
Citation: Horváth, G.; Sváb, G.;

Komlódi, T.; Ravasz, D.; Kacsó, G.;

Doczi, J.; Chinopoulos, C.; Ambrus,

A.; Tretter, L. Reverse and Forward

Electron Flow-Induced H2O2

Formation Is Decreased in

α-Ketoglutarate Dehydrogenase

(α-KGDH) Subunit (E2 or E3)

Heterozygote Knock Out Animals.

Antioxidants 2022, 11, 1487. https://

doi.org/10.3390/antiox11081487

Academic Editors: C. Henrique

Alves, Peter M.J. Quinn and

António Francisco Ambrósio

Received: 16 June 2022

Accepted: 25 July 2022

Published: 29 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antioxidants

Article

Reverse and Forward Electron Flow-Induced H2O2 Formation Is
Decreased in α-Ketoglutarate Dehydrogenase (α-KGDH)
Subunit (E2 or E3) Heterozygote Knock Out Animals
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Abstract: α-ketoglutarate dehydrogenase complex (KGDHc), or 2-oxoglutarate dehydrogenase com-
plex (OGDHc) is a rate-limiting enzyme in the tricarboxylic acid cycle, that has been identified in
neurodegenerative diseases such as in Alzheimer’s disease. The aim of the present study was to
establish the role of the KGDHc and its subunits in the bioenergetics and reactive oxygen species
(ROS) homeostasis of brain mitochondria. To study the bioenergetic profile of KGDHc, genetically
modified mouse strains were used having a heterozygous knock out (KO) either in the dihydrolipoyl
succinyltransferase (DLST+/−) or in the dihydrolipoyl dehydrogenase (DLD+/−) subunit. Mitochon-
drial oxygen consumption, hydrogen peroxide (H2O2) production, and expression of antioxidant
enzymes were measured in isolated mouse brain mitochondria. Here, we demonstrate that the
ADP-stimulated respiration of mitochondria was partially arrested in the transgenic animals when
utilizing α-ketoglutarate (α-KG or 2-OG) as a fuel substrate. Succinate and α-glycerophosphate
(α-GP), however, did not show this effect. The H2O2 production in mitochondria energized with
α-KG was decreased after inhibiting the adenine nucleotide translocase and Complex I (CI) in the
transgenic strains compared to the controls. Similarly, the reverse electron transfer (RET)-evoked
H2O2 formation supported by succinate or α-GP were inhibited in mitochondria isolated from the
transgenic animals. The decrease of RET-evoked ROS production by DLST+/− or DLD+/− KO-s
puts the emphasis of the KGDHc in the pathomechanism of ischemia-reperfusion evoked oxidative
stress. Supporting this notion, expression of the antioxidant enzyme glutathione peroxidase was also
decreased in the KGDHc transgenic animals suggesting the attenuation of ROS-producing character-
istics of KGDHc. These findings confirm the contribution of the KGDHc to the mitochondrial ROS
production and in the pathomechanism of ischemia-reperfusion injury.

Keywords: KGDHc; α-ketoglutarate dehydrogenase complex; OGDHc; oxoglutarate dehydroge-
nase complex; ischemia-reperfusion; antioxidant systems; DLD; DLST; mitochondria; reactive oxy-
gen species; reverse electron transfer; RET; ROS; cellular respiration; transgenic animal; succinate;
α-glycerophosphate

1. Introduction

Alpha-keto (2-oxo) acid dehydrogenase complexes are large multienzyme complexes
in the mitochondrial matrix comprising the alpha-ketoglutarate dehydrogenase com-
plex (KGDHc or 2-oxoglutarate dehydrogenase), pyruvate dehydrogenase complex, 2-
oxoadipate dehydrogenase complex and branched-chain alpha-keto acid dehydrogenase
complex [1–5]. The KGDHc catalyzes a rate-limiting step in the tricarboxylic acid (TCA)
cycle converting α-ketoglutarate (α-KG) to succinyl-CoA in an oxidative decarboxylation
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reaction reducing NAD+ to NADH, releasing CO2 and utilizing HS-CoA [6,7]. The KGDHc
consists of three components/subunits: α-ketoglutarate/2-oxoglutarate dehydrogenase
(KGDH/OGDH, E1; EC 1.2.4.2), dihydrolipoyl succinyltransferase (DLST; EC 2.3.1.61),
and dihydrolipoyl dehydrogenase (DLD, E3; EC 1.8.1.4) [8–10]. The complex is heavily
regulated and plays a role in energy coupling [11,12]. α-KG can be a major input of the
TCA cycle because α-KG can be produced in the matrix (mouse and human) in 28 reactions,
see https://metabolicatlas.org/explore/Mouse-GEM/gem-browser/metabolite/MAM0
1306m; (accessed on 13 April 2022). Besides producing NADH (substrate for CI in the elec-
tron transfer system; ETS) for the terminal oxidation, the KGDHc reaction is also a major
source of succinyl-CoA, a substrate for succinyl-CoA ligase (SUCL). The SUCL reaction
leads to the formation of ATP or GTP via substrate-level phosphorylation (SLP) which is
a major source of mitochondrial ATP in the absence of oxidative phosphorylation [13,14].
In energetically impaired mitochondria, ATP generated by SLP can prevent hydrolysis
of the glycolytic ATP via avoiding the reversal of the ADP-ATP transporter, the adenine
nucleotide translocase (ANT) [14–16]. Mitochondria are the powerhouses of the cell, but
like all powerhouses, they also have some less desirable byproducts such as reactive oxygen
species (ROS) [17,18]. Although, traditionally ROS production is mainly attributed to the
ETS [17–19], many observations showed that soluble enzymes in mitochondria can also
contribute to ROS formation [20–23]. Among them, the KGDHc is an important player
in mitochondrial ROS production [23–26] being highly dependent on the NADH/NAD+

ratio [23].
Taking into account that (i) KGDHc is a TCA cycle enzyme with a considerable flux

control coefficient [6,27], (ii) KGDHc is capable of generating a high amount of ROS [23,25],
and (iii) mitochondrial ROS generation is often involved in the pathogeneses of neurode-
generative diseases [28], it is not surprising that numerous diseases have been associated
with impairments of the KGDHc subunits [29–35].

In order to assess the role of the KGDHc in brain mitochondrial bioenergetics, oxy-
gen consumption, ROS production, and antioxidant expression were studied. Various
genetically modified mouse strains have been used having a heterozygous mutation ei-
ther in the dihydrolipoyl succinyltransferase (DLST+/−) or in dihydrolipoyl dehydroge-
nase (DLD+/−).

The same genetically modified mouse strains have been used earlier [14,25,36]. Ho-
mozygous knock-out animals of either gene are lethal [26,37]. Heterozygotes, however,
did not show any phenotypic appearance while being more susceptible to mitochondrial
toxins [36–38]. This study is fundamentally different from those dealing with mutations
of the KGDHc enzyme reporting that impairment of the catalytic function of the enzyme
is associated with elevated ROS production [39,40]. Results of this study (i) corroborate
previous results in vitro and in situ in mitochondria [20,25] that the KGDHc subunit DLD
is a major producer of ROS, therefore lack of expression of this subunit results in a direct
decrease of ROS production; (ii) point out the importance of DLST and DLD subunits of
the KGDHc in mitochondrial ROS production; (iii) highlight that the lack of DLD subunit
also decreases the ROS generation during reverse electron transfer (RET) induced by either
succinate, or α-glycerophosphate; and (iv) point out that in the absence of a high rate of
ROS generation mitochondrial glutathione peroxidase 1 expression is decreased in trans-
genic mice. Oxygen consumption data presented in this manuscript are consistent with the
results published earlier [14,25].

2. Materials and Methods
2.1. Animals

Heterozygous DLD+/− (DLD+/−, C57BL/6) mice and wild type (WT) littermates
were obtained from Jackson Laboratory (JAX mice; Jackson Laboratory Repository, Bar
Harbor, ME, USA). Mice deficient in the DLST subunit (DLST+/−; C57BL/6 and 129SV/EV
hybrid) and WT littermates were obtained from Lexicon Pharmaceuticals (The Woodlands,
TX, USA).

https://metabolicatlas.org/explore/Mouse-GEM/gem-browser/metabolite/MAM01306m
https://metabolicatlas.org/explore/Mouse-GEM/gem-browser/metabolite/MAM01306m
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WT mice were reproduced by crossing DLD+/− and DLST+/−; thus, all WT mice
have DLD+/− or DLST+/− progeny. The animals used in our study were of either sex and
between 3 and 6 months of age. Mice were housed in a room maintained at 20–22 ◦C on a
12-h light-dark cycle with food and water available ad libitum. Animals were decapitated by
a process in accordance with the International Guiding Principles for Biomedical Research
Involving Animals and Guidelines for Animal Experiments at Semmelweis University
according to the EU Directive “Directive 2010/63/EU of the European Parliament and of
the Council of 22 September 2010 on the protection of animals used for scientific purposes”.

2.2. Mitochondrial Isolation

Synaptic and non-synaptic mitochondria were isolated from adult mice brain using
a discontinuous Percoll gradient, as detailed earlier [41,42]. Brains were immediately re-
moved and homogenized in ice-cold buffer A (in mM: 225 mannitol, 75 sucrose, 5 HEPES,
1 EGTA; pH 7.4) and then centrifuged for 3 min at 1300× g. The supernatant was cen-
trifuged for 10 min at 20,000× g. The pellet was then suspended in 15% Percoll and layered
on a discontinuous gradient consisting of 40% and 23% Percoll layers, which was then
centrifuged for 8 min at 30,700× g. After resuspension of the lowermost fraction in buffer
A, it was centrifuged at 16,600× g for 10 min, and then the pellet was resuspended in buffer
A and centrifuged again at 6300× g for 10 min. After the supernatant was discharged, the
pellet was resuspended in buffer B (in mM: 225 mannitol, 75 sucrose, 5 HEPES, pH 7.4)
yielding ~30 mg/mL mitochondrial protein concentration. Mitochondrial protein concen-
tration was determined by a modified Biuret assay [43]. Mitochondria were prepared and
used within 4 h in each experiment and added to the cuvettes or the O2k-chamber after
careful resuspension. Unless otherwise indicated, 0.1 mg/mL mitochondrial protein was
applied in the experiments.

2.3. Mitochondrial Oxygen Consumption

Mitochondrial oxygen consumption was measured using high-resolution respirometry
(Orboros O2k; Oroboros Instruments, Innsbruck, Austria) at 37 ◦C in 2-mL chambers under
continuous stirring [41]. Data were digitally recorded and analyzed. Oxygen concentration
was monitored by the polarographic oxygen sensor (POS) and the oxygen flux was calcu-
lated as the negative time derivative of the oxygen concentration [44]. POS was calibrated
routinely at air saturation and in oxygen-depleted medium. Oxygen consumption was
measured in the following standard medium (in mM): 125 KCl, 20 HEPES, 2 KH2PO4,
0.1 EGTA, 1 MgCl2 and 0.025% bovine serum albumine fatty-acid free (BSA), pH 7.4. Mi-
tochondria were energized with α-KG (5 mM), α-glycerophosphate (α-GP; 20 mM), or
succinate (5 mM).

2.4. Mitochondrial H2O2 Formation

The rate of H2O2 generation was determined using the Amplex UltraRed assay [45].
Horseradish peroxidase (5 U per 2 mL), Amplex UltraRed (2 µM), and mitochondria were
added to the standard medium. Fluorescence was recorded at 37 ◦C at 550 nm excitation
and 585 nm emission wavelengths in a PTI Deltascan fluorescence spectrophotometer
(Photon Technology International, Lawrenceville, NJ, USA). The fluorescence signal was
calibrated with known quantities of H2O2 at the end of each experiment.

2.5. Western Blotting

Frozen-thawed mitochondrial pellets were separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE). Separated proteins were transferred to
a methanol-activated polyvinylidene difluoride membrane. Immunoblotting was per-
formed as recommended by the manufacturers of the antibodies. Mouse monoclonal anti-
cyclophilin D (cypD; Mitosciences, Eugene, OR, USA), rabbit polyclonals anti-OGDH, anti-
DLST, anti-DLD, anti-VDAC1, anti-CypD, anti-GR, anti-GPX1, anti-TRX, and anti-PRX3
(Abcam, Cambridge, UK) primary antibodies were used at concentrations of 1 microg/mL,
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while rabbit polyclonal anti-manganese superoxide dismutase (MnSOD; Abcam) at
0.2 microg/mL. Immunoreactivity was detected using the appropriate peroxidase-linked
secondary antibody (in 1:4000 dilution, donkey anti-mouse or donkey anti-rabbit; Jackson
Immunochemicals Europe Ltd., Cambridgeshire, UK) and enhanced chemiluminescence
detection reagent (ECL system; Amersham Biosciences GE Healthcare Europe GmbH,
Vienna, Austria).

2.6. Statistics

Data, in general, are presented as the means ± S.E.M. Normal distribution was tested
by the F-probe. Statistical differences were evaluated with ANOVA (SIGMASTAT; Systat
Software Inc., San Jose, CA, USA) followed by the Bonferroni’s test for multiple comparison;
p < 0.05 represents a significant difference.

2.7. Materials

All laboratory chemicals were obtained from Sigma Aldrich (St. Louis, MO, US) except
for ADP (Merck Group, Darmstadt, Germany), α-GP (Santa Cruz Biotechnology, Dallas,
TX, USA), and Amplex UltraRed (ThermoFisher Scientific, Waltham, MA, USA).

3. Results

In order to examine the mitochondrial bioenergetics of the KGDHc subunit deficient
mice, oxygen consumption, ROS production, and protein expression were monitored in
normal versus genetically modified mitochondria.

3.1. Oxygen Consumption of Mitochondria Using Various Respiratory Substrates

Mitochondria energized with α-KG isolated from control and transgenic KGDHc het-
erozygote animals exhibited acceptable coupling and mitochondrial quality (see Table S1).
The respiratory control ratio (the rate of respiration in the presence of respiratory substrate
and ADP/the rate of respiration in the absence of ADP) is a widely used parameter for
the quality control of mitochondrial preparations. Importantly, there were no significant
differences between the control and transgenic groups in terms of mitochondrial quality
and coupling regardless of the respiratory substrates used.

3.1.1. Respiration of α-Ketoglutarate-Supported Mitochondria

α-KG is the substrate specific for the KGDHc in mitochondria. In the presence of
respiratory substrate (α-KG) but in the absence of ADP, the mitochondrial respiration was
similar in the transgenic groups compared to the controls. (Figure 1A). Upon addition of
ADP the rate of respiration was elevated, however, in all the transgenic groups a decrease
in oxygen consumption was detected compared to the control group. The addition of ADP
stimulated the respiration not only via depolarization of the mt-inner membrane but also
via direct activation of the KGDHc. After inhibition of the ANT by CAT (Figure 1C), the rate
of respiration was decreased in all types of mitochondria. Interestingly, the O2 consumption
was higher after CAT administration compared to the O2 consumption measured in the
absence of ADP in mitochondria respiring with α-KG. This phenomenon can be explained
by the direct activation of the KGDHc via ADP.

3.1.2. Respiration of Succinate-Supported Mitochondria

In order to assess whether mutations in various KGDHc subunits affect the oxidation
of other substrates independent of the activities of the KGDHc and respiratory Complex I,
succinate was also utilized as a respiratory substrate; which is oxidized by Complex II.

In succinate-energized mitochondria, none of the KGDHc transgenic conditions led to
any differences relative to control in the investigated respiratory states (Figure 2A–E). Oxy-
gen consumption in succinate-supported mitochondria in the presence of ADP exhibited a
sharp peak (Figure 2A), which was followed by a decline and plateau. These phenomena
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were potentially attributed to the accumulation of oxaloacetate [46,47], the physiologic
inhibitor of succinate dehydrogenase.

Figure 1. Oxygen consumption of mitochondria isolated from wild-type and KGDHc subunit
heterozygote KO mice respiring on α-ketoglutarate (α-KG) in the absence (B) or presence (C,D)
of ADP, and after addition of carboxyatractilozide (CAT), (D). (A) Trace are representatives of
experiments with wild-type mice (WT; solid line), dihydrolipoyl succinyltransferase transgenic mice
(DLST+/−; dotted line), and dihydrolipoyl dehydrogenase transgenic mice (DLD+/−; dashed line).
Oxygen consumption was monitored by high-resolution respirometry. Mitochondria (0.1 mg/mL)
were incubated in a standard medium, as described under Materials and Methods. Afterwards,
α-KG (5 mM), ADP (2 mM); (B,C), and carboxyatractyloside (CAT; 2 µM); (D) were given. White
bars: WT; bars with left diagonal stripes: DLST+/− mutation; bars with right diagonal stripes:
DLD+/− mutation. The results are expressed as the means of oxygen consumption in nmol/min/mg
protein ± SEM (N = 4–16). Statistically significant differences are indicated by asterisks; * p < 0.05.

3.1.3. Respiration of α-Glycerophosphate (α-GP) Supported Mitochondria

Similar to succinate, α-GP also donates electrons to coenzyme Q in the ETS without
using Complex I during the forward electron transfer. α-GP, unlike succinate, does not
enter the mitochondrial matrix, it is oxidized on the outer surface of the mitochondrial
inner membrane by α-glycerophosphate dehydrogenase (α-GPDH) [48–50]. Furthermore,
the α-GPDH shuttle can mediate the oxidation of cytosolic (glycolytic) NADH into the
mitochondria. Brain mitochondria possess a high α-GPDH activity [50,51], therefore, using
this substrate could serve as a good control for the effects of the KGDHc mutations on the
ETS. In line with the results on succinate oxidation, there were no significant differences
between the groups of transgenic animals compared to the control under the conditions
applied (Figure 3).
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Figure 2. Oxygen consumption of mitochondria isolated from wild-type and KGDHc subunit
heterozygote KO mice respiring on succinate in the absence (B) or presence (C,D) of ADP, and
after addition of carboxyatractyloside (CAT), (E). (A) Trace is representative of a single experiment.
Succinate (5 mM), ADP (2 mM); (C–E) and CAT (2 µM); (E) were given as indicated. All other
conditions and representations are as in Figure 1.

Figure 3. Oxygen consumption of mitochondria isolated from wild-type and KGDHc subunit
heterozygote KO mice respiring on α-glycerophosphate in the absence (A) or presence (B,C) of ADP,
and after the addition of carboxyatractyloside (CAT), (C). α-GP (20 mM), ADP (2 mM); (B,C) and
CAT (2 µM); (C) were given as indicated. All other conditions and representations are as in Figure 1.

3.2. Mitochondrial H2O2 Production

Considering that the KGDHc subunits are capable of producing ROS, even in their
liberated forms [52], the aim of the experiments was to determine the effects of partially
missing subunits on mitochondrial ROS production. The formation of H2O2, the most stable
form of ROS, was studied according to the following experimental setup: (i) mitochondria
were energized with a single substrate (α-KG, succinate, or α-GP); (ii) ADP was added to
generate a high rate of respiration via decreasing the ∆Ψm and supplying substrate for the
ATP synthase; (iii) an ANT inhibitor was given to re-establish the hyperpolarized ∆Ψm and
prevent the transport of extramitochondrial ADP to the matrix; (iv) rotenone, an inhibitor
of the Complex I, was administered to inhibit the reverse electron transfer (RET) evoked
by either succinate or α-GP; and (v) antimycin A was added to block electron transport at
Complex III.
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3.2.1. H2O2 Production of α-Ketoglutarate-Supported Mitochondria

In α-KG-supported mitochondria (with no other additions), the following tendency in
ROS production was found: WT > DLST+/− > DLD+/−, but there was no statistically signif-
icant difference among the WT and transgenic groups (Figure 4B). As was expected, in the
presence of ADP, there was a slight decrease in H2O2 production in every group, however,
significant differences could still not be detected in the transgenic groups compared to the
control (Figure 4C). Inhibition of ANT by CAT elevated the rate of H2O2 formation owing to
hyperpolarization of ∆Ψm (Figure 4D). In the DLD+/− transgenic groups, H2O2 formation
was significantly decreased relative to the control after CAT addition. Adding CI inhibitor
rotenone, H2O2 production was accelerated in every group, and differences between the
control and the transgenic groups became significant (Figure 4E). Inhibition of Complex III
by antimycin A added after rotenone only slightly stimulated the H2O2 formation, while
the H2O2 production was again smaller relative to control in all the transgenic groups in
the presence of antimycin A (Figure 4F). It is worth mentioning that the decrease in the
H2O2 production was the smallest in the DLST+/− mitochondria. Therefore, most of the
decrease in H2O2 production could be ascribed to the lost allele of DLD.

Figure 4. Hydrogen peroxide production in wild-type and KGDHc-subunit-KO mitochondria respir-
ing on α-ketoglutarate. H2O2 production was measured with the Amplex UltraRed assay as described
under Materials and Methods. (A) Traces represent single independent experiments and are offset
for clarity. Trace a (black): WT, trace b (red): DLST+/−, trace c (green): DLD+/−. Mitochondria
(0.1 mg/mL) were incubated in the standard medium which was followed by the addition of α-KG
(5 mM), ADP (2 mM), CAT (2 µM), rotenone (Rot, 250 nM), and antimycin A (1 µM), as indicated.
Numbers on the traces represent rates of H2O2 generation expressed in pmol/min/mg protein.
H2O2 production was measured in the presence of α-KG (B) and after adding ADP (C–F), CAT
(D–F), Rot (E,F) and antimycin A (F). Results are expressed as means of rates of H2O2 production in
pmol/min/mg protein ± S.E.M. (N = 4–14). All other representations are as in Figure 1. Statistically,
significant differences are indicated by asterisks; * p < 0.05.
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3.2.2. H2O2 Production of Succinate-Supported Mitochondria

Succinate-evoked ROS formation has several components. Succinate dehydrogenase
(SDH) is a flavoenzyme with its own ROS-forming ability [53–55]. Under selected condi-
tions (e.g., in the absence of ADP), electrons from succinate can flow backwards passing
through Complex I in the reverse direction and reduce NAD+ to NADH + H+. This pathway
is referred to as the reverse electron transfer (RET) [56,57] where the rate of ROS formation is
an order of magnitude higher than in the normal flow from Complex II towards Complexes
III and IV [45,58–60]. As can be seen in Figure 5B, the wild-type mitochondria exhibited the
highest rate of H2O2 formation in the presence of succinate. In the KO groups, ROS forma-
tion (except the DLST+/− group) was significantly less than that of the control. The addition
of ADP abolished the conditions necessary for RET [60], therefore, the forward flow of
electrons evoked a less intensive H2O2 formation (Figure 5C). Under these conditions, there
were no significant differences detected among the individual mitochondrial groups. Inhi-
bition of ADP entry into the mitochondria, applying the ANT inhibitor CAT, reestablished
the conditions favorable for RET, and again, significant differences in ROS formation were
detected among the WT and transgenic mitochondria (Figure 5D). After blocking the ANT,
mitochondria were treated with the Complex I inhibitor rotenone (Figure 5E). Contrary
to that found with α-KG, which generates the Complex I substrate NADH, the addition
of rotenone to succinate-supported mitochondria decreased the rate of H2O2 production,
which was attributed to the inhibition of RET. Similar to those results observed in the
presence of ADP, the significant differences among the individual groups also disappeared.
The H2O2 production in the wild-type mitochondria after adding rotenone decreased from
1253.8 ± 318.8 to 203.6 ± 30.6 pmol/min/mg protein. A similar decrease was detected in
the DLD+/− transgenic mice (from 682.2 ± 54.2 to 148.1 ± 23.0 pmol/min/mg protein)
after rotenone addition. Administration of antimycin A to rotenone-treated mitochondria
stimulated the H2O2 production, indicating that inhibition at the CIII increased the electron
leak from CoQ and the FAD prosthetic group of SDH (Figure 5F).

3.2.3. H2O2 Production by α-Glycerophosphate-Supported Mitochondria

We reported earlier that α-GP is capable of supporting RET in brain mitochon-
dria [61,62] which is strongly dependent on the concentration of the substrate and the
exogenous Ca2+. Here, the H2O2 production using α-GP and succinate showed a similar
pattern in the absence of ADP (Figures 5 and 6). In the α-GP respiring mitochondria, how-
ever, significant differences were found only between the WT and DLD+/− heterozygotes
in the absence of ADP and upon inhibition of the ANT and CI (Figure 6).

3.3. Protein Expression of the KGDHc Subunits in the Wild-Type and Transgenic Animals

Next, we investigated how the genetic manipulations affected the protein expression
of the KGDHc subunits in the mitochondria isolated from the transgenic animals compared
to the controls (Figures 7 and 8). In Figure 8 KGDHc subunit expression levels were normal-
ized to the expression of SOD2. In all of the transgenic constructs, the E1 subunit (OGDH)
expression was downregulated compared to the wild type (Figure 8A). As was expected,
the expression level of the E2 (DLST) subunit was lower in the DLST+/− mitochondria,
relative to control (Figure 8B). As it was expected, the expression of the E3 (DLD) subunit
decreased in the DLD+/− animals (Figure 8C).

3.4. The Expression and Activities of Enzymes Participating in the Antioxidant System
of Mitochondria

It was expected that a decrease of ROS production in the subunit deficient KGDHc
downregulates the expression of selected mitochondrial antioxidant enzymes. In fact, the
thiol-disulfide exchange reactions tightly link the lipoyl residues of the DLST enzyme to
glutathione, thioredoxin, and the peroxidases using these reductants to scavenge H2O2
(reviewed by [26]). Therefore, the activities of glutathione peroxidase (GPX) and glutathione
reductase (GR), as well as the expression levels of thioredoxin and peroxiredoxin were
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all assessed in the transgenic animals and compared to the respective controls. The GPX
has a mitochondrial and a cytosolic form [63,64], however, the western blot assays were
carried out with mitochondrial lysates, hence detecting only the mitochondrial isoform
(Figure 9). In all transgenic groups, there was a notable decrease in the GPX expression
(normalized for CypD) compared to the control group suggesting the downregulation
of GPX when less ROS was produced in the transgenic animals. Similarly, GR activity
normalized for CypD showed a decrease in the transgenic groups compared to the WT
mitochondria (Figure S1A). However, no significant differences were detected in the
thioredoxin (TRX)/SOD and peroxiredoxin (PRX)/SOD expression ratios normalized for
SOD (Figure S1B,C).

Figure 5. Hydrogen peroxide production in the wild-type and KGDHc-subunit-KO mitochondria
respiring on succinate. H2O2 production was measured with the Amplex UltraRed assay as described
under Materials and Methods. (A) Traces represent single independent experiments and are offset for
clarity. Trace a (black): wild-type (WT), trace b (red): DLST+/−, trace c (green): DLD+/−. Mitochondria
(0.1 mg/mL) were incubated in the standard medium which was followed by the addition of succinate
(5 mM), ADP (2 mM), carboxyatractilozide (CAT, 2 µM), rotenone (Rot, 250 nM), and antimycin A
(2 µM) as indicated. Numbers on the traces represent H2O2 production expressed in pmol/min/mg
protein. H2O2 production was measured in the presence of succinate (B), after adding ADP (C–F),
CAT (D–F), rotenone (E,F) and antimycin A (F). All other conditions and representations are as in
Figure 1. Statistically significant differences are indicated by asterisks; * p < 0.05.
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Figure 6. Hydrogen peroxide production in the wild-type and KGDHc-subunit-KO mitochondria
respiring on α-glycerophosphate. H2O2 production was measured with the Amplex UltraRed assay
as described under Materials and Methods. (A) Traces represent a single independent experiment
and are offset for clarity. Trace a (black): wild-type (WT), trace b (red): DLST+/−, trace c (green):
DLD+/−. Mitochondria (0.1 mg/mL) were incubated in the standard medium. Afterwards, α-GP
(20 mM), ADP (2 mM), and carboxyatractyloside (CAT; 2 µM), rotenone (Rot; 250 nM), and antimycin
A (2 µM) were given as indicated. Numbers on the traces represent H2O2 production expressed in
pmol/min/mg protein. H2O2 production was measured in the presence of α-GP (B), after adding
ADP (C–F), CAT (D–F), rotenone (E,F) and antimycin A (F). All other conditions and representations
are as in Figure 1. Statistically significant differences are indicated by asterisks; * p < 0.05.
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Figure 7. Immunoreactivities of alpha-ketoglutarate dehydrogenase (KGDH/OGDH), dihydrolipoyl
succinyltransferase (DLST), dihydrolipoyl dehydrogenase (DLD), superoxide dismutase 2 (SOD2),
peroxiredoxin 3 (PRX3), and thioredoxin (TRX) in mitochondria isolated from brains of wild-type
(WT), DLST+/−, and DLD+/− transgenic mice.

Figure 8. Western blot analysis and relative density changes for the KGDHc subunits, normalized
for superoxide dismutase 2 (SOD2) protein expression, in brain mitochondria isolated from the
wild-type and KGDHc-subunit-KO mice. (A) alpha-ketoglutarate/2-oxoglutarate (KGDH/OGDH)
subunit; (B) dihydrolipoyl succinyltransferase (DLST) subunit; (C) dihydrolipoyl dehydrogenase
(DLD) subunit. White bars: wild-type (WT); bars with left diagonal stripes: dihydrolipoyl succinyl-
transferase mutation (DLST+/−); bars with right diagonal stripes: dihydrolipoyl dehydrogenase
mutation (DLD+/−). Results are expressed as means of the relative densities ± S.E.M. (N = 3–4).
Statistically significant differences are indicated by asterisks; * p < 0.05.
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Figure 9. Western blot analysis and relative density changes for glutathione peroxidase (GPX),
normalized for cyclophilin D (CypD) protein expression, in brain mitochondria isolated from the
wild-type and KGDHc-subunit-deficient mice. White bars: wild-type (WT); bars with left diagonal
stripes: dihydrolipoyl succinyltransferase mutation (DLST+/−); bars with right diagonal stripes:
dihydrolipoyl dehydrogenase mutation (DLD+/−). Results are expressed as means of the relative
densities ± S.E.M. (N = 3–4). Statistically significant differences are indicated by asterisks; * p < 0.05.

4. Discussion

The KGDHc catalyzes a rate-limiting step in the TCA cycle, a crossroad of many
metabolic processes [6]. Therefore, it is not surprising that reduced activity of the en-
zyme has even been identified in many age-related neurodegenerative diseases such as
Alzheimer’s disease [29–31]. The aim of the present study was to reveal the role of the
KGDHc and its components/subunits in mitochondrial bioenergetics and redox home-
ostasis. In particular, ROS generation in brain mitochondria isolated from wild-type and
DLD+/− and DLST+/− transgenic mice was investigated. Based on our results, we could
conclude that the α-KG-dependent O2 consumption was affected in the transgenic animals.
It was not the case though with succinate and α-GP, which do not demand a fully functional
KGDHc for their oxidation. Importantly, in all the KGDHc-subunit-deficient mitochondria
the H2O2 production was decreased relative to the respective controls not only in the α-KG
energized mitochondria but also in mitochondria respiring with succinate and α-GP. The
experimental setup we used is entirely different from that used in studies dealing with
mutations in the genes responsible for the expression of KGDHc subunits [39,40]. The
common feature of the mutations is that they alter both the catalytic and the ROS forming
properties of the subunits. Depending upon the type of mutations ROS production can be
higher or lower than that of the controls.

4.1. Substrate-Dependent Alterations in Mitochondrial Oxygen Consumption

O2 consumption is a sensitive parameter for the mitochondrial bioenergetic status,
hence, mitochondrial respiration might well reflect on the impairments or enzyme mu-
tations in the ETS or TCA cycle. Specific respiratory pathways get activated in isolated
mitochondria (or other types of mitochondrial preparations, such as permeabilized cells)
when applying fuel substrates such as α-KG, succinate, or α-GP in the presence or absence
of ADP and specific inhibitors of the ETS [65] respiring on succinate and α-GP. Throughout
the present study, the O2 consumption was monitored in the investigated mitochondria by
applying various respiratory substrates.
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4.1.1. Mitochondrial O2 Consumption in α-KG-Supported Mitochondria

In accord with earlier reports [14,25,36], O2 consumption was not lower in mitochon-
dria isolated from either DLD+/− or DLST+/− transgenic mice in the absence of ADP
(Figure 1). This might be explained by the fact that there are endogenous respiratory
substrates present which could at least partially compensate for the decrease in the KGDHc
activity in the DLST+/− and DLD+/− mice. In the presence of ADP, respiration proved to be
highly stimulated. This effect could be attributed to the ADP-dependent depolarization of
∆Ψm, to the stimulatory effect of ADP on the KGDHc [66], and to ADP-dependent disinhibi-
tion of KGDHC by succinyl-CoA due to the participation of ADP in the succinyl-thiokinase
reaction. Apart from the disinhibition, the succinyl-CoA discharge in the presence of ADP
also releases the KGDHC substrate CoA for enzyme turnover [24]. Owing to the ADP-
induced decrease in ∆Ψm, the proton pump activities of the respiratory complexes became
stimulated, which led to an augmented O2 consumption. As was depicted in Figure 1C,
the O2 consumption rate significantly decreased in all the KGDHc-subunit-deficient mi-
tochondria compared to the controls after ADP addition. Nevertheless, there were no
significant differences in the RCR values compared to WT, suggesting that these transgenic
mitochondria could still produce ATP, as was previously reported by Kiss et al. [14]. The
effect of ADP was suspended with the ANT inhibitor CAT, leading to a strong decline in
O2 consumption (Figure 1D). This phenomenon indicates the presence of a normal ADP-
and likely ∆Ψm -dependent regulation of the substrate oxidation, not only in the WT, but
also in the transgenic mitochondria.

4.1.2. Mitochondrial O2 Consumption in Mitochondria Supported by Succinate
and α-Glycerophosphate

Succinate and α-glycerophosphate are two mitochondrial energy donor substrates not
having any direct connection with α-KG or KGDHc, therefore it was not surprising that
their oxidation was not different in the KO animals.

4.2. H2O2 Production in Mitochondria Using Various Respiratory Substrates

The mitochondrion is a major source of ROS under selected pathological condi-
tions [17–19]. A growing body of evidence reveals that matrix dehydrogenases, such as the
KGDHc, are capable of producing ROS under specific conditions when the NADH/NAD+

ratio is rather high [21,23,24,67,68]. In this study, one of the research objectives was to
explore how deletion of the E2 or E3 subunit of the KGDHc affects the ROS-producing
sites in brain mitochondria. For this to be accomplished, we utilized various respiratory
substrates such as α-KG, succinate, and α-GP, and specific inhibitors of the ETS.

4.2.1. H2O2 Production in Mitochondria Respiring on α-Ketoglutarate

In agreement with earlier studies, H2O2 production was decelerated, relative to the
respective controls, in KGDHc- E3 subunit-deficient mitochondria with α-KG as respira-
tory substrate [25] (Figure 4). As was expected, the addition of ADP lowered the ROS
production rate likely due to the decrease (depolarization) of ∆Ψm, and NADH/NAD+

ratio [23,25,59,60] (Figure 4C). CAT, an inhibitor of the ANT, reestablished the high ∆Ψm
and NADH/NAD+ ratio and enhanced the H2O2 production (Figure 4D). In the presence of
CAT, the H2O2 production significantly decreased in the DLD+/− transgenic mitochondria
compared to the controls. Rotenone blocked the electron flow at Complex I and further
elevated the H2O2 formation (Figure 4E). The reduced rate of H2O2 production in the trans-
genic mitochondria refers to the determining roles of the KGDHc subunits in mitochondrial
H2O2 production. Antimycin A, acting at Complex III, exerted only a minimal stimulatory
effect on the H2O2 production, indicating that in the presence of rotenone only a relatively
small percentage of the electrons could reach the ROS-forming site(s) of the Complex III
(Figure 4F).

Considering the multienzyme nature of the KGDHc, this finding is in agreement with
a previous reports [20,22,52] that all the three catalytic subunits of the KGDHc participate
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in the ROS-producing activity thus it is also a possibility that in the absence of DLST the
production of free radicals on the OGDH subunit could be accelerated.

4.2.2. H2O2 Production in Mitochondria Respiring on Succinate and α-Glycerophosphate

In the absence of ADP, succinate-supported mitochondria exhibited an extremely
high rate of ROS production which can be attributed to the reverse electron transfer
(RET) [45,57,58]. During RET, electrons from Complex II flow back towards Complex I
and reduce NAD+ to NADH at high ∆Ψm. Similar to that detected in the α-KG-supported
mitochondria, the H2O2 production rate decreased in the transgenic mitochondria, which
was the most pronounced in the DLD+/− mitochondria, indicating that under this con-
dition indeed the DLD is the most important player in the course of ROS production. In
the presence of ADP, there was a dramatic decrease observed in the rate of H2O2 forma-
tion, which could be attributed to the ADP-induced depolarization of ∆Ψm and thus the
abolishment of RET [58,59] (Figure 6C). Importantly, the decrease in the H2O2 production
rate upon ADP addition was more pronounced in succinate-supported mitochondria as
compared to the ones respiring on α-KG. This could be explained by the fact that the RET
is more sensitive to ∆Ψm. In the presence of CAT, the inhibition of ANT hyperpolarizes
the mitochondrial inner membrane, hence the conditions get favorable for the RET, and
mitochondrial ROS production gets stimulated (Figure 4D). Under this condition, in the
DLST+/− and DLD+/− KO animals, the rate of ROS production decreased compared to
the control. ROS production was the slowest for DLD+/− indicating again that the DLD
subunit is the most important ROS producer when the RET is active (Figure 5B,D). Similar
observations were made with the mitochondria energized by α-GP (Figure 6B,D), where all
of the NADH formed in the mitochondrial matrix originated from the RET [61]. Inhibition
of the ANT brought the ROS formation back to the level detected before the addition of
the ADP, consequently, the electrons must at least partially flow in the reverse direction.
Administration of rotenone ceased RET and decreased the ROS production indicating that
RET was the major source of ROS in the presence of succinate.

4.3. Protein Expression Levels

Surprisingly, in our study the DLST+/− heterozygote KO-s decreased not only the
protein expression level of DLST, but also that of the OGDH subunit (Figure 8). Contrary to
our results, Yang et al. [36] demonstrated only a decreased expression of the DLST subunit
in the DLST+/− animals. This difference might be explained by the different reference
proteins and different antibodies used for normalization in these studies.

Cellular and mitochondrial antioxidant enzymes play key roles in the regulation
of redox homeostasis. Under physiological conditions, antioxidants keep the ROS level
low preventing the cell or mitochondria from a burst of oxidative stress. Thus, their
expression levels reflect a potential redox imbalance and let us conclude on the rate of
ROS formation. Therefore, we investigated the protein levels of selected antioxidant
enzymes such as GPX, GR, TRX, and PRX3 in mitochondria isolated from the wild-type
and KGDHc subunit deficient mice. Surprisingly, only the protein levels of GPX and GR,
but not of TRX and PRX, were reduced in the KGDHc subunit deficient transgenic animals
(Figures 9 and S1). Conversely, Yang et al. [36] have revealed no difference in the protein
levels of the mitochondrial antioxidant enzymes (GPX, GR, MnSOD) in the DLST+/−

heterozygotes compared to the controls. These discrepancies might again be explained by
the different reference proteins used for normalization in these studies. It is noteworthy
that reduced protein levels of GPX and GR support the data on the decreased rate of ROS
formation in the KGDHc-subunit-deficient transgenic groups. The lowered expression
levels of glutathione-dependent antioxidant enzymes can be considered as an adaptation
to the lower rate of ROS production in the mitochondria.
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4.4. Relevance of Our Data in Ischemia-Reperfusion Injury

Ischemia-reperfusion injury is associated with disturbed mitochondrial metabolism.
During ischemia, succinate accumulates owing to the reversal of succinate dehydroge-
nase [69] or due to the canonical operation of the Krebs cycle partially supported by
aminotransferase anaplerosis [70]. Reperfusion is associated with high ROS production
supported by reverse electron transfer induced via the oxidation of the accumulated suc-
cinate. As it has been reported by others [71–73], the FMN subunit of Complex I might
be responsible for most of the ROS produced during RET. Hereby we demonstrate that
heterozygous KO of KGDHc subunits decreased the succinate- and α-GP- evoked H2O2
production under conditions favoring RET. Our data indicate that heterozygous KO of
the DLD subunit resulted in a 58% decline in ROS production with succinate and 34%
with α-GP. Therefore, these results suggest that the DLD subunit can contribute to the
RET-evoked ROS production (Figure 10). Our data confirm the results of Starkov et al.
2004 emphasizing the role of NADH-dependent KGDHc in contribution to RET-evoked
ROS formation [25]. To the best of our knowledge, we have shown for the first time that
α-GP-induced RET, which can occur in the brain having high α-GPDH activity, was also
sensitive to heterozygous KO of DLD subunit. This might have an importance during
ischemia when α-GP can accumulate as proven by Ben-Yoseph et al., 1993 [74] and Nguyen
et al. 2007 [75] in ischemic in rat brain.

Figure 10. The role of KGDH in ROS production observed during forward and reverse electron
transfer in ischemia-reperfusion injury. Abbreviations: α-GP: α-glycerophosphate; α-GPDH: α-
glycerophosphate dehydrogenase; α-KG: α-ketoglutarate; CoQ: oxidized coenzyme Q; CoQH2:
reduced coenzyme Q; DHAP: dihidroxiaceton-phosphate; DLD: dihidrolypoil dehydrogenase; DLST:
dihydrolipoaminde succinyltransferase; FAD: flavin adenine dinucleotide; FMN: flavin adenine
mononucleotide; OGDH: oxoglutarate dehydrogenase; SOD: superoxide dismutase.

5. Conclusions

Our results highlight the importance of the KGDHc subunits in mitochondrial ROS
formation. Decreased ROS production was detected in DLST+/− or DLD+/− KO animals
not only in the forward mode of the enzyme (in the presence of α-KG as substrate) but also
under the circumstances of reverse electron flow (when NADH is formed by the reverse
flow of electrons via CoQ to Complex I). This latter finding highlights the importance
of KGDHc subunits in reperfusion-mediated oxidative tissue damage. In the transgenic
animals investigated, not only the ROS production was decelerated, but the expression
levels of the studied antioxidant enzymes were also attenuated.



Antioxidants 2022, 11, 1487 16 of 19

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11081487/s1, Figure S1: Western blot analysis and relative
density changes for protein expression in mitochondria isolated from wild-type and KGDHc-subunit-
deficient mice.; Table S1: (A): Respiratory control ratio (RCR) in mitochondria isolated from wild-type
(WT) and KGDHc-subunit-deficient mice. (B): P-L control efficiency (OXPHOS coupling efficiency) in
mitochondria isolated from wild-type (WT) and KGDHc-subunit-deficient mice.

Author Contributions: Conceptualization, G.H. and L.T.; methodology, G.H., D.R., J.D. and G.K.;
validation, G.H. and G.S.; formal analysis, G.H. and G.S.; investigation, J.D., C.C., G.H., D.R. and
G.K.; writing—original draft preparation, G.H., T.K. and L.T.; writing—review and editing, A.A.,
C.C., T.K. and L.T.; visualization, G.H. and G.S.; supervision, L.T. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Hungarian Brain Research Program 2 (2017-1.2.1-NKP-
2017-00002 to Vera Adam-Vizi, Semmelweis University), STIA-OTKA-2021 grant (from the Semmel-
weis University, to A.A.), TKP2021-EGA-25 grant to A.A. and C.C., Project no. TKP2021-EGA-25
has been implemented with the support provided by the Ministry of Innovation and Technology
of Hungary from the National Research, Development and Innovation Fund, financed under the
TKP2021-EGA funding scheme. EFOP-3.6.3-VEKOP-16-2017-00009 support to G.S.

Institutional Review Board Statement: Animals were decapitated by a process in accordance with
the International Guiding Principles for Biomedical Research Involving Animals and Guidelines for
Animal Experiments at Semmelweis University according to the EU Directive “Directive 2010/63/EU
of the European Parliament and of the Council of 22 September 2010 on the protection of animals
used for scientific purposes”.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Katalin Takács and Andrea Várnagy for their excellent technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Adeva-Andany, M.M.; Lopez-Maside, L.; Donapetry-Garcia, C.; Fernandez-Fernandez, C.; Sixto-Leal, C. Enzymes involved in

branched-chain amino acid metabolism in humans. Amino Acids 2017, 49, 1005–1028. [CrossRef] [PubMed]
2. Ambrus, A.; Adam-Vizi, V. Human dihydrolipoamide dehydrogenase (E3) deficiency: Novel insights into the structural basis and

molecular pathomechanism. Neurochem. Int. 2018, 117, 5–14. [CrossRef] [PubMed]
3. Artiukhov, A.V.; Grabarska, A.; Gumbarewicz, E.; Aleshin, V.A.; Kahne, T.; Obata, T.; Kazantsev, A.V.; Lukashev, N.V.; Stepulak, A.;

Fernie, A.R.; et al. Synthetic analogues of 2-oxo acids discriminate metabolic contribution of the 2-oxoglutarate and 2-oxoadipate
dehydrogenases in mammalian cells and tissues. Sci. Rep. 2020, 10, 1886. [CrossRef] [PubMed]

4. Boyko, A.I.; Artiukhov, A.V.; Kaehne, T.; di Salvo, M.L.; Bonaccorsi di Patti, M.C.; Contestabile, R.; Tramonti, A.; Bunik, V.I.
Isoforms of the DHTKD1-Encoded 2-Oxoadipate Dehydrogenase, Identified in Animal Tissues, Are not Observed upon the
Human DHTKD1 Expression in Bacterial or Yeast Systems. Biochemistry 2020, 85, 920–929. [CrossRef]

5. Patel, M.S.; Nemeria, N.S.; Furey, W.; Jordan, F. The pyruvate dehydrogenase complexes: Structure-based function and regulation.
J. Biol. Chem. 2014, 289, 16615–16623. [CrossRef]

6. Bunik, V.I.; Fernie, A.R. Metabolic control exerted by the 2-oxoglutarate dehydrogenase reaction: A cross-kingdom comparison of
the crossroad between energy production and nitrogen assimilation. Biochem. J. 2009, 422, 405–421. [CrossRef]

7. Hansford, R.G. Control of mitochondrial substrate oxidation. Curr. Top. Bioenerg. 1980, 10, 217–278.
8. Koike, K.; Hamada, M.; Tanaka, N.; Otsuka, K.I.; Ogasahara, K.; Koike, M. Properties and subunit composition of the pig heart

2-oxoglutarate dehydrogenase. J. Biol. Chem. 1974, 249, 3836–3842. [CrossRef]
9. Koike, M.; Koike, K. Structure, assembly and function of mammalian alpha-keto acid dehydrogenase complexes. Adv. Biophys.

1976, 9, 187–227.
10. Sheu, K.F.; Blass, J.P. The alpha-ketoglutarate dehydrogenase complex. Ann. N. Y. Acad. Sci. 1999, 893, 61–78. [CrossRef]
11. Garland, P.B. Some kinetic properties of pig-heart oxoglutarate dehydrogenase that provide a basis for metabolic control of the

enzyme activity and also a stoicheiometric assay for coenzyme A in tissue extracts. Biochem. J. 1964, 92, 10C–12C. [CrossRef]
12. Smith, C.M.; Bryla, J.; Williamson, J.R. Regulation of mitochondrial alpha-ketoglutarate metabolism by product inhibition at

alpha-ketoglutarate dehydrogenase. J. Biol. Chem. 1974, 249, 1497–1505. [CrossRef]
13. Heldt, H.W.; Schwalbach, K. The participation of GTP-AMP-P transferase in substrate level phosphate transfer of rat liver

mitochondria. Eur. J. Biochem. 1967, 1, 199–206. [CrossRef]

https://www.mdpi.com/article/10.3390/antiox11081487/s1
https://www.mdpi.com/article/10.3390/antiox11081487/s1
http://doi.org/10.1007/s00726-017-2412-7
http://www.ncbi.nlm.nih.gov/pubmed/28324172
http://doi.org/10.1016/j.neuint.2017.05.018
http://www.ncbi.nlm.nih.gov/pubmed/28579060
http://doi.org/10.1038/s41598-020-58701-4
http://www.ncbi.nlm.nih.gov/pubmed/32024885
http://doi.org/10.1134/S0006297920080076
http://doi.org/10.1074/jbc.R114.563148
http://doi.org/10.1042/BJ20090722
http://doi.org/10.1016/S0021-9258(19)42550-7
http://doi.org/10.1111/j.1749-6632.1999.tb07818.x
http://doi.org/10.1042/bj0920010C
http://doi.org/10.1016/S0021-9258(19)42910-4
http://doi.org/10.1111/j.1432-1033.1967.tb00064.x


Antioxidants 2022, 11, 1487 17 of 19

14. Kiss, G.; Konrad, C.; Doczi, J.; Starkov, A.A.; Kawamata, H.; Manfredi, G.; Zhang, S.F.; Gibson, G.E.; Beal, M.F.; Adam-Vizi, V.; et al.
The negative impact of alpha-ketoglutarate dehydrogenase complex deficiency on matrix substrate-level phos-phorylation.
FASEB J. 2013, 27, 2392–2406. [CrossRef]

15. Chinopoulos, C. The “B space” of mitochondrial phosphorylation. J. Neurosci. Res. 2011, 89, 1897–1904. [CrossRef]
16. Chinopoulos, C. Mitochondrial consumption of cytosolic ATP: Not so fast. FEBS Lett. 2011, 585, 1255–1259. [CrossRef]
17. Andreyev, A.Y.; Kushnareva, Y.E.; Starkov, A.A. Mitochondrial metabolism of reactive oxygen species. Biochemistry 2005, 70,

200–214. [CrossRef]
18. Andreyev, A.Y.; Kushnareva, Y.E.; Murphy, A.N.; Starkov, A.A. Mitochondrial ROS Metabolism: 10 Years Later. Biochemistry 2015,

80, 517–531. [CrossRef]
19. Brand, M.D. Mitochondrial generation of superoxide and hydrogen peroxide as the source of mitochondrial redox signaling. Free

Radic. Biol. Med. 2016, 100, 14–31. [CrossRef]
20. Bunik, V.I.; Sievers, C. Inactivation of the 2-oxo acid dehydrogenase complexes upon generation of intrinsic radical species. Eur. J.

Biochem. 2002, 269, 5004–5015. [CrossRef]
21. Bunik, V.I.; Brand, M.D. Generation of superoxide and hydrogen peroxide by side reactions of mitochondrial 2-oxoacid dehydro-

genase complexes in isolation and in cells. Biol. Chem. 2018, 399, 407–420. [CrossRef] [PubMed]
22. Jordan, F.; Nemeria, N.; Gerfen, G. Human 2-Oxoglutarate Dehydrogenase and 2-Oxoadipate Dehydrogenase Both Generate

Superoxide/H2O2 in a Side Reaction and Each Could Contribute to Oxidative Stress in Mitochondria. Neurochem. Res. 2019, 44,
2325–2335. [CrossRef] [PubMed]

23. Tretter, L.; Adam-Vizi, V. Generation of reactive oxygen species in the reaction catalyzed by alpha-ketoglutarate dehydrogenase.
J. Neurosci. 2004, 24, 7771–7778. [CrossRef] [PubMed]

24. Quinlan, C.L.; Goncalves, R.L.; Hey-Mogensen, M.; Yadava, N.; Bunik, V.I.; Brand, M.D. The 2-oxoacid dehydrogenase complexes
in mitochondria can produce superoxide/hydrogen peroxide at much higher rates than complex I. J. Biol. Chem. 2014, 289,
8312–8325. [CrossRef] [PubMed]

25. Starkov, A.A.; Fiskum, G.; Chinopoulos, C.; Lorenzo, B.J.; Browne, S.E.; Patel, M.S.; Beal, M.F. Mitochondrial alpha-ketoglutarate
dehydrogenase complex generates reactive oxygen species. J. Neurosci. 2004, 24, 7779–7788. [CrossRef] [PubMed]

26. Bunik, V.I. Redox-Driven Signaling: 2-Oxo Acid Dehydrogenase Complexes as Sensors and Transmitters of Metabolic Imbalance.
Antioxid. Redox Signal. 2019, 30, 1911–1947. [CrossRef] [PubMed]

27. Bunik, V.I. Thiamin-dependent enzymes: New perspectives from the interface between chemistry and biology. FEBS J. 2013,
280, 6373. [CrossRef]

28. Chaturvedi, R.K.; Beal, M.F. Mitochondria targeted therapeutic approaches in Parkinson’s and Huntington’s diseases. Mol. Cell.
Neurosci. 2013, 55, 101–114. [CrossRef]

29. Gibson, G.E.; Sheu, K.F.; Blass, J.P.; Baker, A.; Carlson, K.C.; Harding, B.; Perrino, P. Reduced activities of thiamine-dependent
enzymes in the brains and peripheral tissues of patients with Alzheimer’s disease. Arch. Neurol. 1988, 45, 836–840. [CrossRef]

30. Gibson, G.E.; Park, L.C.; Sheu, K.F.; Blass, J.P.; Calingasan, N.Y. The alpha-ketoglutarate dehydrogenase complex in neurodegen-
eration. Neurochem. Int. 2000, 36, 97–112. [CrossRef]

31. Gibson, G.E.; Blass, J.P.; Beal, M.F.; Bunik, V. The alpha-ketoglutarate-dehydrogenase complex: A mediator between mitochondria
and oxidative stress in neurodegeneration. Mol. Neurobiol. 2005, 31, 43–63. [CrossRef]

32. Kohlschutter, A.; Behbehani, A.; Langenbeck, U.; Albani, M.; Heidemann, P.; Hoffmann, G.; Kleineke, J.; Lehnert, W.; Wendel,
U. A familial progressive neurodegenerative disease with 2-oxoglutaric aciduria. Eur. J. Pediatr. 1982, 138, 32–37. [CrossRef]
[PubMed]

33. Mastrogiacoma, F.; Lindsay, J.G.; Bettendorff, L.; Rice, J.; Kish, S.J. Brain protein and alpha-ketoglutarate dehydrogenase complex
activity in Alzheimer’s disease. Ann. Neurol. 1996, 39, 592–598. [CrossRef] [PubMed]

34. Mizuno, Y.; Suzuki, K.; Ohta, S. Postmortem changes in mitochondrial respiratory enzymes in brain and a preliminary observation
in Parkinson’s disease. J. Neurol. Sci. 1990, 96, 49–57. [CrossRef]

35. Mizuno, Y.; Ikebe, S.; Hattori, N.; Kondo, T.; Tanaka, M.; Ozawa, T. Mitochondrial energy crisis in Parkinson’s disease. Adv.
Neurol. 1993, 60, 282–287.

36. Yang, L.; Shi, Q.; Ho, D.J.; Starkov, A.A.; Wille, E.J.; Xu, H.; Chen, H.L.; Zhang, S.; Stack, C.M.; Calingasan, N.Y.; et al. Mice
deficient in dihydrolipoyl succinyl transferase show increased vulnerability to mitochondrial toxins. Neurobiol. Dis. 2009, 36,
320–330. [CrossRef]

37. Johnson, M.T.; Yang, H.S.; Magnuson, T.; Patel, M.S. Targeted disruption of the murine dihydrolipoamide dehydrogenase gene
(Dld) results in perigastrulation lethality. Proc. Natl. Acad. Sci. USA 1997, 94, 14512–14517. [CrossRef]

38. Shi, Q.; Chen, H.L.; Xu, H.; Gibson, G.E. Reduction in the E2k subunit of the alpha-ketoglutarate dehydrogenase complex has
effects independent of complex activity. J. Biol. Chem. 2005, 280, 10888–10896. [CrossRef]

39. Ambrus, A.; Nemeria, N.S.; Torocsik, B.; Tretter, L.; Nilsson, M.; Jordan, F.; Adam-Vizi, V. Formation of reactive oxygen species
by human and bacterial pyruvate and 2-oxoglutarate dehydrogenase multienzyme complexes reconstituted from recombinant
components. Free Radic. Biol. Med. 2015, 89, 642–650. [CrossRef]

40. Ambrus, A.; Torocsik, B.; Tretter, L.; Ozohanics, O.; Adam-Vizi, V. Stimulation of reactive oxygen species generation by disease-
causing mutations of lipoamide dehydrogenase. Hum. Mol. Genet. 2011, 20, 2984–2995. [CrossRef]

http://doi.org/10.1096/fj.12-220202
http://doi.org/10.1002/jnr.22659
http://doi.org/10.1016/j.febslet.2011.04.004
http://doi.org/10.1007/s10541-005-0102-7
http://doi.org/10.1134/S0006297915050028
http://doi.org/10.1016/j.freeradbiomed.2016.04.001
http://doi.org/10.1046/j.1432-1033.2002.03204.x
http://doi.org/10.1515/hsz-2017-0284
http://www.ncbi.nlm.nih.gov/pubmed/29337692
http://doi.org/10.1007/s11064-019-02765-w
http://www.ncbi.nlm.nih.gov/pubmed/30847859
http://doi.org/10.1523/JNEUROSCI.1842-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15356188
http://doi.org/10.1074/jbc.M113.545301
http://www.ncbi.nlm.nih.gov/pubmed/24515115
http://doi.org/10.1523/JNEUROSCI.1899-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15356189
http://doi.org/10.1089/ars.2017.7311
http://www.ncbi.nlm.nih.gov/pubmed/30187773
http://doi.org/10.1111/febs.12589
http://doi.org/10.1016/j.mcn.2012.11.011
http://doi.org/10.1001/archneur.1988.00520320022009
http://doi.org/10.1016/S0197-0186(99)00114-X
http://doi.org/10.1385/MN:31:1-3:043
http://doi.org/10.1007/BF00442325
http://www.ncbi.nlm.nih.gov/pubmed/7075624
http://doi.org/10.1002/ana.410390508
http://www.ncbi.nlm.nih.gov/pubmed/8619544
http://doi.org/10.1016/0022-510X(90)90056-S
http://doi.org/10.1016/j.nbd.2009.07.023
http://doi.org/10.1073/pnas.94.26.14512
http://doi.org/10.1074/jbc.M409064200
http://doi.org/10.1016/j.freeradbiomed.2015.10.001
http://doi.org/10.1093/hmg/ddr202


Antioxidants 2022, 11, 1487 18 of 19

41. Pesta, D.; Gnaiger, E. High-resolution respirometry: OXPHOS protocols for human cells and permeabilized fibers from small
biopsies of human muscle. Methods Mol. Biol. 2012, 810, 25–58.

42. Tretter, L.; Adam-Vizi, V. Moderate dependence of ROS formation on DeltaPsim in isolated brain mitochondria supported by
NADH-linked substrates. Neurochem. Res. 2007, 32, 569–575. [CrossRef]

43. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

44. Gnaiger, E. Polarographic oxygen sensors, the oxygraph and high-resolution respirometry to assess mitochondrial function.
Drug-Induc. Mitochondrial Dysfunct. 2008, 12, 327–352.

45. Komlodi, T.; Geibl, F.F.; Sassani, M.; Ambrus, A.; Tretter, L. Membrane potential and delta pH dependency of reverse electron
transport-associated hydrogen peroxide production in brain and heart mitochondria. J. Bioenerg. Biomembr. 2018, 50, 355–365.
[CrossRef]

46. Wojtczak, A.B. Inhibitory action of oxaloacetate on succinate oxidation in rat-liver mitochondria and the mechanism of its reversal.
Biochim. Biophys. Acta 1969, 172, 52–65. [CrossRef]

47. Zeyelmaker, W.P.; Slater, E.C. The inhibition of succinate dehydrogenase by oxaloacetate. Biochim. Biophys. Acta 1967, 132, 210–212.
[CrossRef]

48. Klingenberg, M.; Buecher, T. Glycerin-1-phosphate and flight muscle mitochondria. Biochem. Z. 1961, 334, 1–17.
49. Klingenberg, M. Localization of the glycerol-phosphate dehydrogenase in the outer phase of the mitochondrial inner membrane.

Eur. J. Biochem. 1970, 13, 247–252. [CrossRef]
50. Nguyen, N.H.; Brathe, A.; Hassel, B. Neuronal uptake and metabolism of glycerol and the neuronal expression of mitochondrial

glycerol-3-phosphate dehydrogenase. J. Neurochem. 2003, 85, 831–842. [CrossRef]
51. McKenna, M.C.; Waagepetersen, H.S.; Schousboe, A.; Sonnewald, U. Neuronal and astrocytic shuttle mechanisms for cytosolic-

mitochondrial transfer of reducing equivalents: Current evidence and pharmacological tools. Biochem. Pharmacol. 2006, 71,
399–407. [CrossRef]

52. Nemeria, N.S.; Ambrus, A.; Patel, H.; Gerfen, G.; Adam-Vizi, V.; Tretter, L.; Zhou, J.; Wang, J.; Jordan, F. Human 2-oxoglutarate
dehydrogenase complex E1 component forms a thiamin-derived radical by aerobic oxidation of the enamine intermediate. J. Biol.
Chem. 2014, 289, 29859–29873. [CrossRef]

53. Quinlan, C.L.; Orr, A.L.; Perevoshchikova, I.V.; Treberg, J.R.; Ackrell, B.A.; Brand, M.D. Mitochondrial complex II can generate
reactive oxygen species at high rates in both the forward and reverse reactions. J. Biol. Chem. 2012, 287, 27255–27264. [CrossRef]

54. Siebels, I.; Drose, S. Q-site inhibitor induced ROS production of mitochondrial complex II is attenuated by TCA cycle dicarboxy-
lates. Biochim. Biophys. Acta 2013, 1827, 1156–1164. [CrossRef]

55. Zhang, L.; Yu, L.; Yu, C.A. Generation of superoxide anion by succinate-cytochrome c reductase from bovine heart mitochondria.
J. Biol. Chem. 1998, 273, 33972–33976. [CrossRef]

56. Chance, B.; Hollunger, G. The interaction of energy and electron transfer reactions in mitochondria. I. General properties and
nature of the products of succinate-linked reduction of pyridine nucleotide. J. Biol. Chem. 1961, 236, 1534–1543.

57. Hinkle, P.C.; Butow, R.A.; Racker, E.; Chance, B. Partial resolution of the enzymes catalyzing oxidative phosphory-lation. XV.
Reverse electron transfer in the flavin-cytochrome beta region of the respiratory chain of beef heart submitochondrial particles.
J. Biol. Chem. 1967, 242, 5169–5173. [PubMed]

58. Korshunov, S.S.; Skulachev, V.P.; Starkov, A.A. High protonic potential actuates a mechanism of production of reactive oxygen
species in mitochondria. FEBS Lett. 1997, 416, 15–18. [CrossRef]

59. Starkov, A.A.; Fiskum, G. Regulation of brain mitochondrial H2O2 production by membrane potential and NAD(P)H redox state.
J. Neurochem. 2003, 86, 1101–1107. [CrossRef] [PubMed]

60. Votyakova, T.V.; Reynolds, I.J. DeltaPsi(m)-Dependent and -independent production of reactive oxygen species by rat brain
mitochondria. J. Neurochem. 2001, 79, 266–277. [CrossRef] [PubMed]

61. Tretter, L.; Takacs, K.; Hegedus, V.; Adam-Vizi, V. Characteristics of alpha-glycerophosphate-evoked H2O2 generation in brain
mitochondria. J. Neurochem. 2007, 100, 650–663. [CrossRef] [PubMed]

62. Tretter, L.; Adam-Vizi, V. High Ca2+ load promotes hydrogen peroxide generation via activation of alpha-glycerophosphate
dehydrogenase in brain mitochondria. Free Radic. Biol. Med. 2012, 53, 2119–2130. [CrossRef] [PubMed]

63. Arthur, J.R. The glutathione peroxidases. Cell. Mol. Life Sci. 2000, 57, 1825–1835. [CrossRef] [PubMed]
64. Esworthy, R.S.; Ho, Y.S.; Chu, F.F. The Gpx1 gene encodes mitochondrial glutathione peroxidase in the mouse liver. Arch. Biochem.

Biophys. 1997, 340, 59–63. [CrossRef]
65. Gnaiger, E. Mitochondrial pathways and respiratory control. An introduction to OXPHOS analysis. Bioenerg. Commun. 2020,

2020, 2.
66. Lawlis, V.B.; Roche, T.E. Inhibition of bovine kidney alpha-ketoglutarate dehydrogenase complex by reduced nicotinamide

adenine dinucleotide in the presence or absence of calcium ion and effect of adenosine 5′-diphosphate on reduced nicotinamide
adenine dinucleotide inhibition. Biochemistry 1981, 20, 2519–2524. [CrossRef]

67. Murphy, M.P. How mitochondria produce reactive oxygen species. Biochem. J. 2009, 417, 1–13. [CrossRef]
68. Starkov, A.A. An update on the role of mitochondrial alpha-ketoglutarate dehydrogenase in oxidative stress. Mol. Cell. Neurosci.

2013, 55, 13–16. [CrossRef]

http://doi.org/10.1007/s11064-006-9130-y
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1007/s10863-018-9766-8
http://doi.org/10.1016/0005-2728(69)90091-7
http://doi.org/10.1016/0005-2744(67)90214-8
http://doi.org/10.1111/j.1432-1033.1970.tb00924.x
http://doi.org/10.1046/j.1471-4159.2003.01762.x
http://doi.org/10.1016/j.bcp.2005.10.011
http://doi.org/10.1074/jbc.M114.591073
http://doi.org/10.1074/jbc.M112.374629
http://doi.org/10.1016/j.bbabio.2013.06.005
http://doi.org/10.1074/jbc.273.51.33972
http://www.ncbi.nlm.nih.gov/pubmed/4294331
http://doi.org/10.1016/S0014-5793(97)01159-9
http://doi.org/10.1046/j.1471-4159.2003.01908.x
http://www.ncbi.nlm.nih.gov/pubmed/12911618
http://doi.org/10.1046/j.1471-4159.2001.00548.x
http://www.ncbi.nlm.nih.gov/pubmed/11677254
http://doi.org/10.1111/j.1471-4159.2006.04223.x
http://www.ncbi.nlm.nih.gov/pubmed/17263793
http://doi.org/10.1016/j.freeradbiomed.2012.09.029
http://www.ncbi.nlm.nih.gov/pubmed/23022874
http://doi.org/10.1007/PL00000664
http://www.ncbi.nlm.nih.gov/pubmed/11215509
http://doi.org/10.1006/abbi.1997.9901
http://doi.org/10.1021/bi00512a024
http://doi.org/10.1042/BJ20081386
http://doi.org/10.1016/j.mcn.2012.07.005


Antioxidants 2022, 11, 1487 19 of 19

69. Chouchani, E.T.; Pell, V.R.; Gaude, E.; Aksentijevic, D.; Sundier, S.Y.; Robb, E.L.; Logan, A.; Nadtochiy, S.M.; Ord, E.N.J.; Smith,
A.C.; et al. Ischaemic accumulation of succinate controls reperfusion injury through mitochondrial ROS. Nature 2014, 515, 431–435.
[CrossRef]

70. Zhang, J.; Wang, Y.T.; Miller, J.H.; Day, M.M.; Munger, J.C.; Brookes, P.S. Accumulation of Succinate in Cardiac Ischemia Primarily
Occurs via Canonical Krebs Cycle Activity. Cell Rep. 2018, 23, 2617–2628. [CrossRef]

71. Robb, E.L.; Hall, A.R.; Prime, T.A.; Eaton, S.; Szibor, M.; Viscomi, C.; James, A.M.; Murphy, M.P. Control of mitochondrial
superoxide production by reverse electron transport at complex I. J. Biol. Chem. 2018, 293, 9869–9879. [CrossRef]

72. Scialo, F.; Fernandez-Ayala, D.J.; Sanz, A. Role of Mitochondrial Reverse Electron Transport in ROS Signaling: Potential Roles in
Health and Disease. Front. Physiol. 2017, 8, 428. [CrossRef]

73. Chouchani, E.T.; Pell, V.R.; James, A.M.; Work, L.M.; Saeb-Parsy, K.; Frezza, C.; Krieg, T.; Murphy, M.P. A Unifying Mechanism for
Mitochondrial Superoxide Production during Ischemia-Reperfusion Injury. Cell Metab. 2016, 23, 254–263. [CrossRef]

74. Ben-Yoseph, O.; Badar-Goffer, R.S.; Morris, P.G.; Bachelard, H.S. Glycerol 3-phosphate and lactate as indicators of the cerebral
cytoplasmic redox state in severe and mild hypoxia respectively: A 13C- and 31P-n.m.r. study. Biochem. J. 1993, 291, 915–919.
[CrossRef]

75. Nguyen, N.H.; Gonzalez, S.V.; Hassel, B. Formation of glycerol from glucose in rat brain and cultured brain cells. Augmentation
with kainate or ischemia. J. Neurochem. 2007, 101, 1694–1700. [CrossRef]

http://doi.org/10.1038/nature13909
http://doi.org/10.1016/j.celrep.2018.04.104
http://doi.org/10.1074/jbc.RA118.003647
http://doi.org/10.3389/fphys.2017.00428
http://doi.org/10.1016/j.cmet.2015.12.009
http://doi.org/10.1042/bj2910915
http://doi.org/10.1111/j.1471-4159.2006.04433.x

	Introduction 
	Materials and Methods 
	Animals 
	Mitochondrial Isolation 
	Mitochondrial Oxygen Consumption 
	Mitochondrial H2O2 Formation 
	Western Blotting 
	Statistics 
	Materials 

	Results 
	Oxygen Consumption of Mitochondria Using Various Respiratory Substrates 
	Respiration of -Ketoglutarate-Supported Mitochondria 
	Respiration of Succinate-Supported Mitochondria 
	Respiration of -Glycerophosphate (-GP) Supported Mitochondria 

	Mitochondrial H2O2 Production 
	H2O2 Production of -Ketoglutarate-Supported Mitochondria 
	H2O2 Production of Succinate-Supported Mitochondria 
	H2O2 Production by -Glycerophosphate-Supported Mitochondria 

	Protein Expression of the KGDHc Subunits in the Wild-Type and Transgenic Animals 
	The Expression and Activities of Enzymes Participating in the Antioxidant System of Mitochondria 

	Discussion 
	Substrate-Dependent Alterations in Mitochondrial Oxygen Consumption 
	Mitochondrial O2 Consumption in -KG-Supported Mitochondria 
	Mitochondrial O2 Consumption in Mitochondria Supported by Succinate and -Glycerophosphate 

	H2O2 Production in Mitochondria Using Various Respiratory Substrates 
	H2O2 Production in Mitochondria Respiring on -Ketoglutarate 
	H2O2 Production in Mitochondria Respiring on Succinate and -Glycerophosphate 

	Protein Expression Levels 
	Relevance of Our Data in Ischemia-Reperfusion Injury 

	Conclusions 
	References

