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Abstract

In heart failure, a functional block of complex I of the respiratory chain provokes superoxide generation, which is trans-
formed to H,0O, by dismutation. The Krebs cycle produces NADH, which delivers electrons to complex I, and NADPH for
H,0, elimination via isocitrate dehydrogenase and nicotinamide nucleotide transhydrogenase (NNT). At high NADH levels,
a-ketoglutarate dehydrogenase (a-KGDH) is a major source of superoxide in skeletal muscle mitochondria with low NNT
activity. Here, we analyzed how o-KGDH and NNT control H,O, emission in cardiac mitochondria. In cardiac mitochondria
from NNT-competent BL/6N mice, H,O, emission is equally low with pyruvate/malate (P/M) or a-ketoglutarate (a-KG) as
substrates. Complex I inhibition with rotenone increases H,0, emission from P/M, but not a-KG respiring mitochondria,
which is potentiated by depleting H,O,-eliminating capacity. Conversely, in NNT-deficient BL/6J mitochondria, H,0,
emission is higher with a-KG than with P/M as substrate, and further potentiated by complex I blockade. Prior depletion of
H,0,-eliminating capacity increases H,O, emission from P/M, but not a-KG respiring mitochondria. In cardiac myocytes,
downregulation of a-KGDH activity impaired dynamic mitochondrial redox adaptation during workload transitions, without
increasing H,O, emission. In conclusion, NADH from a-KGDH selectively shuttles to NNT for NADPH formation rather
than to complex I of the respiratory chain for ATP production. Therefore, a-KGDH plays a key role for H,0, elimination,
but is not a relevant source of superoxide in heart. In heart failure, a-KGDH/NNT-dependent NADPH formation ameliorates
oxidative stress imposed by complex I blockade. Downregulation of a-KGDH may, therefore, predispose to oxidative stress
in heart failure.
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Mn-SOD Manganese-dependent superoxide
dismutase

NNT Mitochondrial nicotinamide nucleotide
transhydrogenase

OAA Oxaloacetate

P/M Pyruvate/malate

ROS Reactive oxygen species

TMRM Tetramethylrhodamine methyl ester

Introduction

Mitochondria are the major source of cellular adenosine
triphosphate (ATP), but also reactive oxygen species (ROS).
Chronic heart failure is associated with derangements at
multiple levels in the processes of substrate utilization, mito-
chondrial oxidative metabolism, and shuttling of ATP from
mitochondria to the cytosol [2], and these abnormalities lead
to energetic deficit [25, 26] and oxidative stress [21]. In heart
failure, ROS production is increased in mitochondria [11],
but also from other sources, such as NADPH oxidase [9,
21] and xanthine oxidase [5]. Within mitochondria, canoni-
cal sites for ROS formation are complexes I and III of the
electron transport chain (ETC) [1], and a functional block
of complex I provokes elevated ROS production in heart
failure [11].

The overflow of ROS from mitochondria in heart failure
is not solely explained by the increase in ROS formation,
but is also accounted for by the inability of mitochondria
to efficiently eliminate ROS [27]. Conversion of hydrogen
peroxide (H,0,) to water is catalyzed by glutathione per-
oxidase and peroxiredoxin, which are in turn regenerated
by a cascade of redox reactions requiring the reduced form
of nicotinamide adenine dinucleotide phosphate (NADPH)
as an electron donor. Furthermore, catalase might contrib-
ute to H,O, elimination in cardiac mitochondria [31], and
NADPH is required to protect catalase against inactivation
by its substrate [12, 13]. In the failing heart, the dynamic
regulation of the mitochondrial antioxidative capacity is
hampered by maladaptive changes of excitation—contrac-
tion (EC) coupling [3]. Specifically, decreased calcium
(Ca*) release from the sarcoplasmic reticulum [16] and
elevated cytosolic sodium (Na™) concentrations [15, 19] in
failing cardiac myocytes decrease Ca>" uptake and acceler-
ate Ca”" efflux from the mitochondrial matrix, respectively.
Consequently, the Ca**-dependent stimulation of the Krebs
cycle dehydrogenases is hindered, leading to a decrease in
the NAD(P)H/NAD(P)* ratio. Oxidation of mitochondrial
pyridine nucleotides limits the supply of electrons to the
ETC [22] and to the antioxidant systems required for H,O,
elimination [15]. Thus, disrupted intracellular Ca®* handling
in heart failure limits regeneration of antioxidative capacity,
resulting in ROS emission from mitochondria [15, 17].
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The mitochondrial nicotinamide nucleotide transhydro-
genase (NNT) represents an essential interface between
the NADPH and NADH pools in the heart. Under physi-
ological conditions, the NNT harnesses the protonmotive
force (Apy) to transfer hydride ion equivalents (H™) from
NADH to NADPH, thus maintaining the mitochondrial
NADPH/NADP? ratio several fold higher than the NADH/
NAD" ratio. In the heart, pathological elevations of work-
load reverse the direction of the NNT reaction, which then
consumes NADPH to regenerate NADH, thereby depleting
mitochondrial antioxidative capacity. This model is corrobo-
rated by the observation that the C57BL/6J mouse strain
(BL/6J), which carries a loss-of-function mutation of Nnt
[37], is protected from mitochondrial oxidative stress and
maladaptive cardiac remodeling upon pressure overload
compared with the C57BL/6N strain (BL/6N), which har-
bors a functional NNT [28].

In addition to the ETC complexes, numerous other sites
within mitochondria might become a source of ROS under
certain conditions [24]. Studies performed in isolated mito-
chondria indicate that the a-ketoglutarate (a-KG) dehy-
drogenase (a-KGDH) complex, which catalyzes the rate-
limiting reaction of the Krebs cycle [6], is the major source
of mitochondrial ROS under conditions of elevated NADH/
NAD" ratios [30, 34, 38]. The a-KGDH complex catalyzes
the reaction of a-ketoglutarate (a-KG) and the cofactors thi-
amine pyrophosphate, NAD™ and coenzyme A to succinyl-
CoA, CO,, and NADH. It is a multienzyme complex consist-
ing of multiple copies of the three subunits a-ketoglutarate
dehydrogenase (OGDH, or E1 component), dihydrolipoyl
succinyltransferase (DLST, or E2 component), and dihy-
drolipoyl dehydrogenase (DLD, or E3 component) [36].
Experiments performed in isolated a-KGDH preparations
indicate that the flavin group of the DLD (E3) component of
the complex might act as electron donor for superoxide for-
mation, thus accounting for the high rate of H,0, emission
from mitochondria respiring on a-KG [10]. Furthermore,
o-KGDH is also susceptible to oxidative damage, and thus
represents both a target and a source of mitochondrial ROS
[35].

On the other hand, our own previous studies imply that
NAD(P)H regeneration by the Krebs cycle dehydrogenases
is required to maintain mitochondrial antioxidative capac-
ity, and thereby prevent overflow of ROS from cardiac
mitochondria [15, 28]. Importantly, NADH derived from
a-KGDH reaction might contribute to NADPH regenera-
tion via the NNT, but experiments pinpointing a-KGDH as
a major source of ROS were performed in skeletal muscle
or brain mitochondria [30, 34, 38], where NNT activity is
substantially lower than in the heart [28]. Unraveling the
role of a-KGDH in the redox balance of cardiac mitochon-
dria has important implications for heart failure, since we
recently observed that pathological elevations of cardiac
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workload decrease a-KGDH expression and activity sec-
ondary to microRNA146a-mediated downregulation of the
DLST subunit [8].

Here, we analyzed NAD(P)H production and respira-
tion of isolated cardiac mitochondria supplied with a-KG
or the complex I substrates pyruvate and malate (P/M), and
assessed whether NADH generated by the a-KGDH complex
contributes to mitochondrial antioxidative capacity via the
NNT in cardiac mitochondria. Furthermore, we investigated
how impaired a-KGDH activity affects the Ca*"-dependent
regeneration of NAD(P)H when mitochondria are integrated
in their physiological context of intact cardiac myocytes.
Altogether, our results indicate that NADH produced by
o-KGDH is preferentially used to regenerate antioxidative
NADPH via the NNT, suggesting an important antioxidant
role of the a-KGDH and arguing against its role as a primary
ROS source in cardiac mitochondria.

Materials and methods
Ethical approval and animal experiments

All animal experiments were performed in accordance to
guidelines of the local animal ethics committee. C57BL/6
mice were purchased from Charles River (BL/6N,
C57BL/6NCrl, strain code 027; and BL/J, C57BL/6J, JAX
Mice Stock Number 000664). DIs"~ mice and correspond-
ing wild-type (WT) littermates were generated by Prof. Gary
E. Gibson (Weill Cornell Medical College, New York) and
received through Prof. Stéphane Heymans and Dr. Ward
Heggermont (KU Leuven).

For cardiac myocyte isolation, mice received carprofen
(12 mg kg™!) and heparin (10,000 IE kg™!) and were anaes-
thetized with isoflurane (5% at 0.5 L min™!). The heart was
excised as soon as mice became insensible to pedal reflex.
For mitochondrial isolation from mouse hearts, mice were
sacrificed by intraperitoneal injection of ketamine hydro-
chloride (100 mg kg™'; Pfizer, Karlsruhe, Germany) and
xylazine hydrochloride (10 mg kg™!; Bayer Healthcare,
Berlin, Germany) (Fig. 1, 2, 3, 4).

Experiments in isolated cardiac myocytes

Most methods employed in this study were described pre-
viously [28]. For the experiments in Fig. 5d—g and Sup-
plementary Fig. 4, isolated murine ventricular myocytes
were field-stimulated at 0.5 Hz and perfused with Normal
Tyrode’s (NT) solution containing (in mM): NaCl 130, KCI
5, MgCl, 1, CaCl, 1, Na-HEPES 10, glucose 10, sodium
pyruvate 2 and ascorbic acid 0.3, pH 7.4. After 120 s, car-
diac myocytes were perfused with NT solution containing

the B-adrenergic receptor agonist isoproterenol (30 nM) and
pacing frequency was increased to 5 Hz for 180 s. Finally,
isoproterenol was washed out by perfusing the cells again
with NT, and a 0.5 Hz pacing frequency was restored. Dur-
ing this experimental stress protocol, sarcomere length,
NAD(P)H and FAD autofluorescence, and 5-(-6)-chlo-
romethyl-2,7-dichlorohydrofluorescein di-acetate (CM-
H,DCFDA, denoted as DCF in the Results) fluorescence
were measured with an IonOptix setup.

Experiments in isolated mitochondria

Mitochondria were isolated from murine hearts as previ-
ously described [28]. O, consumption was measured at
37 °C with a Clarke electrode (Hansatech, Pentney, Norfolk,
UK). State 2 respiration was obtained using sodium pyru-
vate and sodium malate or a-KG as substrates (5 mM each).
Increasing concentrations of ADP (0.03, 0.1, 0.3 and 1 mM)
or a single addition of a saturating concentration of ADP
(1 mM) were used to induce state 3 respiration. Finally, state
4 respiration was induced by adding the F,/F, ATP synthase
(complex V) inhibitor oligomycin (1.2 uM).

Hydrogen peroxide (H,0,) emission from isolated car-
diac mitochondria was determined using the H,O,-specific
dye Amplex® UltraRed (purchased from Thermo Fisher
Scientific, Waltham, Massachusetts, USA). The reaction of
Amplex® UltraRed with H,0, is catalyzed by horseradish
peroxidase (HRP) and forms the fluorescent product resoru-
fin (Ag, =535 nm, A, =590 nm). The concentrations used
in the assay were 10 uM Amplex® UltraRed, 0.5 U mL~!
HRP and 100 U mL~! superoxide dismutase. H,O, emis-
sion was measured in the presence of ADP (1 mM), the
complex I inhibitor rotenone (8 uM) or the a-KGDH inhibi-
tor 3-methyl-2-oxovaleric acid (KMV, 10 mM). To deplete
mitochondrial antioxidative capacity, mitochondria were
pretreated with 2,4-dinitrochlorobenzene (DNCB, 25 uM;
purchased from Sigma-Aldrich), which alkylates glutathione
and is an irreversible inhibitor of thioredoxin reductase.

For simultaneous measurement of NAD(P)H and mito-
chondrial membrane potential (AY ), isolated cardiac
mitochondria were preincubated with the potentiometric
marker tetramethylrhodamine methyl ester (TMRM) for
10 min before the experiment. Subsequently, NAD(P)
H autofluorescence (g, =340 nm, Az, =450 nm) and
TMRM fluorescence (g, =560 nm, Ag,, =600 nm) were
determined with the same concentrations of substrates and
effectors described above.

For both H,O, emission and concomitant assessment
of NAD(P)H and AY¥,,, fluorescence or absorption was
measured in the fluorescence plate reader Infinite M200Pro
(Tecan, Ménnedorf, Switzerland) using Falcon® 96-well
plate black/clear (Corning Inc., Corning, NY, USA) for
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Fig.1 H,O, emission from cardiac mitochondria supplied with
pyruvate/malate or a-ketoglutarate. a H,O, emission (by Amplex®
UltraRed) of isolated cardiac mitochondria harvested from
BL/6N mice was measured in the presence of pyruvate and malate
(P/M, 5 mM each) or a-ketoglutarate (a-KG, 5 mM) as substrates
(added at time point S) and in response to addition of DMSO (blue
trace), the complex I inhibitor rotenone (8 pM, red trace) or the
a-ketoglutarate dehydrogenase («-KGDH) inhibitor KMV (10 mM,
green trace) at time point E (effectors). b The mitochondrial hydrogen
peroxide (H,0,)-eliminating systems, i.e. glutathione peroxidase and
peroxiredoxin, are maintained in their active form by a series of redox
reactions requiring NADPH as an electron donor. In mitochondria
respiring on (P/M) (left panel), NADPH regeneration is mainly medi-
ated by the nicotinamide nucleotide transhydrogenase (NNT) and
the isocitrate dehydrogenase type 2 reactions. Upon complex I inhi-

Amplex® UltraRed or UV flat bottom Microtiter® plates
(Thermo Fisher Scientific, Waltham, Massachusetts, USA)
for NAD(P)H and TMRM. We used 60 ug mitochondria
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bition with rotenone, the increase in the NADH/NAD™ ratio induces
leakage of electrons and consequent superoxide (‘O,”) formation at
complex I of the respiratory chain. The mitochondrial superoxide dis-
mutase (Mn-SOD) converts ‘O, to H,0,, which overcomes the mito-
chondrial detoxifying capacity and accounts for the H,O, emission
observed in (a). In BL/6N mitochondria supplied with a-KG (right
panel), the NADH produced via the a-KGDH reaction is preferen-
tially used for NADPH regeneration via the NNT rather than being
shuttled to complex I, where it would induce ‘O, formation, thereby
leading to very low levels of H,0O, emission as seen in (a). Results
are shown as mean + standard error of the mean; n» =number of mice.
Significance was calculated using two-way ANOVA with Bonferro-
ni’s post-hoc test. Continuous black lines above traces indicate sta-
tistically significant differences (defined as P <0.05) between experi-
mental groups by Bonferroni’s post-hoc test

per well in triplicate in a total volume of 200 pl respiration
buffer at 37 °C.
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Enzyme activities

All enzyme activities were determined by measuring absorp-
tion changes of NAD(P)H every minute at 340 nm in a total
volume of 200 pL reaction buffer at 37 °C after one freeze/
thaw cycle to break mitochondria. For isocitrate dehydroge-
nase type 2 (IDH2) activity, 5 pg of mitochondria or cytosol
was supplemented with (in mM) TRIS-HCI (pH 8.0) 10,
NADP* 0.2, MgCl, 5, isocitrate 2. For aconitase activity,
25 pg of mitochondria or cytosol was supplemented with
(in mM) TRIS-HCI (pH 7.4) 36, cysteine 0.8, MgCl, 0.4,
NADP™ 0.2, citrate 30; dependence on H,0, was tested by
adding H,O, to the reaction buffer. For «-KGDH, 10 g of
mitochondria was supplemented with (in mM) KH,PO, 25,
EGTA 0.5, Mg(Cl, 5, NAD 1, a-KG 2.5, thiamine pyroph-
osphate 0.2, rotenone 0.008. The reaction was started by
adding 0.1 mM coenzyme A. For malate dehydrogenase
(MDH) activity, 10 ug of mitochondria or cytosol was sup-
plemented with (in mM) TRIS-HCI (pH 7.4) 50, NADP*
0.2, MgCl, 5, malate 5.

Statistical analysis

All values are displayed as means + standard error of the
mean. One-way/two-way ANOVA followed by Bonferroni’s
multiple comparisons test and unpaired Student’s t-test were
performed using GraphPad Prism version 7.00 for Windows
(GraphPad Software, La Jolla, CA, USA).

Results

Functional NNT is required for a-KGDH-dependent
regeneration of mitochondrial antioxidative
capacity

The Krebs cycle enzyme a-KGDH is a major source of
NADH within mitochondria, but its contribution to NADPH
regeneration and thereby, the maintenance of mitochon-
drial antioxidative capacity is not known. To address this,
we determined H,O, emission from cardiac mitochondria
isolated from BL/6N mice in the presence of pyruvate/
malate (P/M) or a-KG. The rate of H,0, emission did not
differ when mitochondria were supplied with P/M or a-KG
(Fig. 1a, blue traces; direct comparison in Supplementary
Fig. 1a). Intriguingly, complex I inhibition with rotenone
induced a marked increase in H,0O, emission from mito-
chondria supplied with P/M, while it had no effect in the
presence of a-KG (Fig. 1a, red traces). Furthermore, the
addition of the a-KGDH inhibitor 3-methyl-2-oxovaleric
acid (KMYV) increased H,0, emission from mitochondria
supplied with P/M, but not with a-KG, suggesting that the
a-KGDH complex is not a major source of ROS under these

conditions (Fig. 1a, green traces), but rather contributes to
H,0, elimination.

Rotenone induces ROS production by blocking the coen-
zyme Q-binding site of complex I, thereby leading to a back-
up of NADH-derived electrons onto the flavin group of the
complex, where superoxide is produced by the reaction of
electrons with oxygen [24]. To explain why rotenone does
not exacerbate H,0, emission from mitochondria supplied
with a-KG, we hypothesized that NADH derived from the
a-KGDH reaction is preferentially used for NADPH regen-
eration via the NNT, whereas NADH generated by pyruvate
and malate dehydrogenase is shuttled to complex I, where
it fuels ROS production (scheme in Fig. 1b). To test this
hypothesis, we assessed H,O, emission under the same con-
ditions in mitochondria isolated from BL/6J mice, a strain
carrying a loss-of-function mutation of Nnt [37]. In BL/6J
mitochondria provided with a-KG as substrate, the rate of
H,0, emission at baseline and in particular, upon complex I
inhibition with rotenone was significantly higher compared
to the one observed in the presence of P/M (Fig. 2a, blue and
red traces). On the contrary, a-KGDH inhibition with KMV
decreased H,0, emission, indicating that the a-KGDH com-
plex might become a relevant source of ROS under these
conditions (Fig. 2a, green trace). These observations sup-
port our hypothesis and indicate that NADPH regeneration
becomes exclusively dependent on the NNT reaction when
a-KG is provided as substrate (scheme in Fig. 2b).

To further investigate this, we repeated the experiment
after incubation of mitochondria with 2,4-dinitrochloroben-
zene (DNCB), which leads to alkylation of free glutathione
and thereby, depletes mitochondrial antioxidative capacity.
As expected, the rate of H,O, emission from BL/6N and
BL/6J mitochondria treated with DNCB was substantially
higher compared to mitochondria with an intact antioxidative
capacity (Fig. 3a—c, direct comparison with Fig. 1 shown in
Supplementary Fig. 1). In the presence of P/M, H,0, emis-
sion did not differ between BL/6N and BL/6J mitochondria
and was exacerbated to the same extent by rotenone addition
in both strains (Fig. 3a—c). Intriguingly, when DNCB-treated
mitochondria were supplied with a-KG, complex I blockade
with rotenone increased H,0, emission from BL/6J, but not
from BL/6N mitochondria, and the latter strain displayed
a rate of H,O, emission that was comparable to the one of
BL/6J mitochondria with an intact antioxidative capacity
(Fig. 3a-c, Supplementary Fig. 1).

To explain why DNCB increases H,O, emission only in
the presence of P/M as substrates, we reasoned that under
these conditions, both the isocitrate dehydrogenase (IDH)
type 2 (IDH2, i.e. the NADP*-dependent isocitrate dehydro-
genase, IDH3 being NAD*-dependent) and NNT contribute
to maintain the antioxidative capacity via NADPH regenera-
tion (Fig. 1b, left panel; Supplementary Fig. 1). We previ-
ously reported that IDH2 is the main source of NADPH in
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cardiac mitochondria and its activity does not differ between
BL/6N and BL/6J mitochondria [28]. We also did not detect
differences in the activity of the other two Krebs cycle
enzymes upstream of a-KGDH, i.e. citrate synthase and aco-
nitase (Supplementary Fig. 2). In contrast, the observation
that DNCB does not affect the rate of H,O, emission from
BL/6N mitochondria supplied with a-KG corroborates the
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hypothesis that NADPH regeneration is exclusively depend-
ent on the NNT under these conditions, and that the NADH
generated from a-KGDH is shuttled to a higher extent to the
NNT than to the ETC (Fig. 1b, right panel).
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«Fig.2 H,0, emission from cardiac mitochondria of BL/6J mice sup-
plied with pyruvate/malate or a-ketoglutarate. a H,O, emission (by
Amplex® UltraRed) of isolated cardiac mitochondria harvested from
mice lacking a functional NNT (BL/6J) was measured in the pres-
ence of pyruvate and malate (P/M, 5 mM each) or a-ketoglutarate
(-KG, 5 mM) as substrates (added at time point S) and in response
to addition of DMSO (blue trace), the complex I inhibitor rotenone
(8 uM, red trace) or the a-ketoglutarate dehydrogenase (x-KGDH)
inhibitor KMV (10 mM, green trace) at time point E (effectors). b
Direct comparison of H,0, emission from BL/6N and BL/6J mito-
chondria supplied with (P/M) or (a-KG) [data from Fig. 1a and panel
(a)]. ¢ In mitochondria lacking a functional NNT (BL/6J) provided
with P/M (left panel), the isocitrate dehydrogenase reaction is suffi-
cient to maintain mitochondrial H,O,-eliminating capacity, leading
to a rate of H,O, emission comparable to that of BL/6N mitochon-
dria. In contrast, the mitochondrial antioxidative capacity cannot be
regenerated in BL/6] mitochondria supplied with a-KG alone (right
panel), and a-KGDH-derived NADH fuels ROS production at the
respiratory chain when complex I is inhibited with rotenone, lead-
ing to the highest rate of H,O, emission observed in the four experi-
mental conditions. Results are shown as mean =+ standard error of the
mean; n=number of mice. Significance was calculated using two-
way ANOVA with Bonferroni’s post-hoc test. Continuous black lines
above traces indicate statistically significant differences (defined as
P <0.05) between experimental groups by Bonferroni’s post-hoc test

Pyruvate/malate and a-ketoglutarate yield
different maxima of NAD(P)H, membrane potential
and respiration in isolated cardiac mitochondria

The mitochondrial formation of ROS critically depends on
the NADH/NADY ratio and the mitochondrial membrane
potential (AW )) [24]. Previous studies investigating ROS
production by the a-KGDH complex employed condi-
tions with full reduction of the NADH/NAD™ pool, but did
not clarify to what extent a-KG by itself is able to reduce
NAD(P)* and generate AW, . To interrogate whether the
differences in H,O, emission from BL/6N and BL/6J mito-
chondria might be explained by differences in redox state or
membrane potential between the two genotypes, we meas-
ured changes in NAD(P)H levels (by autofluorescence) and
AY  (by TMRM fluorescence) in BL/6N and BL/6J car-
diac mitochondria supplied with either P/M or a-KG. The
addition of P/M to isolated mitochondria rapidly increased
NAD(P)H autofluorescence and A¥,,, independent of the
genotype, although we noted a trend toward higher NAD(P)
H levels in BL/6N compared to BL/6J mitochondria. In the
presence of a-KG, the net increase and rate of increase in
NAD(P)H and AY,, were substantially lower compared
to the ones induced by P/M in both strains (Fig. 4a). In
mitochondria supplied with P/M, adenosine diphosphate
(ADP) addition partially dissipated AW, and oxidized the
NAD(P)H pool, whereas a mild increase in NAD(P)H lev-
els in response to ADP was observed in BL/6N and BL/6J
mitochondria respiring on a-KG (Fig. 4b). This effect might
be attributable to the ADP-mediated stimulation of the
o-KGDH complex [18].

In a separate experiment, the addition of substrates was
followed by complex I inhibition with rotenone, which
completely dissipated AY,, independent of the genotype
and substrate used (Fig. 4c). In mitochondria supplied with
P/M, rotenone did not affect NAD(P)H levels, implying
that the NAD(P)H/NAD(P)* pool is almost fully reduced
in the presence of P/M. In contrast, we observed a marked
increase in NAD(P)H autofluorescence after rotenone addi-
tion when a-KG was used as substrate (Fig. 4c). Again,
we did not detect differences between BL/6N and BL/6J
mitochondria. Finally, we compared the capacity of P/M
and a-KG to support mitochondrial respiration. In agree-
ment with the lower efficiency of a-KG-induced NAD(P)
H production, ADP-stimulated (i.e., state 3) respiration was
substantially lower when mitochondria were respiring on
a-KG (Fig. 4d). Mitochondrial O, consumption was similar
in BL/6J and BL/6N mitochondria respiring on P/M, but
tended to be higher in BL/6J than in BL/6N mitochondria
supplied with a-KG alone. Altogether, these results indicate
that the pronounced difference in H,O, emission between
BL/6N and BL/6J mitochondria in the presence of a-KG
alone and upon complex I inhibition is neither explained by
differences in NADH/NAD" ratio nor in membrane poten-
tial. On the contrary, NAD(P)H levels tended to be higher
in BL/6N compared to BL/6J mitochondria, which would
induce an even larger increase in ROS production by virtue
of the higher NADH/NAD" ratio.

Impaired a-KGDH activity does not affect ROS
emission from isolated mitochondria

To further investigate the functional role of the a-KGDH
reaction in cardiac mitochondria, we used a mouse model
characterized by global heterozygous deletion of the gene
encoding the DLST subunit of the a-KGDH complex
(DIst™'~ mice). While homozygous Dist knockout is embry-
onically lethal, DIst*'~ mice exhibit~25% lower a-KGDH
activity in the heart (Supplementary Fig. 3a). However, we
observed that after cardiac myocyte isolation, the differences
in a-KGDH activity between DIst*'~ and WT mice, as sam-
pled from the very same digested hearts as the cell experi-
ments were performed from, were slightly less pronounced
(Supplementary Fig. 3b), possibly explained by post-trans-
lational modifications of a-KGDH induced by the isolation
procedure (i.e., oxidation [35]. Therefore, we re-grouped
WT and DIst™~ myocytes into those with low, intermedi-
ate, and high a-KGDH activity depending on whether the
a-KGDH in the respective tissue was below 60%, between
60 and 80% or above 80%, respectively, compared to the
one of WT myocytes with the highest a-KGDH activ-
ity (Fig. 5a). The activity of aconitase, IDH2, and malate
dehydrogenase did not differ between the three groups
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Fig.3 H,0, emission from cardiac mitochondria depleted of their
antioxidative capacity. H,0, emission (by Amplex® UltraRed) of iso-
lated cardiac mitochondria harvested from BL/6N (a) or BL/6J (b)
mice was measured after incubation with with 2,4-dinitrochloroben-
zene, which binds covalently to glutathione. Pyruvate and malate
(5 mM each) or a-ketoglutarate (5 mM) were used as substrates.
H,0, emission was measured in the presence of vehicle (black
trace), substrate(s) alone (blue trace), rotenone (8 puM, red trace) or

(Supplementary Fig. 3c-e). Because a-KGDH activity
was only partially reduced, a-KG alone supported respira-
tion of cardiac mitochondria isolated from DlIs™'~ mice,
although O, consumption tended to be lower in the low- and
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the a-ketoglutarate dehydrogenase inhibitor KMV (10 mM, green
trace). The direct comparison between BL/6N and BL/6J mitochon-
dria is shown in (¢). Results are shown as mean + standard error of
the mean; n=number of mice. Significance was calculated using two-
way ANOVA with Bonferroni’s post-hoc test. Continuous black lines
above traces indicate statistically significant differences (defined as
P <0.05) between experimental groups by Bonferroni’s post-hoc test

intermediate-a-KGDH activity groups compared to mito-
chondria with high a-KGDH activity (Fig. 5b).

To address the consequences of impaired a-KGDH
activity on mitochondrial ROS formation, we measured
H,0, emission from DIst*'~ cardiac mitochondria supplied
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with a-KG. In the presence of a-KG alone and upon addi-
tion of increasing concentrations of ADP, mitochondrial
H,0, emission did not differ between the three groups of
a-KGDH activity (Fig. 5¢), thus arguing against a-KGDH
being a dominant source of mitochondrial ROS under these
conditions.

Decreased a-KGDH activity oxidizes mitochondrial
redox state but does not affect ROS emission
in intact cardiac myocytes

The ATP demand of cardiac myocytes changes continu-
ously in response to variations in cardiac workload, and
Ca’* plays a key role in the process of energy supply-and-
demand matching in the heart [3]. In fact, elevations of car-
diac workload (and thus, ATP demand) are accompanied by
an increase in the amplitude and frequency of cytosolic Ca**
transients that drive Ca** accumulation in the mitochon-
drial matrix, where Ca2* stimulates pyruvate-, isocitrate-
and a-KG dehydrogenases to regenerate NAD* to NADH.
To interrogate whether decreased a-KGDH activity has an
impact on mitochondrial redox state in cardiac myocytes
challenged with an increase in energy demand, we meas-
ured the autofluorescence of NAD(P)H and oxidized flavin
adenine dinucleotide (FAD) in cardiac myocytes harvested
from DIst*"- and WT mice during an experimental stress
protocol that simulates a physiological transition of cardiac
workload. Specifically, cardiac myocytes were superfused
with the B-adrenergic receptor agonist isoproterenol, and
pacing frequency was increased from 0.5 to 5 Hz for 180 s.
As previously observed, the increase in ATP demand accel-
erates electron flow from mitochondrial pyridine nucleotides
to the ETC complexes, thereby inducing a mild oxidation of
the NAD(P)H/NAD* and FADH,/FAD redox states (Fig. 5d,
e). Interestingly, mitochondrial redox state was not different
at baseline (0.5 Hz stimulation frequency), but underwent
a substantially larger oxidation in cardiac myocytes with
low a-KGDH activity compared with the ones with high or
intermediate a-KGDH activity in response to this workload
transition (Fig. 5d, e). Cardiac myocytes contractility and
relaxation kinetics did not differ depending on a-KGDH
activity (Supplementary Fig. 4).

Because the Ca?*-dependent stimulation of Krebs cycle
dehydrogenases is also relevant for the regeneration of mito-
chondrial H,0,-detoxifying capacity, we investigated whether
impaired a-KGDH activity aggravated the overflow of ROS in
intact cardiac myocytes. To this end, cells were loaded with the
ROS indicator DCF and subjected to the experimental stress
protocol described above. Accumulation of DCF fluorescence
did not differ between the three groups of a-KGDH activity,
indicating similar levels of ROS emission (Fig. 5f). However,
when cardiac myocytes were challenged with external H,O,
to assess their H,0O,-eliminating capacity, DCF fluorescence

increased almost twofold in cardiac myocytes with high
o-KGDH activity compared to the ones with low and inter-
mediate a-KGDH activity (Fig. 5g). Altogether, these results
indicate that decreased a-KGDH activity impairs energetic
adaptation to elevated cardiac workload, but does not affect
mitochondrial antioxidative capacity under physiological
conditions.

Discussion

Oxidative stress results from an imbalance between ROS for-
mation and their elimination by cellular antioxidative systems.
Mitochondria are a major source of ROS in the heart, and a
wealth of preclinical evidence indicates that both increased
ROS formation and impaired mitochondrial antioxidative
capacity are implicated in the progression of heart failure [3].
Within mitochondria, complex I and III of the respiratory
chain are generally considered the major sources of ROS, but
other potential sites of ROS production have been identified
[24]. Specifically, it has been proposed that mitochondrial
dehydrogenases, and in particular the a-KGDH complex,
might become dominant ROS sources under conditions of
high NADH/NAD" ratio [30, 34, 38]. In fact, the flavin groups
of complex I and other matrix dehydrogenases become fully
reduced under these conditions, thus maximizing the possi-
bility of ROS formation upon leakage of electrons to O,. On
the other hand, NADPH produced by the Krebs cycle dehy-
drogenases and the NNT reaction is pivotal to regenerating
mitochondrial antioxidative capacity in the heart, and stud-
ies evaluating a-KGDH-dependent ROS production were
performed in skeletal muscle and brain mitochondria, where
NNT activity is negligible compared to the heart [15, 16, 28].
Here, we investigated the role of «-KGDH-derived NADH in
the regulation of mitochondrial redox state and ROS emission
in isolated cardiac mitochondria and intact cardiac myocytes.

NADH produced by a-ketoglutarate dehydrogenase
is preferentially shuttled to NADPH via the NNT
under non-phosphorylating conditions

The central observation of our work is that in cardiac mito-
chondria from NNT-competent BL/6N mice, H,0, emission
is equally low with P/M or a-KG as substrates, but com-
plex I inhibition with rotenone exacerbates H,O, emission
exclusively in mitochondria supplied with P/M, while hav-
ing no effect on mitochondria supplied with a-KG (Fig. 1a).
Conversely, in NNT-deficient BL/6J mitochondria, H,0,
emission is higher with a-KG than P/M as substrate, and
further potentiated by complex I blockade (Fig. 2a). Impor-
tantly, addition of rotenone completely dissipated AY,
(Fig. 4c) and thus, the difference in H,O, production upon
complex I inhibition cannot be accounted for by a differ-
ence in mitochondrial membrane potential between the two
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«Fig.4 NAD(P)H, membrane potential and respiration of cardiac
mitochondria supplied with pyruvate/malate or o-ketoglutarate.
NAD(P)H autofluorescence (left) and mitochondrial membrane
potential (A¥,, measured with the potentiometric dye TMRM, right)
of cardiac mitochondria from BL/6N (black and gray traces) and
BL/6J (red traces) mice supplied with pyruvate and malate (P/M,
5 mM each) or a-ketoglutarate (a-KG, 5 mM) as substrates (added
at time point S). The effects of DMSO (as control, a), ADP (1 mM,
b) and the complex I inhibitor rotenone (8 uM, ¢) on NAD(P)H auto-
fluorescence and A | did not differ between BL/6N and BL/6J mito-
chondria. d Respiration of isolated mitochondria from BL/6N (left)
and BL/6J (right) mice supplied with P/M or a-KG. O, consump-
tion was measured in the presence of substrate(s) alone (state 2),
upon ADP addition (1 mM, state 3) and after inhibiting ADP phos-
phorylation with oligomycin (1.2 uM, state 4). Results are shown as
mean +standard error of the mean; n=number of mice. Significance
was calculated using two-way ANOVA with Bonferroni’s post-hoc
test

strains. These results suggest that NADH derived from the
o-KGDH reaction is preferentially used for NADPH regen-
eration via the NNT, which represents the dominant source
of NADPH in the presence of a-KG alone. In fact, the obser-
vation that rotenone cannot increase H,O, emission from
BL/6N mitochondria supplied with a-KG (Fig. 1a) implies
that the mitochondrial antioxidative capacity is preserved,
while ROS formation at the respiratory chain (or in any other
mitochondrial ROS sources that can be fueled by NADH) is
blunted under these conditions (scheme in Fig. 1b). In con-
trast, the rotenone-induced increase in H,0O, emission from
BL/6J mitochondria supplied with a-KG is higher than that
observed in the presence of P/M (Fig. 2a), indicating that
(i) mitochondrial H,0,-eliminating capacity is depleted and
(i1) ROS production is exacerbated by shuttling of «-KGDH-
derived NADH toward complex I and, potentially, the flavin
groups of mitochondrial dehydrogenases.

This concept is substantiated by our observations in
mitochondria depleted of their antioxidative capacity via
pre-incubation with DNCB. In the presence of P/M, DNCB
treatment led to a substantial increase in rotenone-induced
H,0, emission from both BL/6N and BL/6J mitochondria
compared with mitochondria with an intact antioxida-
tive capacity. This implies that P/M metabolism produces
NADPH required for regenerating the reduced form of
peroxiredoxin and glutathione reductase and to protect
catalase from H,0,-mediated inactivation independent
of the NNT, most likely via the IDH2 reaction. This is
in agreement with our previous observation that NADP*
sensitivity and maximal efficacy of IDH2 are higher than
of NNT in cardiac mitochondria [26]. It must also be noted
that aconitase, the Krebs cycle enzyme upstream of IDH,
is particularly sensitive to oxidative damage [7]. There-
fore, under conditions of oxidative stress, as in the pres-
ence of rotenone in our experiments or with a functional
block at complex I as reported for heart failure [11], ROS-
mediated aconitase inactivation might further limit the flux

of substrates into IDH and a-KGDH and thereby, further
compromise mitochondrial antioxidative capacity, elicit-
ing an adverse feed-forward mechanisms of mitochondrial
oxidative stress.

In contrast, DNCB treatment did not affect the (already
high) rate of H,0, emission from BL/6J mitochondria
supplied with a-KG (Figs. 2a, 3b, directly compared in
Supplementary Fig. 1b), indicating that a-KG alone does
not support NADPH regeneration in the absence of a func-
tional NNT (scheme in Fig. 2b). Consequently, mitochon-
drial H,O,-eliminating capacity is extremely low under
these conditions and not further depleted by DNCB. Fur-
thermore, also when mitochondrial antioxidative systems
were exhausted with DNCB, rotenone did not exacerbate
H,0, emission from BL/6N mitochondria (Fig. 3a). This
further substantiates the notion that NADH produced by
a-KGDH shuttles preferentially to the NNT for NADPH
formation and not (or to a much lesser extent) to complex
I (scheme in Fig. 1b). Otherwise, one would have expected
an increase in ROS formation in the face of DNCB-
induced depletion of antioxidative capacity. Altogether,
these results indicate that the NNT reaction is a dominant
source of NADPH when mitochondria are supplied with
a-KG alone and, upon complex I inhibition, it functions as
an antioxidative “safety valve escape” that concomitantly
regenerates mitochondrial H,O,-eliminating systems and
prevents NADH-mediated ROS production by the flavin
groups of complex I and mitochondrial dehydrogenases.

The results of a recent study based on a mouse model of
homozygous deletion of the Nnz (Nnt~'~ mice) corroborate
this concept. In their experiments, Ronchi and colleagues
[32] exposed liver mitochondria from WT and Nnt~'~ mice
to an exogenous organic peroxide (--BOOH) to induce a
transient oxidation of the NAD(P)H pool. Subsequently,
they monitored the time required to restore baseline levels
of NAD(P)H in the presence of different substrate cou-
ples, including P/M and glutamate/malate (G/M). Gluta-
mate enters mitochondria in exchange for aspartate and is
channeled into the Krebs cycle after conversion to a-KG,
and thus relies on the a-KGDH for further oxidation to
succinyl-CoA. In WT mitochondria, NADPH regeneration
was equally efficient independent of the substrate used. In
contrast, mitochondria lacking a functional NNT could
restore baseline levels of NAD(P)H only when supplied
with P/M as substrates, whereas no recovery was observed
with G/M [32]. These results indicate that, when mito-
chondria are supplied with G/M or a-KG alone, NADPH
regeneration under non-phosphorylating conditions is
largely dependent on the NNT.

@ Springer



53 Page120f16

Basic Research in Cardiology (2020) 115:53

a b C
o-KGDH activity Mitochondrial respiration State 3 H,O, emission
0.04 200+ 34
2 P =0.0006 5 ~ c v
= 003 2 21501 s 0 =
8 £ £ x 2 g2
£ 3 £ e £
£ % 002- @ _g 1004 e
g ;& S35 o
£ET % & 50l QTN
L%‘ 0.014 o T
0- 0+ : ; :
0.00- State 2 —— State 3 — State 4 0 30 60 90 120
00 01 03 10 o-KGDH activity: Time (min)
ADP (mM) B high (n=5)
B low (n=3)
Il intermediate (n=2)
d ‘ e
Superfusion Isoproterenol 30 nM Isoproterenol 30 nM
Stimulation 5 5
frequency (Hz) 0.5 0.5 Q I_
— Intermediate vs low P < 0.05
8 . 1004 E 4+ Intermediate vs low P < 0.05
ST 80 High ys low P < 0.05 a -Iighvs-lo P<0.05
T e T w P < 0.
a.-KGDH activity: ?S R S P
— high (n = 40/4) < X 60 ‘\\ % I ol
— intermediate (n =33/3) T X 40 rl
= S (m)
— low (n = 33/3) oA A : < 1
[ << 20+ High and intermediate vs low P < 0.05 P
< L
Z 0 T T T T 0 T T T
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Time (s) Time (s)
f g
Superfusion Isoproterenol 30 nM
Stimulation 5 P =0.033
frequency (Hz) O.5ﬁ_ <N 20
= 1.8 Q
L T 15
o.-KGDH activity: L 1.64 N
— high (n = 25/3) = i Q
. o 2 14 & 101
— intermediate (n = 12/2) © o
— low (n=23/3) g 1.27 S
2 10 5
- (@)
Q o1y 2
X 0.04 b b ey : 0-
0 60 120 180 240 300 360 o Ry
. \2‘\@ CEENY
Time (s) &
Q,&‘
&

@ Springer



Basic Research in Cardiology (2020) 115:53

Page130f 16 53

«Fig.5 Mitochondrial respiration, redox state, and ROS produc-
tion of isolated mitochondria and cardiac myocytes grouped based
on o-ketoglutarate dehydrogenase activity. Enzymatic activity of
a-KGDH a in the heart of DIsr~ mice and wild-type littermates
divided in groups of high, intermediate and low a-KGDH activity. O,
consumption b and H,0, emission (by Amplex® UltraRed, ¢ of iso-
lated cardiac mitochondria supplied with a-ketoglutarate as substrate
and grouped based on their respective a-ketoglutarate dehydroge-
nase activity. In (b), O, consumption was measured in the presence
of a-ketoglutarate alone (state 2), upon ADP addition (state 3) and
after inhibiting ADP phosphorylation with oligomycin (1.2 uM, state
4). In (¢), H,0, emission was measured in the presence of saturating
ADP (1 mM). NAD(P)H and FAD autofluorescence (d), NAD(P)H/
FAD ratio (e), and ROS production (with the fluorescent ROS indi-
cator DCF, f of isolated, field-stimulated cardiac myocytes grouped
based on their a-ketoglutarate dehydrogenase (a-KGDH) activity.
To simulate an increase in workload, cardiac myocytes were super-
fused with the p-agonist isoproterenol (30 nM) and stimulation fre-
quency was increased from 0.5 to 5 Hz for 180 s (corresponding to
the gray-shaded area). To assess H,O,-eliminating capacity, cardiac
myocytes were superfused with external H,O, (10 mM) and the
increase in DCF fluorescence was measured (g). Results are shown as
mean +standard error of the mean; n=number of mice for panels (a)
to (¢) and number of cells/number of mice for panels (d) to (f). Sig-
nificance was calculated using one-way ANOVA with Bonferroni’s
post-hoc test for panels (a) and (g) and two-way ANOVA with Bon-
ferroni’s post-hoc test for panels (b) to (f). P-values in panels (a) and
(g) indicate statistically significant differences (defined as P <0.05)
by Bonferroni’s post-hoc test. In panels (d) and (e), continuous black
lines above traces indicate statistically significant differences between
experimental groups by Bonferroni’s post-hoc test

Reduced a-ketoglutarate dehydrogenase activity
does not affect ROS elimination in isolated cardiac
myocytes

To examine whether a-KGDH-derived NADH regulates
mitochondrial redox balance under more physiological
conditions, we investigated how a-KGDH activity influ-
ences ROS emission and mitochondrial redox state of iso-
lated mitochondria and cardiac myocytes challenged with
an increase in energy demand. In cardiac mitochondria
respiring on a-KG, lower a-KGDH activity is associated
with a trend toward decreased O, consumption (Fig. 4d),
but does not affect H,0O, emission (Fig. 5¢). In isolated car-
diac myocytes, lower a-KGDH activity does not influence
mitochondrial redox state at baseline, but impairs metabolic
adaptation to increased workload, as evidenced by the pro-
nounced oxidation of the NAD(P)H/FAD ratio elicited by
concomitant f-adrenergic stimulation and elevated pacing
frequency (Figs. 5d, e). This observation highlights the
importance of the Ca**-stimulated Krebs cycle dehydro-
genases for NAD(P)H regeneration during elevated cardiac
workload. However, we did not detect an increase in ROS
overflow within intact cardiac myocytes with low a-KGDH
activity (Fig. 5f), indicating that on the one hand, a-KGDH
is unlikely a relevant source of ROS under physiological
conditions in cardiac myocytes. On the other hand, these

results also suggest that the contribution of a-KGDH-
derived NADH and subsequently, NADPH, is not essential
for ROS elimination under physiological conditions. This
may be explained by the fact that in cardiac myocytes, IDH2
has the highest contribution towards NADPH regeneration
compared to NNT and malate dehydrogenase [28].

Together with our observations in isolated mitochondria,
this result supports the emerging concept that the contri-
bution of the NNT reaction to mitochondrial antioxidative
capacity is higher under non-phosphorylating conditions
(e.g., complex I inhibition with rotenone) than during states
of high energy demand [32]. Such conditions may apply
to pancreatic islet cells, in which glucose-dependent ATP
production serves to close ATP-dependent K* channels and
thereby, increase Ca>" influx and insulin release. In these
cells, ATP demand is lower than in cardiac myocytes, resem-
bling closer non-phosphorylating conditions, and in fact,
NNT deletion provokes ROS formation and disruption of
glucose-induced insulin release [33, 37].

Implications for cardiac hypertrophy and failure

Intriguingly, a recent study by our groups indicates that path-
ological elevations of cardiac afterload lead to a decrease
in a-KGDH activity [8]. Mechanistically, mouse models of
pressure overload and left ventricular biopsies of patients
with aortic stenosis display an increased expression of
microRNA-146a, which targets and induces degradation of
DLST, the E2 component of the a-KGDH complex. From a
pathophysiological standpoint, conditions that downregulate
a-KGDH expression and/or activity impair energetic adapta-
tion and NADPH regeneration, which may have an adverse
effect on intracellular redox balance and energetics. Accord-
ingly, genetic deletion of microRNA-146a restored a-KGDH
activity and partially prevented metabolic and structural
remodeling of the pressure-overloaded mouse heart [8]. Our
findings in isolated cardiac myocytes suggest that the protec-
tive effect obtained by maintaining a-KGDH activity might
be mediated by the preservation of mitochondrial redox bal-
ance under conditions of elevated cardiac workload.

Heart failure is common, costly, disabling, and deadly
[23]. Treatment of heart failure with reduced ejection frac-
tion, the clinical correlate of the animal models used to
investigate heart failure, is largely based on medications
that reduce the detrimental activation of the renin—angio-
tensin—aldosterone and sympathetic nervous system [29].
Although experimental evidence supports a crucial role of
mitochondrial dysfunction in the progression of heart fail-
ure, no specific mitochondria-targeted treatment is currently
used in clinical practice. Nevertheless, several clinical trials
are currently ongoing to validate preclinical findings in the
human setting (e.g. with elamipretide [4, 14]). We believe
that our data contribute to shed more light on the complex
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mitochondrial biology that underlies pathological metabolic
remodeling and energy starvation in heart failure.

Limitations

This study has limitations: first, all experiments were con-
ducted in isolated mitochondria or unloaded cardiac myo-
cytes, thus removing the natural context of the intact, beat-
ing heart. In addition, the Amplex® UltraRed assay used
in Figs. 1,2,3 reports exclusively extramitochondrial H,O,,
whereas we did not assess ROS formation selectively in the
mitochondrial matrix. Furthermore, NAD(P)H and AY
measurements shown in Fig. 4a-c are semiquantitative, and
therefore we cannot draw conclusions on the absolute val-
ues of NAD(P)H and AY, in our mitochondria preparation.
DIst™'~ cardiac myocytes displayed only a modest decrease
in a-KGDH activity, and this led us to re-group WT and
DIst*'~ mice used for our cellular experiments based on the
actual activity of the enzyme, rather than their genotype. We
acknowledge that an approach based on genetic silencing to
reduce the enzymatic activity of a-KGDH would have been
preferable; however, because a-KGDH activity was deter-
mined in the same digested hearts as the cell experiments
were performed from, we believe that the results shown in
Fig. 5d-g actually capture the effect of varying degrees of
a-KGDH activity on mitochondrial NAD(P)H/FAD redox
state and cellular ROS production. Finally, the biological
significance of the NAD(P)H/FAD oxidation in the cellu-
lar experiments of Fig. 5d and e is presently unclear. How-
ever, in previous work, a similar oxidation of NAD(P)H at
elevated cytosolic Nat concentrations [22] proved to be of
biological significance since preventing such Na*-dependent
mitochondrial oxidation with an inhibitor of the mitochon-
drial Na*/Ca®* exchanger prevented maladaptive cardiac
remodeling, dysfunction, and arrhythmias [19, 20].

Conclusion

In conclusion, our results indicate that in cardiac mitochon-
dria, the a-KGDH is a sink rather than a source of ROS,
since NADH produced from a-KGDH is preferentially shut-
tled towards the NNT rather than to complex I. Of note, the
experiments that identified the a-KGDH complex as a major
source of ROS were performed in skeletal muscle and brain
mitochondria. We showed previously that in contrast to car-
diac mitochondria, these have negligible NNT activity [28],
thereby preventing the antioxidative “safety valve escape”
of NADH shuttling to NADPH under reducing conditions.
Therefore, our data resolve a seeming paradox of a-KGDH
being a source or a sink for ROS in mitochondria under vari-
ous conditions. Furthermore, downregulation of a-KGDH
by microRNA-146a during cardiac hypertrophy and failure
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[5] may contribute to redox imbalance during situations of
elevated cardiac workload.
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