ml oligomycin, and 1.4 uM FCCP. e) The effect
of rotenone on succinate-supported oxygen consumption rate in heart mitochondria from wildtype and mtDNA mutator mice,
examined principally as in (c) and (d), rate after succinate addition. Values represent means + SE of 4-6 independent parallel
mitochondrial preparations. * Indicates statistically significant difference between wildtype and mtDNA mutator mice (p < 0.05)
and # indicates significant effect of rotenone (p < 0.05). f) Absorbance traces comparing succinate-supported membrane poten-
tial of wildtype (thin line) and mtDNA mutator (thick line) heart mitochondria in the presence of rotenone (1.7 uM). Additions
as in (a). For direct comparisons, traces shown in a, ¢, d and f are from one experimental day, with parallel preparations of
wildtype and mtDNA mutator mitochondria, examined in parallel for respiration and membrane potential.
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Proton leak. To establish whether the lower mem-
brane potential observed above in the mtDNA mutator
mitochondria was due to respiratory limitation, rather
than to increased proton leak (uncoupling), we made
proton leak determinations. We examined proton leak
kinetics under conditions where the mitochondria re-
spired on succinate and oxygen consumption was suc-
cessively inhibited with malonate, while assessing the
membrane potential that could be reached when the
capacity for succinate oxidation was thus successively
(further) diminished.

The separate data on oxygen consumption and
membrane potential were in themselves illustrative.
Resting oxygen consumption rates were much low-
er in the mtDNA mutator mitochondria compared to
wildtype (Fig.3a), and the respiration in both types
of mitochondria was inhibited by the first addition of
malonate. As is evident from the data above, the mem-
brane potential was markedly lower in mtDNA muta-
tor mitochondria, but in contrast to respiration, the
first addition(s) of malonate did not affect the mem-
brane potential in a measurable way (Fig. 3b).

When these data were re-graphed as proton leak
curves (“Brand plots”), i.e., as respiration as a function
of the driving force (membrane potential), remarkable
curve shapes resulted (Fig.3c). At low membrane po-
tentials (<170 mV), the respiration was very low but
still may be said to be ohmic in that it was roughly
proportional to the membrane potential. The curves
for wildtype and mutator mitochondria are also near-
ly identical in this range, demonstrating that the in-
creased mutation rate has not influenced the proton
leak. However, at the higher membrane potentials, the
rate of oxidation was no longer under the control of
the membrane potential: only the (apparent) concen-
tration of substrate (i.e., succinate still not inhibited
by malonate) determined the rate of respiration. Such
steep curves for succinate oxidation versus membrane
potential have earlier been observed in other sys-
tems (liver mitochondria [51]) and similarly for glyc-
erol-3-phosphate oxidation in brown adipose tissue
mitochondria [52]. It is possible that our preparation
contained small amounts of mitochondrial membrane
fragments that may oxidize succinate unhampered by
the mitochondrial membrane potential; matrix-free
oxidation of succinate should be possible, as no soluble
electron carriers (NAD*) are needed for succinate (or
glycerol-3-phosphate) oxidation.

In the mtDNA mutator mitochondria, the appar-
ent breakpoint is decreased by as much as 32 mV, from
=206 mV to =174 mV (Fig. 3c). This membrane potential
is apparently the highest that can be reached in these
mitochondria when the respiratory capacity is limited.
Thus, the lower level of membrane potential is not as-
sociated with high membrane proton leak but instead
reflects a diminished capacity for electron flux, and
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Fig. 3. Proton leak analysis in wildtype and mtDNA mutator
mitochondria. Heart mitochondria were incubated principal-
ly as in Fig. 1, with succinate (in the absence of rotenone) as
substrate, and oxygen consumption and membrane potential
were determined in parallel under identical conditions, after
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on the data in (a) and (b). The points are means + SE from 7
independent mitochondrial preparations for each group.
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the lowered membrane potential would explain why
ROS production is lower on reverse electron transport
in mtDNA mutator mitochondria.

The effect of rotenone. The inhibition of succinate
respiration observed above is thus due to endoge-
nously generated oxaloacetate. The accumulation of
oxaloacetate should be eliminated by the addition of
rotenone. Indeed, in the presence of rotenone, the res-
piration rate became sensitive to the membrane po-
tential, as the addition of FCCP now led to a marked
increase in respiratory rate (Fig. 2d) in the same mi-
tochondrial preparation. The succinate-supported re-
spiratory rate (state 4) increased in both wildtype and
mtDNA mutator mitochondria in the presence of ro-
tenone (Fig. 2e). The addition of rotenone also almost
eliminated the difference in the levels of membrane
potential between wildtype and mtDNA mutator mito-
chondria (Fig. 2f) (the membrane potentials calculated
were now 207 mV versus 199 mV, i.e. the difference be-
came only 8 mV).

Thus, we show here that mitochondria examined
under the conditions (succinate as substrate without
rotenone) widely used for studying the role of ROS in
longevity [42, 43] are in a bioenergetically unusual
state: the mitochondria are not in state 4, but a state
where respiratory capacity and membrane potential
are unphysiologically lowered, likely due to the ac-
cumulation of oxaloacetate in the mitochondria. The
membrane potential that could be maintained in both
types of mitochondria was thus unphysiologically low
with the mtDNA mutator mitochondria only able to
maintain an even lower potential (Fig. 2b), which prob-
ably explains the lower ROS production in these mito-
chondria (Fig. 1, a-c).

Obviously, under invivo conditions, rotenone is
not present, and it may thus be considered strange to
claim that this condition, i.e., succinate plus rotenone,
is more physiological than just succinate. However,
to respire on only succinate is in itself unphysiologi-
cal, and when the NADH from malate oxidation can
be oxidized in Complex I, all oxidized succinate will
give rise to oxaloacetate, a product that inhibits suc-
cinate dehydrogenase. Under physiological conditions,
with fatty acids or glucose/pyruvate as substrate, the
oxaloacetate will condense with incoming acetyl-CoA
and thus not accumulate. Avoiding this accumulation
by using rotenone is thus an experimental condition
that — although it appears to be very artificial - more
closely mimics physiological conditions better than the
absence of rotenone.

Enhanced ROS production from mtDNA muta-
tor mitochondria energized by Complex I sub-
strates. Conditions such as those used above in the
classical design of mitochondrial ROS experiments, i.e.,
external succinate respiration and accompanying back-
ward electron flow, are rare invivo [53-55]. We there-
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fore continued by examining ROS production under
other, more physiologically relevant, conditions. Phys-
iologically, mitochondria are mainly energized with
Complex I substrates and display forward electron flow.
To examine these conditions, we allowed mitochondria
isolated from heart or liver to respire on Complex I
substrates, pyruvate + malate (Fig. 4a, shown for heart
mitochondria with Amplex Red system) or glutamate +
+malate (Fig. 4b, shown for liver mitochondria with
DHE probe), and measured ROS production.

As seen (Fig.4,a,b), the addition of substrate
led to an immediate and linear rate of ROS produc-
tion in both heart and liver mitochondria. When we
compared the rate of ROS production between mito-
chondria from wildtype and mtDNA mutator mice,
we found that, contrary to the case under classical re-
verse electron transport conditions (with succinate as
substrate), mtDNA mutator mitochondria from both
tissues investigated produced more ROS (heart 41%
and liver 70%) than wildtype mitochondria (Fig. 4, c, d).
Notably, oxygen consumption rates were not signifi-
cantly diminished in the mutator mitochondria un-
der these conditions [basal respiration (before FCCP)]
(Fig. 4, e, 1).

To identify the site of the increased ROS produc-
tion, we added rotenone to the mitochondria. Since ro-
tenone inhibits the flux of electrons from Complex I,
all ROS must then originate from Complex I (or from
upstream pyruvate or alpha-ketoglutarate dehydro-
genases). The addition of rotenone increased ROS
production in both wildtype and mtDNA mutator mito-
chondria (Fig. 4, a-d), as expected [12, 40, 41]. After ro-
tenone addition, mtDNA mutator heart mitochondria
still had greater ROS production than wildtype heart
mitochondria, while liver mitochondria only showed
a non-significant trend toward an increase (Fig.4,c
and d). This increased ROS production after rotenone
addition may indicate that upstream systems, e.g., py-
ruvate dehydrogenase [56], could be an important site
for ROS production in heart mitochondria, especially
in the mtDNA mutator mice.

It is clear from Figs. 1 and 4 that the magnitude
of ROS production observed with Complex I substrates
compared to that observed with succinate is much
lower; Complex I substrate gave less than 20% of the
H:0: production obtained from succinate. That a very
high rate of ROS production is observed when succi-
nate is used as the mitochondrial oxidative substrate
probably explains why succinate is traditionally cho-
sen when examining ROS production ([9, 37, 57]). How-
ever, it is clear that qualitatively remarkably different
results were obtained when complex II and complex I
substrates were analyzed, yielding contrasting con-
clusions concerning the significance of mitochondri-
al mutations for ROS production. Thus, it would seem
that under conditions more resembling physiological
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Fig. 4. ROS production in mitochondria energized by Complex I substrates. a, b) A representative trace of Amplex Red fluores-
cence (a) and dihydroethidium (DHE) (b) measured in wildtype heart (a) and liver (b) mitochondria energized by pyruvate + ma-
late (a) or by glutamate + malate (b). Additions were 0.2 mg/ml heart (HM) or liver (LM) mitochondria, 5 mM pyruvate for heart
mitochondria or 5 mM glutamate for liver mitochondria (2 mM malate was present in medium) and 1.7 uM rotenone. c, d) Rate
of ROS production under conditions of forward electron flow supported by pyruvate + malate in heart (c) and glutamate + ma-
late in liver (d) mitochondria (measured principally as in a and b). The values represent means + SE of 4-9 independent mito-
chondrial preparations for each genotype. * Statistically significant difference between wildtype and mtDNA mutator mitochon-
dria (p < 0.05); # statistically significant effect of rotenone (p < 0.05). e, f) Complex I substrate-supported oxygen consumption
rates in heart and liver mitochondria from wildtype and mtDNA mutator mice. Values represent means + SE of 4-9 independent
parallel mitochondrial preparations. * Indicates statistically significant difference between wildtype and mtDNA mutator mice
(p < 0.05). ### Indicates significant effects of FCCP (p < 0.001).
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conditions, the mtDNA mutator mice do display a slight-
ly higher — not a lower — ROS production rate than do
wildtype mice.

Enhanced ROS production from mtDNA muta-
tor mitochondria energized by fatty acid-derived
substrates. In addition to pyruvate (and glutamate),
fatty acids are physiologically relevant substrates for
mitochondrial respiration, and the ROS production as-
sociated with fatty acid oxidation in the mtDNA muta-
tor mice is therefore of physiological relevance. Simi-
larly to what is the case for the classical Complex I
substrates (pyruvate, glutamate), fatty acid oxidation
occurs inside mitochondria and requires intact respi-
ratory chain activity and ATP production [58].

In contrast to other substrates such as malate,
glutamate, succinate or glycerol 3-phosphate, oxidation
of fatty acids requires no less than four enzymatic
reactions and donates electrons at several points in
the electron transport chain: Complex I, ETFQOR, and
Complex II (via formation of succinate in the Krebs cy-
cle) [59]. Moreover, ROS production with fatty acid-de-
rived substrates is evident across a physiological range
of membrane potential and is relatively insensitive to
membrane potential changes [32, 60]. This makes fatty
acid oxidation a good candidate for high rates of su-
peroxide or H:.0. formation, due to possible leaks of
electrons to molecular oxygen at several different sites
independently of membrane potential.

Therefore, we examined how mitochondrial ROS
production with fatty acids as substrate is affected in
the mtDNA mutator mice. The fatty acid-derived sub-
strate palmitoyl-CoA, in the presence of carnitine, was
a suitable substrate for heart wildtype mitochondria,
providing a 10-fold increase in the rate of oxygen con-
sumption after FCCP addition, i.e., the maximal oxi-
dative capacity of heart mitochondria, exceeded the
basal respiration rate ten times (Fig. 5a). Similar high
oxidative capacity was observed in wildtype heart mi-
tochondria supported by Complex I substrates (Fig. 4e),
indicating that, for the heart, fatty acids are equally
significant substrates as is glucose-derived pyruvate.

The rate of oxygen consumption in basal condi-
tions (not stimulated by FCCP) was not different be-
tween wildtype and mtDNA mutator mitochondria sup-
ported by palmitoyl-CoA + carnitine (Fig. 5a), similarly to
Complex I substrates (Fig. 4e), and in contrast to suc-
cinate where mutant mitochondria had a lower rate
even in the basal state (Fig. 2e).

Both mtDNA mutator mitochondria supported by
Complex I substrates or succinate had reduced spare
oxidative capacity (the FCCP response) as compared to
wildtype (Figs. 4e and 2d), in agreement with [28]. Sur-
prisingly, high oxidative capacities supported by fatty
acid-derived substrates were equal in wildtype and
mutant mitochondria (Fig. 5a). Thus, oxidation of fatty
acid substrates was not impaired, despite the severe

BIOCHEMISTRY (Moscow) Vol. 89 No. 2 2024

289

Oxygen consumption
#h#

] wrt i
- 2004 W Mmut
£
_ 1504
£
,E 100
ON
© 50-
€
t—
Pal+Car +FCCP
b
ROS, Palmitoyl CoA+carnitine
300, L[] WT * #
- . Mut
2 250 #
\-' *
-E 2004
.E 150
oN
= 100~
©
2 50-
o
0
Pal+Car Pal+Car+Rot

Fig. 5. ROS production in mitochondria energized by fatty acid-
derived substrate (palmitoyl-CoA + carnitine). a) Basal and
maximal (after FCCP) oxygen consumption supported by pal-
mitoyl-CoA (30 uM) + carnitine (5 mM) in heart mitochondria
from wildtype and mtDNA mutator mice. ### Indicates signifi-
cant effects of FCCP (p < 0.001). b) Rate of ROS production sup-
ported by palmitoyl-CoA (30 uM) + carnitine (5 mM) in heart
mitochondria from wildtype and mtDNA mutator mice, before
and after addition of rotenone. * Statistically significant dif-
ference between wildtype and mtDNA mutator mitochondria
(p < 0.05). # Indicates significant effects of rotenone (p < 0.05).
In (a) and (b), the values represent means + SE of 5 indepen-
dent mitochondrial preparations for each genotype.

limitation in respiratory chain complexes in mtDNA
mutator mice, in agreement with [23]. Therefore, it
was interesting to see the high degree to which such
substrates affected ROS production.

The rate of ROS production was 29% higher in
mtDNA mutator heart mitochondria than in wildtype
mitochondria when fatty acid-derived substrates were
oxidized (Fig. 5b), similarly to what we observed with
Complex I substrates (Fig. 4c) and in contrast to the re-
duced rate in the presence of succinate (Fig. 1c).

For fatty-acid derived substrates, the addition
of rotenone increased ROS production in both wild-
type and mtDNA mutator mitochondria from heart
and the mtDNA mutator mitochondria had somewhat
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higher ROS production than the wildtype mitochon-
dria (Fig. 5b), similarly to what we observed with Com-
plex I substrates (Fig. 4c).

Thus, in vitro, ROS measurement in mitochondria
supported by Complex I and fatty acid-derived sub-
strates yields results that may better reflect the situa-
tion in vivo [25]. In contrast, using succinate (without
rotenone) leads to mitochondrial inhibition by oxaloac-
etate and yields results contrasting the in vivo results [25].

Enhanced ROS production in mtDNA mutator
mitochondria under conditions of ADP-stimulated
oxidative phosphorylation. Mitochondria in healthy
active cells would always be in some degree of state 3
(active oxidative phosphorylation), although they may
not always be fully activated in this respect. To more
closely resemble the conditions invivo, we therefore
studied mitochondrial ROS production (and respirato-
ry activity) in wildtype and mtDNA mutator mice mito-
chondria in the presence of high levels of ADP.

As expected, respiratory activity was increased
(Fig. 6a, thin blue line), whereas ROS production (Fig. 6a,
heavy blue line) was reduced in wildtype heart mito-
chondria stimulated by ADP, in agreement with [61].
This ROS-attenuating effect of ADP was clearly less
pronounced in mtDNA mutator mitochondria (Fig. 6a,
heavy red line) than in wildtype mitochondria. The rate
of ROS production after the addition of ADP was thus
higher in the mtDNA mutator mouse mitochondria
than in wildtype mitochondria supported by palmi-
toyl-CoA + carnitine (Fig. 6a).

The rate of oxygen consumption in state 3 (after
ADP addition) was not different between mitochondria
from wildtype and mtDNA mutator mice when pal-
mitoyl-CoA was used as substrate (in agreement with
[23]) but with other substrates, the rate in the mutator
mitochondria was generally lower (in agreement with
[28]) (Fig. 6b; Fig. S1 in the Online Resource 1).

Similarly, to what is shown here for palmitoyl-CoA +
+ carnitine, the presence of ADP reduced ROS produc-
tion with other substrates — with the most pronounced
effect seen with succinate (without rotenone) (Fig. 6c).
Notably, in the presence of ADP (state 3), a higher rate
of ROS production in mutator versus wildtype mito-
chondria was evident in mitochondria energized not
only by palmitoyl-CoA + carnitine but also in mitochon-
dria energized by pyruvate + malate; the ROS produc-
tion rate was equal on succinate without rotenone
(Fig. 6c; Fig. S1 in the Online Resource 1).

To confirm these important observations obtained
in the Oroboros system, we also examined ROS produc-
tion in a plate-reader system. Also, here, mtDNA mu-
tator heart mitochondria showed higher rates of ROS
production with all three types of substrates tested
(Fig. 6d). Remarkably, under these physiologically rele-
vant conditions of ADP-stimulated oxidative phosphor-
ylation, even succinate without rotenone tended to
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show enhanced ROS production in mutant mitochon-
dria compared to wildtype mitochondria (Fig. 6c), in
clear contrast to the outcome without ADP and rote-
none (Fig. 1). Thus, the very high ROS production rate
via reverse electron flux with succinate (without rote-
none) was drastically reduced in the presence of ADP
(Fig. 6d).

Thus, under the most relevant physiological con-
ditions (active oxidative phosphorylation), mtDNA mu-
tator mitochondria produce more ROS than wildtype
mitochondria. The ROS production measured under
these conditions is thus in accordance with the results
of the measurements in vivo [25].

Increased oxidative stress in liver from mtDNA
mutator invivo. As mitochondria from mtDNA muta-
tor mice showed enhanced ROS production under phys-
iological conditions, we examined if this is associated
with an actual increase in oxidative stress in mtDNA
mutator mouse tissues. Therefore, we measured levels
of 4-hydroxynonenal adducts (HNE-adducts), a marker
of oxidative modification originating from lipid perox-
idation of proteins, in liver extracts (Fig. 7, a-c). We de-
tected both clear increases in the level of adducts of
specific molecular weights (specific proteins) (see e.g.,
band at =28 kDa in Fig. 7a) and a general increase in
the level of adduct formation (Fig. 7, b and c) in whole
liver lysate of mtDNA mutator mice (Fig. 7, a-c).

In addition to measuring 4-HNE-adducts, we also
examined the formation of protein carbonyls, gener-
ally used as a marker of oxidative stress [62]. Higher
levels of carbonyl groups were observed in lysates from
livers from mtDNA mutator mice as compared to wild-
type mice (Fig.7, d and e), as expected both from the
4-HNE-adduct data above and from earlier studies [20].

We therefore conclude that at least in certain tis-
sues, an increased rate of mitochondrial mutations
may result in an increase in oxidative damage, proba-
bly mediated via an increased ROS production.

DISCUSSION

According to the mitochondrial hypothesis of ag-
ing [2, 3], aging is caused by mutations in mitochon-
drial DNA that would lead to alterations in the mito-
chondrially encoded proteins in the respiratory chain.
This would lead to increases in mitochondrial ROS
production. This would then constitute a vicious cycle
where the ROS thus produced would lead to further
mitochondrial mutations and thus further alterations
in the respiratory chain, leading to general oxidative
damage: aging.

However, clearly one prediction of the hypothesis
is that mitochondria with increased levels of muta-
tions in their DNA should produce enhanced amounts
of ROS. Until now this has not been demonstrated to
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Fig. 6. ROS production in mitochondria stimulated by ADP. a) Representative traces of simultaneously measured oxygen con-
sumption (thin lines) and Amplex Red fluorescence (thick lines) in wildtype (blue lines) and mtDNA mutator (red lines) heart mi-
tochondria energized by palmitoyl-CoA + carnitine and then stimulated with ADP. Additions were 0.2 mg/ml mitochondria (Mit),
and 450 uM ADP. Simultaneous measurement of oxygen and fluorescence was done by O2k-Fluorescence Module. b) Oxygen
consumption rates in wildtype and mtDNA mutator mitochondria supported by palmitoyl-CoA + carnitine (Pal + Car) or pyru-
vate + malate (Pyr+ M) or succinate (Suc) as in (a); the effect of ADP addition. The values represent means + SE of 5-7 indepen-
dent mitochondrial preparations for each genotype. * Statistically significant difference between wildtype and mtDNA mutator
mitochondria (p <0.05). #, ### Indicates significant effects of ADP (p <0.05 and p <0.001). c) Rates of ROS production measured
simultaneously with oxygen consumption in wildtype and mtDNA mutator mitochondria supported by palmitoyl-CoA + carni-
tine (Pal + Car) or pyruvate + malate (Pyr+ M) or succinate (Suc) as in (a); the effect of ADP addition. The values represent means
+ SE of 5-7 independent mitochondrial preparations for each genotype. * ** Statistically significant difference between wild-
type and mtDNA mutator mitochondria (p <0.05 and p <0.01). ##, ### Indicates significant effects of ADP (p<0.01 and p <0.001).
d) Rates of ROS production under conditions of active oxidative phosphorylation. ROS production was measured using a
plate-reader simultaneously for all substrates including succinate in the presence of rotenone. 450 uM ADP was present before
addition of mitochondria. The values represent means + SE of 3 independent mitochondrial preparations. * Statistically signifi-
cant difference between wildtype and mtDNA mutator mitochondria (p <0.05).
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Fig. 7. Oxidative damage in wildtype and mtDNA mutator mitochondria. a) Representative immunoblot analysis of 4-hy-
droxy-nonenal (4-HNE) adducts and corresponding Red Ponceau staining in liver whole tissue lysate from mtDNA mutator (M)
and wildtype mice (W) (15 ug protein/lane). b) Profile of 4-HNE-adducts in liver lysate. Lines indicate mean profiles of ad-
ducts examined in single or duplicate lanes as in figure (a) (heavy line for mtDNA mutator liver, n=7; thin line for wildtype
liver, n=5). Dashed line was obtained by subtraction of wildtype mean profile from mtDNA mutator mean profile. c) Relative
4-HNE-adducts amounts in muscle and liver lysate. Western blots as in (a) were quantified and the total area under the curve
was measured. The mean total amount of 4-HNE adducts in wildtype tissue was set to 100% and the levels of 4-HNE-adducts
in mtDNA mutator tissue is expressed relative to this. The values represent the means + SE of 5-7 independent tissue prepa-
rations from wildtype and mtDNA mutator mice. d) Representative immunoblot of carbonylated proteins and corresponding
Red Ponceau staining of membrane in liver lysate. MSP, Mixture of Standard Proteins with attached DNP-residues. e) Relative
carbonylation in liver lysate. Western blots as in (d) were analyzed principally as in (c); n= 3. * Indicates statistically significant
difference between wildtype and mtDNA mutator mice (p <0.05).
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be the case, rather the opposite [20, 23, 24]. Due to the
importance of understanding the nature of aging, we
have here reexamined the effects of enhanced mito-
chondrial mutation rates on mitochondrial ROS pro-
duction. We find that the lowered rate of ROS produc-
tion earlier observed in the mtDNA mutator mice was
due to the traditional, succinate-based experimental
design used for the determination of ROS production.
We demonstrate here that when experimental condi-
tions are used that more closely approach physiolog-
ically relevant conditions, an enhanced level of ROS
production is indeed observed in the mitochondria of
the mtDNA mutator mice. Whereas these findings do
not prove that the manifestations of aging are caused
by increased ROS production due to increased mito-
chondrial mutations, they do reawaken this hypothesis
and thus open for further investigations into the enig-
ma of aging.

Observations of diminished ROS production in
mtDNA mutator mitochondria are caused by the
traditional experimental design. Earlier [23, 24], as
well as present observations (Fig. 1) have consistently
found reduced ROS production in mtDNA mutator mi-
tochondria under the conditions traditionally utilized
for measuring mitochondrial ROS production. We have
here in detail analyzed the cause for this low ROS pro-
duction rate.

We found that when wildtype mitochondria were
oxidizing succinate under conditions when the oxida-
tion was not inhibited by oxaloacetate accumulation,
the mitochondria displayed ordinary respiratory con-
trol, i.e., respiration was stimulated by ADP and FCCP.
Under these conditions, a high membrane potential
was reached in the basal state (207 mV). As expected,
when mtDNA mutator mice mitochondria were exam-
ined under the same conditions, the respiratory capac-
ity was more than halved, leading to a slightly lower
membrane potential (199 mV). In these mitochondria,
the rate of ROS production in the presence of ADP was
actually slightly higher in the mtDNA mutator mice
mitochondria, in agreement with expectations that the
mutations in the mitochondrial genome resulted in
malfunctions in the respiratory chain components.

However, when the mitochondria were examined
as is traditionally done in ROS investigations, i.e., in
the absence of rotenone, the accumulation of oxalo-
acetate led to a strong inhibition of the succinate ox-
idation system. The respiratory rate was no longer
determined by the membrane potential, it is e.g., not
stimulated with FCCP, but it was limited by the low
(inhibited) activity of the succinate dehydrogenase.
Nonetheless, the respiration could raise the membrane
potential to 206 mV. This membrane potential is suffi-
cient to drive the electrons up to Complex I, and a high
rate of ROS production occurred from this site. In the
mtDNA mutator mitochondria, the lowered capacity of
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the respiratory system meant that it could only drive
the membrane potential up to 174 mV; this was insuffi-
cient to drive the electrons to Complex I with the same
capacity. A lowered rate of ROS production was thus
observed, as reverse electron transfer is very sensitive
to the membrane potential (reviewed in [40, 41, 63],
also verified in brown-fat mitochondria [32]). The rea-
son for the lowered rate of ROS production seen in the
mtDNA mutator mitochondria is thus the artificial situ-
ation, with a profoundly inhibited activity of succinate
oxidation due to the accumulation of oxaloacetate, a
situation that does not occur normally in respiring mi-
tochondria; it may, however, occur in ischemia-reper-
fusion injury and succinate dehydrogenase deficiency
[53, 54]. The concept that mtDNA mutator mitochon-
dria display lower rates of ROS production in general
is thus an extrapolation from observations performed
under very special conditions.

Increased ROS production in mtDNA mutator
mitochondria with physiologically relevant sub-
strates and conditions. We find that, in contrast to
what we observe for succinate-derived ROS production,
ROS production derived from Complex I substrates, fat-
ty acid substrates, and during active oxidative phospho-
rylation (with any substrate) was increased in mtDNA
mutator mitochondria, compared to wildtype mito-
chondria. Higher ROS production in isolated mitochon-
dria from mtDNA mutator mice is an important ob-
servation, implying that mitochondrial mutations can
indeed increase oxidative damage under physiological
conditions.

Divergent magnitudes of ROS production on Com-
plex I- versus Complex II-linked substrates are not
unique for the mtDNA mutator case described here.
In entirely different types of studies, a lower ROS pro-
duction from succinate but higher from Complex I sub-
strates has been reported [64, 65]. In these studies, as
in ours, the lowered rates were associated with a re-
duced membrane potential [64, 65].

ROS production supported by ComplexI sub-
strates in mtDNA mutator mice has earlier been in-
vestigated [19, 23, 24]. In contrast to our observations,
in these studies, ROS production was not higher in
mtDNA mutator mitochondria than in wildtype mito-
chondria. One reason for this discrepancy may be the
use of homovanillic acid for detecting ROS [19, 24].
Indeed, very high rates of hydrogen peroxide release
(= 3000 pmol/min/mg on pyruvate) were reported,
values which are more than thirty times higher than
our values (= 90 pmol/min/mg) and values reported
elsewhere (reviewed in [66]). Those observations may
therefore be ascribed to methodological differences.
However, Kukat et al. [23] found no difference between
wildtype and mtDNA mutator heart mitochondria de-
spite using very similar methods to the present paper,
but ROS production rate was also much higher in [23]
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compared to what is observed in the present article.
We have no explanation for these discrepancies.

Importantly we find that investigating ROS produc-
tion during ongoing oxidative phosphorylation is an es-
sential way to further approach physiological conditions.

Also during active oxidative phosphorylation,
the ROS production in mtDNA mutator mitochon-
dria is higher than in wildtype mitochondria. Mito-
chondria in normal cells are always at least to some
degree in state 3 (active oxidative phosphorylation),
and conditions where ROS production is studied in the
presence of ADP should thus better reflect the situa-
tion in vivo [13, 45]. We found that during active oxida-
tive phosphorylation, ROS production was higher in
mtDNA mutator mitochondria than in wildtype mito-
chondria, and this was the case with all different sub-
strates studied here (including succinate). This result
principally agrees with the observed increased ROS
production in mitochondrial state 3 (in the presence of
ADP) from normally aged animals as compared with
younger animals [13, 61].

A possible causative role of mitochondrial ROS
for cellular oxidative damage. The contribution of
ROS production to the aging process is a debated topic
[4, 67]. ROS can cause damage to proteins, lipids, and
DNA in the cell, but its role in the aging process is un-
clear. Mitochondria are the most important source of
ROS in the cell. It has been estimated that =0.4% of ox-
ygen consumed is converted to ROS during mitochon-
drial respiration [40]. However, the level of ROS is not
determined solely by the production rate but also by
the effects of e.g., antioxidants. Still, we find that the
lipid peroxidation rate in liver homogenates was en-
hanced in mtDNA mutator mice (Fig. S2 in the Online
Resource 1), in parallel to the increase in mitochondri-
al ROS production generally described above in mtDNA
mutator mice. Accordingly, we found evidence for in-
creased oxidative damage in liver lysates from the
mtDNA mutator mice, in agreement with [20]. The ob-
served increases in 4-HNE adducts and protein carbonyl
groups are likely important indicators of the pathology
of mtDNA mutator mice. To what degree this reflects
what occurs during normal aging can of course not be
deduced from these observations in themselves, but
our results indicate that mutations in the mitochondria
may result in higher ROS production and higher ROS
levels that in their turn could induce further mitochon-
drial mutations and thus enhanced ROS production in
a self-reinforcing scheme.

CONCLUSIONS

This paper demonstrates that in contrast to what
has earlier been concluded from studies using a tradi-
tional experimental design for measuring ROS produc-
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tion, the capacity for ROS production is increased in
mtDNA mutator mice when studies are performed un-
der conditions more closely approaching physiological
conditions. These enhanced rates of ROS production
in mtDNA mutator mice are associated with increased
signs of oxidative damage in tissues of mtDNA muta-
tor mice. The present studies are thus compatible with
hypotheses that suggest that increased levels of mi-
tochondrial mutations lead to enhanced rates of ROS
production and elevated oxidative damage of tissues,
and thus that aging processes may be understandable
as being the results of enhanced levels of mitochondri-
al DNA mutations.
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contains supplementary material available at https://
doi.org/10.1134/S0006297924020081.
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