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Abstract— The α-ketoglutarate dehydrogenase complex (KGDHC) serves as a master regulator of cell’s mo-

lecular machinery. Beyond its classical role as a rate-limiting enzyme in the tricarboxylic acid (TCA) cycle, 

KGDHC has emerged as a critical redox sensor that can act as both a source and a target of reactive ox-

ygen species (ROS), thereby regulating cellular redox homeostasis. This review summarizes evidence from 

genetically modified animal models and cell culture studies demonstrating that compromised KGDHC ac-

tivity affects neuronal metabolism, redox homeostasis, and cellular signaling. KGDHC dysfunction causes 

mitochondrial failure, resulting in reduced ATP synthesis and activation of AMP-activated protein kinase 

(AMPK). Although inhibition of KGDHC reduces mitochondrial ROS formation, it also disrupts physiological 

ROS-dependent signaling mechanisms. In KGDHC-deficient mice, impaired ROS signaling and energy deficit 

decrease brain adaptability, increase susceptibility to neurotoxins, and disrupt crucial pathways by down-

regulating PGC-1α and Nrf2. These alterations result in suppression of antioxidant defences and lead to 

neuronal death in the hippocampus and memory impairment. Moreover, KGDHC dysfunction induces mito-

chondrial fragmentation and is strongly linked to excitotoxicity, further accelerating neuronal dysfunction. 

As observed in heterozygous models, even partial KGDHC deficiency can exacerbate persisting cellular and 

mitochondrial defects, leading to the development of more severe pathological conditions. 
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INTRODUCTION

α-Ketoglutarate dehydrogenase complex (KGDHC), 

also referred to as 2-oxoglutarate dehydrogenase 

complex (EC  1.2.1.105), is a member of the α-keto 

acid dehydrogenase enzyme family. It  catalyzes a 

highly regulated conversion of α-ketoglutarate (α-KG) 

to succinyl-CoA with the generation of NADH in the 

tricarboxylic acid (TCA) cycle. NADH supplies elec-

trons to the electron transport system (ETS), thereby 

supporting mitochondrial ATP synthesis via oxidative 

phosphorylation (OXPHOS), which accounts for >80  % 

of the total cellular ATP production  [1]. Succinyl-CoA 

also serves as a substrate for mitochondrial sub-

strate-level phosphorylation, enabling ATP (or GTP) 

synthesis even in the absence of oxygen  [2], inde-

pendently of the ETS. Succinyl-CoA is also a precursor 

in porphyrin synthesis. Compromised KGDHC activity 

negatively affects mitochondrial substrate-level phos-

phorylation by limiting succinyl-CoA availability to 

succinyl-CoA ligase  [3].

KGDHC consists of three types of subunits: 

1)  α-ketoglutarate dehydrogenase (E1k; OGDH and 

OGDHL genes), 2)  dihydrolipoyl succinyltransferase/

transsuccinylase (E2k; DLST gene), and 3)  dihydroli-

poamide dehydrogenase (E3; DLD gene). The structure 

and reaction mechanisms of KGDHC are reviewed 

in detail in  [4-6]. Homozygous disruption of any 
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of these genes results in embryonic lethality, indicat-

ing an essential role of KGDHC in early embryonic de-

velopment  [7-12]. In mammals, E2k and E3 are each 

encoded by a single gene copy, whereas the E1k sub-

unit has two isoforms: ubiquitously expressed protein 

encoded by OGDH and its brain-specific paralog en-

coded by OGDHL gene, which arose from a common 

ancestral gene and is located on chromosome  10. 

[13-15]. In rodent brain, the OGDH  :  OGDHL ratio is 

approximately 60  :  40. The E1k/E2k and E1k/E3 ra-

tios are lower in the brain compared to the heart. 

A  recent study using triple-transgenic Alzheimer’s 

disease (AD) mouse model reported OGDHL down-

regulation in the cortex and the CA1 subfield of the 

hippocampus  [16]. The E3 subunit is shared among 

several multienzyme complexes, including the glycine 

cleavage system (glycine decarboxylase complex) and 

four distinct α-keto acid dehydrogenase complexes: 

pyruvate dehydrogenase complex (PDHC), KGDHC, 

branched-chain α-keto acid dehydrogenase complex, 

and α-ketoadipate dehydrogenase complex (KADHC). 

Importantly, KADHC also shares the E2k subunit and 

has a highly homologous E1a subunit (also known 

as dehydrogenase E1 and transketolase domain con-

taining  1, DHTKD1) with KGDHC in mammals  [17,  18]. 

KADHC plays a crucial role in the degradation of 

L-lysine and tryptophan by converting α-ketoadipate 

into glutaryl-CoA and NADH. Recent structural analy-

sis using liquid chromatography/mass spectrometry 

(LC-MS) and molecular dynamics simulations has 

shown that E1a and E1k bind to different sites on 

E2k, with different E1 residues contributing to the 

complex formation  [19]. In contrast to the embry-

onic lethality observed in models with knocked out 

KGDHC-encoding genes, DHTKD1−/− mice are via-

ble  [20], suggesting that KGDHC can at least partially 

compensate for the loss of KADHC. For a comprehen-

sive structural analysis, see review  [4].

KGDHC has also been shown to localize to the 

nucleus, where it modulates gene expression via his-

tone succinylation  [21], a key epigenetic modifica-

tion implicated in tumor proliferation and progres-

sion  [22,  23].

Beyond its canonical role in energy production, 

KGDHC is critically involved in amino acid metabo-

lism. Glutamate is converted to α-KG by glutamate 

dehydrogenase (GDH) with the release of ammonia. 

Conversely, α-KG can be transaminated to glutamate 

in the reactions involving aspartate or alanine. Glu-

tamate is the principal excitatory neurotransmitter 

governing essential functions, including learning, 

cognition, and memory  [24,  25]. However, excessive 

glutamate accumulation can trigger excitotoxicity, 

leading to neuronal damage, e.g., in pathologies such 

as stroke and neurodegenerative diseases  [26-28]. 

It  was reported that KGDHC inhibition by succinyl 

phosphonate  (SP) promoted glutamate accumulation 

and induced neuronal death in primary neuronal cul-

tures [29,  30]. SP-treated non-pregnant rats exhibited 

elevated cerebellar concentrations of several amino 

acids, including glutamate and alanine, compared to 

untreated animals  [31]. Recently, it was demonstrat-

ed that although thiamine pretreatment increased ve-

sicular glutamate levels, while pretreatment with SP 

decreased them, these changes did not explain their 

respective effects on excitotoxicity  [32]. Instead, im-

paired KGDHC activity was found to promote gluta-

mate-induced excitotoxicity through the metabotropic 

regulation of NMDA receptors in primary neuronal 

cultures, indicating that susceptibility to excitotoxic 

damage depends more on the neuronal responsive-

ness to glutamate than on the amount of glutamate 

released.

In astrocytes, glutamate can be converted to glu-

tamine by glutamine synthase through incorporation 

of a molecule of ammonia in an ATP-dependent reac-

tion. Astrocytes supply glutamine to neurons, where 

it is converted back to glutamate by glutaminase. This 

cycle proves a close cooperation between astrocytes 

and neurons and demonstrates the tight metabolic 

interplay between α-KG and amino acid metabolism.

KGDHC integrates energy metabolism with cel-

lular signaling pathways, as its substrate α-KG is a 

co-substrate for the ketoglutarate-dependent diox-

ygenases (KGDDs). These enzymes primarily cata-

lyze the hydroxylation or demethylation of histones 

and DNA, thereby controlling epigenetic modifica-

tions  [33]. The most well-known role of KGDDs is the 

regulation of hypoxia-inducible factor  1 (HIF-1), a 

master transcriptional regulator of cellular response 

to hypoxia. Under low-oxygen conditions, HIF-1 ac-

tivates the transcription of genes involved in angio-

genesis, glycolysis, and erythropoiesis  [34,  35]. Despite 

extensive evidence supporting these α-KG-dependent 

mechanisms, to the best of our knowledge, no studies 

have yet investigated these processes in KGDHC-defi-

cient animal models or cell cultures.

KGDHC dysfunction has been documented in  AD, 

as well as in several other neurodegenerative dis-

eases and brain injuries, indicating the vital role of 

KGDHC in cell metabolism and signaling  [5]. Inter-

estingly, the Swedish mutation (APP670/671) causing 

early-onset familial AD is associated with reduced 

immunoreactivity of E1k (~50% of control) and E2k 

(~25% of control), but not of the shared E3 subunit, 

in brain samples  [36]. In  contrast, an earlier study 

in sporadic AD patients reported reduction (23 to 

41%) of all three subunits in the temporal cortex. 

Furthermore, E1k and E3 levels were reduced in the 

parietal cortex, while only E3 was downregulated 

in the hippocampus  [37]. Reduced KGDHC immunos-

taining was also reported in the substantia nigra  [38] 
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and pathophysiologically unaffected brain areas 

of  patients with Parkinson’s disease  [39]. Important-

ly, regional and cell type-specific heterogeneity of the 

KGDHC overall activity has been observed through-

out the brain  [5]; hence, establishing direct associa-

tion between altered KGDHC activity and neurolog-

ical disorders remains challenging.

To move beyond purely observational studies, 

the use of genetically modified animals has become 

essential. Although cellular models provide valuable 

mechanistic insights, animal models offer a more 

comprehensive framework for investigating complex 

relationship between cellular metabolism and sig-

naling, while also revealing systemic consequences 

of impaired KGDHC activity, including cognitive de-

cline and behavioural changes. In this review, we 

summarize key findings from genetically modified 

KGDHC-deficient cell lines, rodent models, and other 

organisms such as Drosophila. We also examine the 

effects of KGDHC downregulation or dysfunction in-

duced by employing alternative approaches, including 

the use of specific inhibitors, such as succinyl phos-

phonate  (SP). Particular emphasis is placed on the 

central role of KGDHC in bioenergetics, cellular sig-

naling, and redox homeostasis.

STUDIES IN GENETICALLY MODIFIED 
ANIMALS AND CELL LINES 

WITH KGDHC DYSFUNCTION

Behavioral consequences in KGDHC-deficient 

rodent models. The generation of genetically mod-

ified cell lines and animal models with compro-

mised KGDHC activity has provided valuable tools 

for investigating various roles of KGDHC in cellu-

lar and mitochondrial metabolism and signaling at 

the cellular and whole-body level [8, 10, 11, 40-45]. 

Heterozygous knockout mice partially deficient by 

E1k (OGDH+/−), E2k (DLST+/−), and E3 (DLD+/−) mice 

and double knockout heterozygous E2k/E3 (DLST+/−/

DLD+/−) mice have been successfully generated [3, 7, 

8, 40, 41, 43]; however, homozygous deletion of any of 

these genes resulted in embryonic lethality [7-9]. Het-

erozygous DLST+/− or DLD+/− mice exhibited no overt 

phenotypic alteration [8,  41], whereas middle-aged 

DLST+/−/DLD+/− mice developed several neuropatho-

logical alterations, including microgliosis in the ce-

rebral cortex, neuronal death in the hippocampus, 

and disruptions in the mitochondrial biogenesis and 

dynamics  [43]. These structural and cellular changes 

indicate neuronal involvement and minor cognitive 

decline that have also been detected in standard test-

ing paradigms  [43]. Specifically, DLST+/−/DLD+/− mice 

showed reduced locomotor activity and impaired 

performance in fatigue-endurance running tests  [43]. 

Furthermore, pharmacological inhibition of KGDHC 

by injection of SP or triethyl succinyl phosphonate 

(TESP, membrane-penetrating SP derivative) increased 

anxiety behavior in rats compared to control ani-

mals  [46]. In the study by Graf et  al.  [47], SP-treated 

rats subjected to stress (ethanol injection) demonstrat-

ed decreased locomotor activity and prolonged sleep 

duration relative to the controls  [47]. These studies 

indicate that partial KGDHC inhibition induced either 

pharmacologically (e.g., with low SP dosage) or by 

heterozygous knockout of KGDHC subunits, is largely 

asymptomatic under normal physiological conditions. 

However, it compromises adaptive and compensatory 

mechanisms during stress or disease, leading to overt 

pathophysiological manifestations. Thus, heterozygous 

E1k knockout rats displayed no significant changes 

in animal behavior, blood biochemistry, and tissue 

histology compared to controls  [10]. However, when 

fed with a high-fat diet, these animals suffered from 

liver dysfunction, further suppoting the notion that 

additional stressors could lead to manifistations of 

pathophysiological consequences of KGDHC deficien-

cy. It should be noted, however, that no neurological 

outcomes or amyloid plaque formation have been as-

sessed in this study.

KGDHC-deficient Drosophila model. Bi-allelic 

introduction of human disease-associated mutations 

of OGDHL into Drosophila flies caused developmental 

lethality and marked disturbances in the TCA cycle 

metabolism  [11]. The flies exhibited severe defects in 

recovery and pronounced locomotor delays follow-

ing mechanical stress. Moreover, the concentration 

of α-KG in the brains of OGDHL-deficient larvae was 

1.5 times higher compared to the control. However, 

interpretation of these findings is complicated by the 

fact that Drosophila genome contains only one OGDH 

gene. Recently, it was reported that introduction of 

heterozygous (monoallelic) human mutant variants 

of OGDHL in Drosophila caused no developmental 

defects, but instead led to age-dependent locomotion 

impairments  [48]. Other heterozygous mutations were 

associated with reduced KGDHC activity, abnormal 

proteolytic cleavage, and impaired mitochondrial im-

port. Although heterozygous mutations in OGDHL are 

generally insufficient to cause overt human disease, 

they contribute to the development of late-onset neu-

rological disorders.

Metabolic consequences of KGDHC dysfunc-

tion. Metabolic and bioenergetic studies are essential 

for understanding how KGDHC deficiency disrupts 

the TCA cycle and cellular energy production. These 

investigations provide mechanistic insight into the 

contribution of impaired KGDHC activity to oxidative 

stress and metabolic failure in affected tissues.

Synaptic and non-synaptic mitochondria respond 

differently to KGDHC dysfunction. According  to 
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Berndt et al.  [49], synaptic mitochondria are signifi-

cantly more sensitive to KGDHC inhibition and dis-

play membrane depolarization and pronounced de-

cline in ATP production at only 30% inhibition  [49]. 

In contrast, non-synaptic mitochondria are more ro-

bust and maintain their function up to 70% KGDHC 

inhibition. This selective vulnerability of synaptic mi-

tochondria has been proposed as a key factor in the 

early synaptic degeneration and neural disintegration 

in the Parkinson’s disease and AD  [49,  50].

Metabolic tracing experiments using labeled 

glucose revealed increased glucose concentration in 

the cortex of DLST+/− mice. However, no alterations 

were detected in glucose levels in the cerebellum, 

concentrations of lactate or alanine, or the content 

of TCA cycle intermediates in the cortex  [51]. These 

findings further support that the heterozygous knock-

out of any individual KGDHC subunit is insufficient 

to dramatically alter metabolism under resting con-

dition. Furthermore, homozygous DLST knockout 

in H838 cells caused no significant changes in cell 

growth  [52], although these cells displayed deple-

tion of four-carbon TCA cycle intermediates (succi-

nate, fumarate, malate, and aspartate), alongside a 

marked accumulation of 2-hydroxyglutarate (2-HG), 

while α-KG levels remained unaffected compared to 

controls  [52]. In  our studies, mitochondrial O2 con-

sumption supported by α-KG was reduced by 28, 22 

and 43% in the brain mitochondria isolated from 

DLST+/−, DLD+/−, and DLST+/−/DLD+/− animals, respec-

tively, reflecting an additive inhibitory effect of the 

double heterozygosity [3, 42, 43]. Furthermore, brain 

mitochondria from DLST+/− and DLD+/− mice exhibit-

ed reduced oxygen consumption when energized with 

glutamate  +  malate (GM)  [3]. Similarly, OGDHL-defi-

cient neuroblastoma SH-SY5Y cells showed impaired 

mitochondrial respiration (~60% of control) when cul-

tured in a medium supplemented with glucose, py-

ruvate, and glutamine  [11]. Collectively, these results 

emphasize KGDHC involvement in glutamate metab-

olism. In accordance with this, the rate of α-KG-sup-

ported ATP synthesis in the brain was reduced in all 

KGDHC-deficient groups  [43]. Kiss et  al.  [3] reported 

that inhibition of adenine nucleotide translocase 

(ANT) with carboxyatractyloside (CATR) in respira-

tion-impaired mitochondria energized with GM (with 

or without β-hydroxybutyrate) caused a decrease in 

the mitochondrial membrane potential (ΔΨm) in mi-

tochondria from DLD+/− and DLST +/−/DLD+/− mice, 

indicating that ANT was operating in the reverse 

mode, importing extramitochondrial ATP. In  the con-

trol mitochondrial, however, CATR caused mitochon-

drial membrane hyperpolarization, reflecting normal 

ANT function  [3]. Furthermore, increased ATP efflux 

was observed in DLD+/− brain mitochondria supplied 

with GM. It can be concluded that impaired KGDHC 

activity limits succinyl-CoA availability for sub-

strate-level phosphorylation via succinyl-CoA ligase, 

resulting in lower ATP/ADP ratio in the mitochondrial 

matrix. The drop in the ATP/ADP ratio shifts the ANT 

reversal potential, resulting in the reversal of ANT 

transport activity and utilization of extramitochon-

drial ATP [2, 53]. A decrease in ATP levels activates 

AMP-activated protein kinase (AMPK), which is a cen-

tral regulator of intracellular signaling in the fasting 

state (for review see [54, 55]). Both oxidative stress 

and OXPHOS inhibitors can activate AMPK through 

canonical pathways  [56]. Although AMPK activation 

is not unique to KGDHC (or even E3) dysfunction, its 

role is often overlooked in discussions of mitochon-

drial energy failure. Klivenyi et  al.  [57] in 2004 and 

Yang et  al.  [8] in 2009 reported that both DLD+/− and 

DLST+/− mice exhibited increased vulnerability to neu-

rotoxins commonly used to mimic symptoms of Par-

kinson’s and Huntington’s diseases. Crossing DLST+/− 

mice with a transgenic mouse model for amyloid 

deposition  (Tg19959) increased amyloid plaque bur-

den in the offspring. In addition, DLST deficiency re-

sulted elevated the levels of Aβ oligomers and nitroty-

rosine, caused a higher incidence of memory deficit, 

and accelerated decline in spatial learning in female 

mice  [58]. These studies suggested that KGDHC dys-

function compromises brain’s adaptative capacity and 

contributes to the pathogeneses of neurodegenerative 

diseases. Studies in SH-SY5Y neuroblastoma cells ex-

pressing DLST gene truncated starting from intron  7, 

demonstrated that the product of this alternatively 

spliced gene (termed MIRTD) contributes to the ETC 

biogenesis  [59].

ROS production and redox signaling upon 

KGDHC impairment. ROS are inevitable by-prod-

ucts of aerobic respiration in cells and mitochondria. 

At  physiological concentrations, typically in the nano-

molar range, ROS act as signaling molecules, primarily 

by oxidizing specific cysteine residues (a  mechanism 

referred to as oxidative eustress) [60,  61]. In contrast, 

elevated ROS levels (e.g. ≥100  nM  H2O2) cause oxida-

tive distress (damage)  [61]. Superoxide and hydrogen 

peroxide are two (patho)physiologically important 

oxygen species implicated in signaling pathways reg-

ulating cell differentiation, proliferation, antioxidant 

and stress responses, maintenance of ion gradients, 

pH buffering capacity, and various anabolic and cat-

abolic reactions (see [61-64] for detail). Multiple in-

tracellular sites contribute to ROS production, with 

NADPH oxidases and mitochondria representing the 

predominant sources [64-67]. In  mitochondria, more 

than ten ROS-producing enzymes have been identi-

fied [64-66]. Among these, KGDHC may serve as a ma-

jor ROS-generating site in isolated mitochondria when 

the NADH/NAD+ ratio is elevated, such ad during dys-

function of the TCA cycle or the ETS [6, 41, 68-70]. 
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Importantly, KGDHC is both a source and a target 

of ROS [6, 71-73]. Covalently tethered dihydrolipoic 

acid (LAH2), which acts as a E2k cofactor, can be ir-

reversibly inactivated by H2O2 and lipid peroxidation 

products [73,  74], leading to compromised KGDHC ac-

tivity and subsequent impairment of mitochondrial 

bioenergetics, i.e., processes implicated in the devel-

opment of neurological disorders, among others  [5]. 

LAH2 in E2k can also be reversibly inactivated by 

glutathionylation or nitrosylation  [75-79]. The extent 

of lipoic acid glutathionylation correlates with both 

the degree of enzyme inhibition and its subsequent 

reactivation  [80]. Although these modifications tem-

porarily and locally reduce the KGDHC activity, they 

likely simultaneously protect the enzyme from other, 

potentially irreversible, oxidative modifications (see 

above)  [80,  81]. Indeed, both S-glutathionylation and 

S-nitrosylation reduce the KGDHC-dependent H2O2 

formation, indicating that these reversible modifi-

cations (i)  regulate redox signaling via KGDHC and 

(ii)  exert an antioxidant effect by protecting the thiol 

group of LAH2 in KGDHC from reactive species (e.g., 

4-hydroxy-2-nonenal) or irreversible oxidation by 

H2O2 during oxidative stress [78, 80-82].

Isolated brain mitochondria from heterozygous 

DLST+/− mice did not exhibit a significant reduction 

in H2O2 production supported by either succinate 

or α-KG, nor in the α-KG-supported H2O2 formation 

under conditions of the elevated NADH/NAD+ ra-

tio [41-43]. In  contrast, in DLD+/− and DLST+/−/DLD+/− 

mice, these rates were significantly reduced  [42,  43]. 

Because DLST is essential for the KGDHC-associat-

ed ROS generation [72], these findings suggest that 

the impairment of reverse electron transfer (RET)- 

induced H2O2 production initiated by succinate in 

brain mitochondria from DLD+/− mice is attributable 

to DLD present in its free form or associated with 

DLD- binding complexes other than KGDHC.

Specific inhibition of the KGDHC subunit E1k has 

been shown to reduce glutamate-induced ROS forma-

tion in neurons, as measured in  situ using hydroethi-

dine, thus emphasizing the contribution of KGDHC 

to  glutamate-driven ROS generation  [83]. Stimulation 

of neurons with glutamate increases intracellular 

calcium concentration, which not only induces the 

KGDHC enzymatic activity, but also promotes its ROS 

generating capacity  [71].

According to current knowledge, RET-driven ROS 

generation plays an important role in ischemia–reper-

fusion injury  [84,  85]. During ischemia, succinate ac-

cumulates; upon reperfusion, its oxidation supports 

RET-associated ROS formation, leading to oxidative 

damage. A  significant decrease in the RET-driven 

ROS formation in the DLD+/− and DLST +/−/DLD+/− 

brain mitochondria suggests that partial impairment 

of KGDHC activity might confer protection against 

ischemia–reperfusion injury. However, it is important 

to point out that although reduction in ROS formation 

is beneficial, it may also disrupt essential ROS-medi-

ated physiological signaling mechanisms.

Notably, transient decrease in KGDHC activity 

may trigger protective cellular responses such as 

glutathionylation, whereas prolonged KGDHC inhibi-

tion leads to increased oxidative stress, calcium im-

balance, and cell death, as demonstrated in models 

with impaired KGDHC activity  [36]. In  heterozygous 

DLD+/− and DLST+/−/DLD+/− mice, significant reduc-

tion in H2O2 production in brain mitochondria was 

observed in  situ using different mitochondrial respi-

ratory substrates [41-43]. However, Calingasan et  al. 

[86] reported increased lipid peroxidation in the sub-

granular zone of the hippocampal dentate gyrus, indi-

cating increased oxidative stress in DLST+/− mice  [86] 

and increased lipid peroxidation in the striatum of 

DLD+/− mice  [57], that were associated with reduced 

neurogenesis and cognitive decline. Discrepancies be-

tween direct ROS measurements and oxidative dam-

age markers such as lipid peroxidation might be due 

to the fact that ROS measurements reflect immediate 

ROS production, while oxidative stress markers indi-

cate localized, cumulative oxidative damage. Conse-

quently, utilizing multiple complementary techniques 

is necessary, as significant tissue-specific oxidative 

damage may occur even when isolated mitochondrial 

assays suggest reduced ROS generation.

Signaling, cognitive decline, neuronal death, 

and neurodegenerative diseases. The role of ROS 

in cellular signaling pathways, especially in processes 

underlying memory and learning, has been intensive-

ly studied, with a major focus on glutamate receptor 

activation in the hippocampus  [87,  88]. It  was shown 

that glutamate receptor agonists increase mitochon-

drial ROS production in postsynaptic neurons, leading 

to enhancement of protein kinase  C (PKC) signaling 

activity  [87,  88]. Consistent with this, scavenging ROS 

in slices prepared from the hippocampal CA1 subfield 

reduced PKC signaling and impaired long-term poten-

tiation (LTP), a well-established cellular correlate for 

learning and memory  [89-92]. We recently reported 

that the DLST+/−/DLD+/− mice described above suffered 

from massive neuronal loss in the CA1 subfield  [43]; 

which also displayed a stronger KGDHC immunore-

activity than the CA3 subfield  [5]. These data suggest 

that disrupted H2O2 signaling in the brain of DLST+/−/

DLD+/− animals may lead to cognitive decline and 

neuronal death via the PKC signaling pathway.

We further demonstrated that peroxisome prolif-

erator-activated receptor gamma coactivator 1-alpha 

(PGC-1α) and nuclear factor erythroid-derived  2-like  2 

(Nrf2, also referred to as NFE2L2; not to be confused 

with the nuclear respiratory factor  2), which are 

the key regulators of mitogenesis and antioxidant 
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Fig. 1. Consequences of KGDHC dysfunction for cellular signaling in neurodegeneration and ageing. DKO, double knockout 

(DLST+/–/DLD+/–).

response, were downregulated in the brain of DLST+/−/

DLD+/− mice  [43]. The tumor suppressor p53 is known 

to regulate both PGC-1α and Nrf2, as well as super-

oxide dismutase  2 (SOD2)  [93]. Aquilano et  al.  [94] re-

ported that glutathione depletion induced generation 

of ROS and reactive nitrogen species (RNS) in SH-SY5Y 

cells [94], leading to PGC-1α upregulation associat-

ed with the increased Nrf2-mediated expression of 

SOD2  [93]. In  line with that, brain mitochondria iso-

lated from DLST+/−/DLD+/− mice demonstrated reduced 

H2O2 production rates on different respiratory sub-

strates, while immunohistological staining confirmed 

downregulated expression of both Nrf2 and PGC-1α, 

highlighting the regulatory role of KGDHC-mediat-

ed ROS signaling in mitochondrial biogenesis  [43] 

(Fig.  1). Consistently with our results, Nrf2-deficient 

mice exhibited reduced LTP accompanied by im-

pairments in memory and learning  [95]. Moreover, 

decreased PGC-1α expression has been observed in 

early AD, suggesting that KGDHC dysfunction may be 

crucial in the progression of certain neurodegenera-

tive diseases  [96].

Mitochondrial dynamics. Neurons and glial cells 

isolated from DLST+/−/DLD+/− mice displayed acceler-

ated mitochondrial fragmentation and reduced fusion 

rates, indicating a shift toward impaired mitochon-

drial dynamics, which is in line with previous stud-

ies reporting elevated expression of dynamin-related 

protein  1 (Drp1) and downregulation of mitofusin  2 

(Mfn2) in the cortices of AD patients and in SH-SY5Y 

neurons with reduced KGDHC activity [43, 97, 98]. 

Frank et  al.  [99] reported that even mild stress can 

trigger elevated Drp1 levels in human cells. The bal-

ance between mitochondrial fusion and fission is es-

sential for post-mitotic neurons, as its disruption leads 

to serious neurological pathologies (e.g., Charcot–

Marie–Tooth disease type  2A)  [100]. Further support 

comes from Toyoma et  al.  [101], who reported that 

enhanced AMPK signaling (resulting from reduced 

ATP production by OXPHOS) promotes mitochondrial 

fission by increasing Drp1 recruitment to the mito-

chondria through phosphorylation of mitochondrial 

fission factor. Collectively, these findings suggest that 

mitochondrial dynamics, indirectly regulated by the 

KGDHC activity, may represent a critical factor in the 

progression of neurodegeneration.

Further studies are needed to clarify which 

KGDHC-related pathways are more relevant under 

different physiological and pathological conditions. 

Notably, E1k reduction may increase the α-KG/succi-

nate ratio, which has been associated to antitumor 

effects. In  contrast, reduced E2k and E3 levels are 

linked to mitochondrial fragmentation and dysfunc-

tion, leading to the downregulation of signaling path-

ways (e.g., Nrf2-mediated stress response).

Succinylation of lysine residues is a posttrans-

lational modification that controls several signal-

ing pathways  [102]. Metabolic disturbances such as 

TCA cycle dysregulation, decreased ATP production, 

or ETC impairment, can suppress protein succinyla-

tion, whereas hypoxic conditions enhance it  [103]. 

Accumulation of succinyl-CoA, for example due to 

the impaired TCA cycle activity, promotes protein 

succinylation and may further exacerbate patholog-

ical conditions associated with neuronal and/or met-

abolic disorders  [104]. In  cultured mouse neurons 

and neuronal cell lines, selective KGDHC inhibition 

significantly reduced both cytosolic and mitochon-

drial protein succinylation  [105]. Conversely, reduced 

KGDHC activity has been shown to decrease mito-

chondrial protein succinylation, while increasing 

cytosolic succinylation, potentially due to the E2k 
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translocation from mitochondria to the cytosol upon 

ETC impairment  [106]. Enhanced extramitochondrial 

protein succinylation, mediated by KGDHC has been 

implicated in plaque and tangle formation in AD, con-

sistent with decreased KGDHC activity in this disease 

[106]. Purified KGDHC can also function as a trans-

succinylase due to the succinyltransferase activity 

of the E2k subunit, enabling it to succinylate other 

TCA cycle enzymes, as well as PDHC. This means that 

KGDHC can indirectly control acetylation via PDHC, 

whereas PDHC can modulate the KGDHC activity via 

acetylation. According to the Gibson’s group, the suc-

cinylation activity of KGDHC is more efficient than 

non-enzymatic succinyl-CoA-dependent succinylation, 

highlighting the functional importance of the E2k 

subunit  [105]. Furthermore, KGDHC activity was re-

duced by succination in Complex I deficiency Leigh 

syndrome  [107]. Succination is irreversible posttrans-

lational modification of cysteine thiol groups with 

fumarate with the formation of S-(2-succinyl)cysteine 

[108]. A decrease in the KGDHC activity limits succi-

nyl-CoA availability, thereby reducing substrate-level 

phosphorylation and further aggravating cellular en-

ergy deficit [107].

Lipoylation. Beal’s group previously reported 

that lipoic acid may exert beneficial effects in neu-

rodegenerative disorders, including Huntington’s 

disease and amyotrophic lateral sclerosis (ALS) [109-

111]. A more recent study in genetically modified 

mice and human striatal organoids demonstrated that 

in Huntington’s disease, lipoylation of E2k is reduced, 

with no significant alterations in the lipoylation of 

the closely related E2p subunit of PDHC or expres-

sion levels of both KGDHC and PDHC subunits [112]. 

These findings point out the importance of posttrans-

lational modification of proteins in different patho-

physiological conditions, as well as suggest that lipo-

ic acid, a well-known antioxidant, may have a more 

complex role in mitochondrial function rather than 

acting as a ROS scavenger. However, further research 

is needed to prove this hypothesis.

ALTERNATIVE APPROACHES 
TO MODIFICATION OF KGDHC ACTIVITY

Succinyl phosphonate (SP) and its derivatives 

act as highly potent and selective KGDHC inhibitors 

by mimicking the structure of its natural substrate, 

α-KG [113, 114]. By binding to E1k, SP effectively 

blocks the TCA cycle, resulting in the elevated levels 

of α-KG and pyruvate, significant reduction in mito-

chondrial ATP synthesis, and upregulated ROS gener-

ation. This metabolic blockade triggers compensatory 

alterations in the amino acid metabolism, including 

increase in amino acid levels [30, 31, 115], which in 

turn affect cellular signaling pathways and ultimate-

ly contribute to neuronal cell death signaling  [30]. 

Such metabolic shutdown is particularly effective in 

slowing the growth of cancer cells, particularly glio-

blastoma, which often rely on KGDHC for survival 

and biosynthesis  [115]. Interestingly, at certain con-

centrations, SP can act as a neuroprotective agent 

by preventing glutamate excitotoxicity [116, 117] and 

glutamate- induced overproduction of ROS during 

metabolic stress  [83]. Importantly, low-dose SP ad-

ministration in rats induced no significant energy 

insufficiency  [47]. However, under stress condition, 

e.g. ethanol administration, SP provoked energy defi-

cit accompanied by decreased locomotor activity, re-

duced muscle strength, and prolonged narcotic sleep 

duration. In  addition, SP and its phosphonoethyl es-

ter derivative (PESP) decreased the viability of mouse 

B  cell activated by lipopolysaccharide (LPS) and in-

terleukin-4 [118], consistent with findings in DLST+/− 

mice, which also showed reduced B  cell viability.

Thiamine antivitamins (antimetabolites) such 

as pyrithiamine and oxythiamine, are compounds 

that structurally resemble thiamine (vitamin  B1) but 

interfere with its biological function and, therefore, 

are widely used to model thiamine deficiency  [119-

121]. These compounds target enzymes that require 

thiamine pyrophosphate (active form of thiamine) 

as a cofactor. Among these enzymes, KGDHC is con-

sidered the most critical link between thiamine de-

ficiency and neurodegeneration  [122-128]. In animal 

models, KGDHC downregulation due to administra-

tion of thiamine antivitamins induced localized lactic 

acidosis and brain energy metabolism failure, pro-

moting glutamate-induced neuronal depolarization in 

vulnerable areas and ultimately causing NMDA-recep-

tor mediated excitotoxicity followed by apoptotic cell 

death [129,  130]. Other mechanisms, such as oxidative 

stress and blood–brain barrier impairment, also con-

tribute to cell loss in thiamine deficiency [126, 129, 

131]. Manifestations of thiamine deficiency include 

severe metabolic, neurological, and cardiovascular 

dysfunction, such as fatigue, cognitive decline, pares-

thesia, and muscle weakness [122, 132]. Chronic alco-

holism is a major risk factor and commonly leads to 

thiamine deficiency, manifested as the Wernicke’s en-

cephalopathy [122, 130, 132]. Thiamine deficiency-in-

duced oxidative stress in rats caused localized brain 

lesions and abnormal accumulation of amyloid pre-

cursor protein (APP) in damaged neurons, providing 

a relevant model for elucidating the link between me-

tabolism, APP dysregulation, and neurodegeneration 

in disorders such as Wernicke–Korsakoff syndrome 

and AD  [133].

Lipoate analogues are synthetic compounds cre-

ated by structural modification of naturally occurring 

α-lipoic acid, a key cofactor in thiamine-dependent 
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Fig. 2. Consequences of KGHDC dysfunction for energy metabolism, signaling, and redox homeostasis.

enzymes. One of the best-known lipoate analogues 

is the anticancer agent devimistat (CPI-613), which 

acts by inhibiting PDHC and KGDHC, thereby induc-

ing metabolic collapse and subsequent death of tu-

mor cells  [134-136]. Preclinical studies suggest that 

combining CPI-613 with Bcl-xL inhibitors represents 

a promising strategy for glioblastoma treatment  [137].

siRNA (small interfering RNA) or shRNA (short 

hairpin RNA) are used to selectively silence expres-

sion of KGDHC subunits (particularly the KGDH gene) 

in order to study how cells rely on KGDHC-dependent 

metabolic and signaling pathways. It has been shown 

that KGDH-targeting siRNA or shRNA can impair pro-

liferation of KGDH-dependent cancer cell lines, e.g., 

KS1 human glioblastoma cells, by reducing utilization 

of aspartate as an alternative energy source  [138].

Circ-KGDH (also referred to as circ-OGDH) is 

a circular RNA derived by back-splicing of KGDH 

gene exons into a covalently closed loop structure. 

CircRNAs primarily function as non-coding regulators 

of gene expression by acting as microRNA “sponges” 

and inhibiting their activity, interacting with 

RNA-binding proteins, and modulating transcription-

al processes  [139]. Emerging evidence suggests that 

circRNAs accumulate mostly in the central nervous 

system, where they play an important role in neuro-

nal function and synaptic plasticity [139]. Circ-KGDH 

expression is significantly upregulated under hypoxic 

conditions, including in the ischemic penumbra in the 

middle cerebral artery occlusion (MCAO) mouse mod-

el, plasma of patients with acute ischemic stroke, and 

SH-SY5Y cells in the oxygen-glucose deprivation/reox-

ygenation (OGD/R) model, where it aggravates neuro-

nal injury [140-142]. Circ-KGDH interacts with miR-

5112 (microRNA-5112) in primary cortical neurons, 

leading to the upregulation of COL4A4 (α-4 chain of 

type IV collagen) expression, which induces neuro-

nal injury. Additionally, hypoxia-stressed penumbral 

tissue releases small extracellular vesicles containing 

circ-KGDH, thus causing remote injury after cortical 

ischemia  [143,  144]. Consistently, the knockdown of 

circ-KGDH increased neuronal cell viability under 

ischemic conditions  [141,  142]. Therefore, circ-KGDH 

is both a promising therapeutic target for improving 

neuronal survival and a potential blood-based bio-

marker for predicting the penumbra in patients with 

acute ischemic stroke  [145].

CONCLUSIONS

In conclusion, KGDHC dysfunction contributes to 

neurological diseases by disrupting cellular bioener-

getics, mitochondrial dynamics, redox signaling, and 

glutamate metabolism, ultimately leading to cogni-

tive decline and behavioural abnormalities (Fig.  2). 
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Animal models show that mild KGDHC inhibition or 

partial (heterozygous) KGDHC deficiently cause no, 

or only subtle, phenotypic changes under baseline 

conditions. However, such KGDHC deficiency induces 

severe cell vulnerability during metabolic stress. Sev-

eral key questions remain unresolved, such as precise 

cell type-specific regulation of KGDHC activity or the 

therapeutic window within which pharmacological 

modulation of KGDHC is neuroprotective rather than 

detrimental. Addressing these gaps will be essential to 

better understanding the pathogenesis of major neu-

rological disorders and to identifying rational targets 

for therapeutic intervention in neurodegeneration.
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