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Abstract

Brain disorders,
represent a major global public health challenge, yet their underlying pathogenic
mechanisms remain incompletely understood. Accumulating evidence suggests that
mitochondrial dysfunction, oxidative stress, impaired energy metabolism, and
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targeted modulation of AKG-related metabolic pathways can influence mitochondrial homeostasis as well as cellular
metabolic and epigenetic states. However, the biological effects of AKG appear to be context dependent, varying
across disease states and metabolic conditions. This review synthesizes current evidence on the molecular
mechanisms through which AKG regulates mitochondrial, metabolic, and epigenetic processes in the nervous
system, highlighting its distinct and sometimes divergent roles across neurological conditions. By integrating findings
from diverse disease contexts, this review aims to critically assess the therapeutic potential of targeting AKG-related
pathways in brain disorders and to outline key challenges and priorities for future translational research.

INTRODUCTION

Brain disorders, including neurodegenerative diseases, psychiatric conditions, and brain tumors, represent a
substantial global public health burden and rank among the leading causes of mortality and long-term
disability worldwide". Despite significant advances in molecular and genetic research, effective therapeutic
interventions for these disorders remain limited, underscoring the complexity and heterogeneity of the
underlying disease etiologies. Convergent lines of evidence indicate that mitochondrial dysfunction,
oxidative stress, and impaired energy metabolism constitute shared pathological hallmarks across diverse
brain disorders. For example, mitochondrial DNA mutations and oxidative stress act synergistically to
accelerate aging, which is the primary risk factor for neurodegenerative diseases”. As the central regulator of
cellular energy metabolism, mitochondria not only generate adenosine triphosphate (ATP) but also regulate
apoptosis™*, maintain calcium homeostasis””/, mediate thermogenesis!'”, and support the biosynthesis of
essential metabolites, including amino acids and cholesterol”*. Beyond these metabolic functions,
mitochondria play critical roles in neuronal development and migration, and in synaptic function”’. Given
the central pathological role of mitochondrial dysfunction in brain disorders, strategies targeting
mitochondrial function may offer a promising avenue for therapeutic intervention.

The mitochondrial tricarboxylic acid (TCA) cycle is a core metabolic pathway underpinning oxidative
phosphorylation and is integral to a wide range of biological processes including cellular energy production
and biosynthesis. Beyond its canonical metabolic role, accumulating evidence demonstrates that TCA cycle
metabolites actively regulate physiological processes and participate in disease pathogenesis'*. As a key
intermediate in the TCA cycle, o-ketoglutarate (AKG) is essential for ATP generation, but also functions as a
pleiotropic metabolic regulator with anti-inflammatory, anti-oxidant, and anti-apoptotic properties
[Figure 1]. Studies show that AKG supplementation improves mitochondrial function, delays aging, and
confers therapeutic benefits across multiple disease contexts"’. For example, AKG mitigates osteoarthritis by
reversing interleukin (IL)-1B-mediated suppression of cell proliferation and induction of apoptosis in human
osteoarthritic chondrocytes, promoting extracellular matrix anabolism while suppressing its catabolism, and
enhancing mitochondrial respiration to increase ATP production!"'’. Moreover, dietary AKG
supplementation has been shown to extend lifespan and reduce frailty in C57BL/6 mice, effects that are
mediated through the induction of IL-10 and suppression of chronic inflammation"?. Based on these diverse
biological functions, this review synthesizes current evidence on the molecular mechanisms through which
AKG regulates diverse cellular processes in the nervous system, integrates findings from AKG-based
treatments in brain disorders, and evaluates the potential of AKG for translation into clinical applications.

PROPERTIES AND BIOLOGICAL ROLES OF AKG

Biochemical properties of AKG

AKG, also known as 2-ketoglutarate or a-ketoglutamic acid, is a water-soluble, weak organic acid with the
molecular formula C.H O, (HOOC-CH,-CO-CH,-COOH). In experimental research, AKG is most

commonly administered in its salt forms, such as calcium or sodium salts">'*), or as lipophilic derivatives"'.
These salt forms do not substantially alter intestinal absorption efficiency of AKG, which occurs primarily in
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Figure 1. Major physiological functions of a-KGDH. AKG participates in the tricarboxylic acid (TCA) cycle and serves as a key node linking
carbon and nitrogen metabolism. It exerts antioxidant effects enzymatically by maintaining the oxidized/reduced nicotinamide adenine
nucleotide (NAD*/NADH) ratio, promoting mitophagy, and enhancing the intracellular antioxidant defense system, and via non-enzymatic
mechanisms by scavenging hydrogen peroxide. Its anti-inflammatory action is mediated through the modulation of macrophage
polarization (M1/M2). AKG acts as an essential cofactor for 2-oxoglutarate-dependent dioxygenases (2-OGDDs), including enzymes
from the ten-eleven translocation (TET) and Jumonji C (JmjC) families, thereby regulating epigenetic processes via the modulation of
DNA and histone methylation. a-KGDH: a-Ketoglutarate dehydrogenase;BNIP3: BCL2/adenovirus E1B 19-kDa-interacting protein 3;
FTO-m6A: fat mass and obesity associated N®-methyladenosine deaminase; GDH: glutamate dehydrogenase; GSH: glutathione; GSSG:
glutathione disulfide; HIF-Tai: hypoxia-inducible factor 1-alpha; IDH: isocitrate dehydrogenase; IL-1B: interleukin-1 beta; IL-6: interleukin-6;
IL-10: interleukin-10; iNOS: inducible nitric oxide synthase; LC3B: microtubule-associated protein 1light chain 3 beta; PINK: PTEN-induced
kinase 1; ROS: reactive oxygen species; SOD: superoxide dismutase; STAT3: signal transducer and activator of transcription 3; TNF-o:
tumor necrosis factor alpha; 5mC: 5-methylcytosine.

the upper small intestine"*'*. Furthermore, animal studies have shown that AKG-derived metabolites can be
detected in the cerebrospinal fluid, providing indirect evidence that AKG or its metabolic products are
capable of crossing the blood-brain barrier.

Roles in energy metabolism and neurotransmitter biosynthesis pathways

AKG occupies a central position within the TCA cycle. It is generated from isocitrate via an oxidative
decarboxylation reaction catalyzed by isocitrate dehydrogenase (IDH) and is subsequently converted to
succinyl-CoA through a second oxidative decarboxylation reaction catalyzed by a-ketoglutarate
dehydrogenase (a-KGDH)"”, thereby providing the foundation for mitochondrial ATP production. Beyond
its canonical role in oxidative metabolism, AKG also serves as a metabolic hub linking carbon and nitrogen
metabolism, contributing to glutamate synthesis and nitrogen excretion. In mitochondria, glutamate
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dehydrogenase (GDH) catalyzes the reversible interconversion of AKG and glutamate through reductive
amination or oxidative deamination, directly coupling carbon flux to nitrogen handling"*". This reaction is
tightly regulated by the cellular energy state: GDH activity is stimulated by adenosine diphosphate (ADP)
and inhibited by ATP, establishing a feedback mechanism that coordinates oxidized/reduced nicotinamide
adenine dinucleotide (NAD+/NADH) availability with amino-acid metabolism™'\.

Additionally, AKG serves as an amino-group acceptor in reactions catalyzed by alanine aminotransferase
and aspartate aminotransferase, leading to the biosynthesis of glutamate and other non-essential amino
acids. AKG can be converted to glutamate through transamination'”?’, and subsequently to
gamma-aminobutyric acid (GABA) through decarboxylation. Given that glutamate and GABA serve as the
principal excitatory and inhibitory neurotransmitters, respectively, AKG plays an important role in
maintaining the balance of neuronal excitability. Under glucose deprivation, exogenous AKG
supplementation increases intracellular glutamate levels and inhibits cancer cell death driven by
overexpression of the cystine/glutamate antiporter solute carrier family 7 member 11 (SLC7A11) and
glutamate depletion'!. Collectively, these findings underscore the pivotal role of AKG in bridging
mitochondrial energy metabolism and neurotransmitter synthesis.

Antioxidant function

Excessive production of reactive oxygen species (ROS) is a major pathogenic driver in brain disorders, where
it directly compromises mitochondrial integrity and function, ultimately leading to energy failure, synaptic
degeneration, and neuronal loss™* . In this context, AKG has been shown to exert significant antioxidant
effects. In the TCA cycle, AKG serves as a substrate for a-KGDH, donating a hydride ion to NAD*, which is
reduced to NADH. As the primary electron donor for the mitochondrial respiratory chain, NADH directly
participates in the generation of ROS by influencing electron transport chain activity and the NAD'/NADH
ratio” ). Through this mechanism, AKG acts as a metabolic mediator that helps regulate cellular redox
homeostasis. In addition, AKG mitigates oxidative stress by regulating mitochondrial quality control
processes. Specifically, AKG enhances mitophagy through the activation of the PTEN-induced kinase 1
(PINK1)/parkin pathway and the hypoxia-inducible factor 1-alpha (HIF-1a)-BCL2/adenovirus E1B
19-kDa-interacting protein 3 (BNIP3) microtubule-associated protein 1 light chain 3 beta (LC3B) axis,
promoting the removal of damaged mitochondria. This targeted clearance reduces excessive ROS production
and alleviates oxidative stress-induced cellular damage!"***").

AKG exerts its antioxidant function through both enzymatic and non-enzymatic mechanisms. At the level of
endogenous antioxidant defense, AKG upregulates the activity of superoxide dismutase (SOD) by activating
the constitutive androstane receptor (CAR) signaling pathway and the sirtuin 1 (SIRT1)/peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a)/nuclear factor erythroid 2-related factor
2 (Nrf2) pathway, thereby promoting the transcriptional regulation of antioxidant enzymes"”>**. In parallel,
AKG alleviates oxidative damage by reducing malondialdehyde accumulation, increasing the ratio of reduced
to oxidized glutathione (GSH/glutathione disulfide (GSSG)), and modulating the ETS variant transcription
factor 4 (ETV4)/SLC7A11/glutathione peroxidase 4 (GPX4) axis to suppress lipid peroxidation and excessive
ROS accumulation®. In addition to these enzyme-mediated effects, AKG functions as a direct ROS
scavenger by participating in a non-enzymatic decarboxylation reaction with hydrogen peroxide, yielding
succinate, water, and carbon dioxide"™. Consistent with this mechanism, studies in Drosophila melanogaster
have demonstrated that AKG effectively mitigates toxicity induced by sodium nitroprusside and hydrogen
peroxide through the non-enzymatic antioxidant mechanisms®.

Anti-inflammatory role
Immune cells, including macrophages and microglia, exhibit functional plasticity and can polarize toward
either pro-inflammatory (M1) or anti-inflammatory (M2) phenotypes. In the central nervous system,
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oxidative stress induced by ROS accumulation activates innate immune signaling pathways and initiates a
self-perpetuating cycle of oxidative stress and inflammation. Excessive accumulation of ROS activates the
mitogen-activated protein kinase (MAPK), nuclear factor xB (NF-xB), and NOD-, LRR- and pyrin
domain-containing protein 3 (NLRP3) inflammasome signaling pathway"”*’!, driving microglia toward a
pro-inflammatory M1-like state and promoting the release of pro-inflammatory cytokines, thereby
sustaining neuroimmune activation. In turn, inflammatory mediators produced by activated microglia
further promote the generation of ROS and induce the expression of inducible nitric oxide synthase!*>*!],
exacerbating the oxidative stress and ultimately causing neuronal injury and apoptosis.

AKG plays an important regulatory role in the process of macrophage polarization. Experimental evidence
shows that AKG significantly increases the M2/M1 macrophage ratio through a ten-eleven translocation
(TET) enzyme-mediated DNA demethylation mechanism'*). In parallel, AKG has been shown to drive M2
polarization via activation of the fat mass and obesity-associated (FTO) N°-methyladenosine deaminase
(m6A)-signal transducer and activator of transcription 3 (STAT3) signaling pathway'*’.. Moreover, as a key
downstream metabolite of glutamine, AKG accumulation promotes M2 macrophage polarization and exerts
anti-inflammatory effects via multiple complementary mechanisms. These include the enhancement of DNA
demethylation in a Jumonji domain-containing protein D3 (Jmjd3)-dependent manner***/, as well as the
inhibition of sirtuin 5 (SIRT5)-mediated deacetylation of pyruvate dehydrogenase!*. Under conditions of
immune-inflammatory dysregulation, AKG further suppresses inflammatory responses by directly reducing
the levels of multiple pro-inflammatory factors, including IL-6, IL-1B, and tumor necrosis factor-alpha
(TNF-a)">*% as well as IL-4, IL-25, IL-3, and thymic stromal lymphopoietin (TSLP)"’, further highlighting
its broad anti-inflammatory effects.

Roles in epigenetic modification

AKG functions as a key regulator at the intersection of cellular metabolism and epigenetic modification,
serving as an essential co-substrate for 2-oxoglutarate-dependent dioxygenases (2-OGDDs). This enzyme
family plays a central role in epigenetic and transcriptional regulation, and includes the TET family of DNA
demethylase enzymes"* and Jumonji C (JmjC) domain-containing histone demethylases, both of which
catalyze hydroxylation reactions critical for chromatin remodeling"*". Through TETmediated oxidation,
5-methylcytosine (5mC) is converted to 5-hydroxymethylcytosine (5-hmC), dynamically modulating the
DNA methylation states that regulate early embryonic growth and development® and the maintenance of
stem cell pluripotency!™. Beyond its role in embryogenesis, 5-hmC-mediated epigenetic modification is
critical in postnatal neurodevelopment and aging'*!. Notably, neurons possess high levels of 5-hmC that
further increase in response to neural activity, supporting transcriptional plasticity required for learning and
memory. In neurons, GDH, which catalyzes the conversion of glutamate to AKG, has a stimulatory effect on
TET3 demethylation activity. Neuronal activation increases the levels of AKG, supporting its role in
epigenetic regulation during neural plasticity!*”). Conversely, reduced AKG levels compromise
TET3-dependent demethylation, thereby facilitating aberrant epigenetic states that promote tumor cell
proliferation. Collectively, these findings highlight AKG as a versatile metabolic regulator that exerts broad
biological effects through epigenetic modulation, particularly in neural function, development, and disease.

AKG AND NEURODEGENERATIVE DISEASES

Core pathological features of major neurodegenerative diseases

Neurodegenerative diseases (NDDs) such as Alzheimer's disease (AD) and Parkinson's disease (PD) share
pathological features centered on mitochondrial dysfunction and impaired energy metabolism. These
metabolic alterations are accompanied by increased oxidative stress, chronic neuroinflammation, and
progressive neuronal loss, collectively driving neurodegeneration'™”. The neuroanatomical patterns across
NDDs are nevertheless disease-specific. In AD, cytochrome c oxidase activity is reduced by approximately
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30%-50% in cortical and hippocampal regions, and presynaptic mitochondria exhibit early reductions in
number along with swelling and cristae disorganization”***. In contrast, in PD, mitochondrial complex I
activity is impaired in neurons of the substantia nigra pars compacta'®’. Converging evidence from studies in
animal models, postmortem human brain tissue analyses, and metabolic imaging studies indicates that these
abnormalities precede overt clinical manifestations, with reduced glucose uptake and oxidative metabolism
in detected vulnerable brain regions during prodromal stages'*"*.

Within this context of compromised energy metabolism, oxidative stress and neuroinflammation act as
mutually reinforcing processes to accelerate disease progression. In NDDs, elevated ROS levels are usually
associated with activation of microglia and astrocytes'*”’. Excessive ROS not only causes direct neuronal
damage, but also potentiates microglial activation and pro-inflammatory cytokine release, thereby sustaining
a neuroinflammatory environment and exacerbating neurodegeneration'*”. Diseasespecific proteinopathies
further intensify these pathogenic cascades: in AD, amyloid beta aggregation aggravates oxidative and
inflammatory stress, whereas in PD, a-synuclein aggregation disrupts mitochondrial function and perturbs

64,65]

calcium homeostasis®*.

Chronic oxidative stress and inflammation disrupt mitochondrial bioenergetics as well as the dynamic
balance between mitochondrial fission and fusion. These changes lead to alterations in mitochondrial
morphology, impair mitochondrial delivery to presynaptic terminals, and ultimately reduce local ATP supply
and Ca** buffering capacity'*”. The disruptions also impede the clearance or repair of damaged mitochondria,
leading to the accumulation of dysfunctional organelles®”, which elevates ROS production and triggers
inflammatory responses, thereby accelerating neurodegeneration'*®. Collectively, disruptions in energy
metabolism, redox homeostasis imbalance, and sustained neuroinflammation represent pathological features
shared across NDDs. The convergence of these mechanisms establishes a strong biological rationale for
targeting metabolic intermediates AKG, thereby supporting further investigation of AKG-related pathways
in preclinical and translational studies of NDDs.

AKG and Alzheimer’s disease

In AD, existing evidence linking AKG to disease mechanisms can be broadly categorized into direct
intervention studies and indirect metabolic observations. Direct preclinical evidence has primarily implicated
AKG in the regulation of synaptic plasticity and autophagy-related pathways. In the APP/PS1 mouse model
of AD, administration of AKG or calcium a-ketoglutarate (Ca-AKG) ameliorated impaired long-term
potentiation at hippocampal CA1 synapses, with more pronounced effects observed in female AD mice.
Moreover, Ca-AKG facilitated synaptic tagging and capture, a well-established cellular readout for
associative memory. These effects were mediated by N-methyl-D-aspartate receptor (NMDAR)-independent
but L-type calcium channel-dependent signaling, as pharmacological inhibition of L-type Ca** channels or
Ca**-permeable a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors abolished the
effects of Ca-AKG treatment'*”.

Notably, Ca-AKG also upregulated the expression of autophagy markers, producing a rescue phenotype
comparable to that achieved with rapamycin treatment in APP/PS1 AD mice!*. Rapamycin is known to
upregulate autophagy by inhibiting mammalian target of rapamycin (mTOR), a key regulator of translation
initiation and long-term synaptic plasticity, and has been shown to improve synaptic and mitochondrial
function, ameliorate cognitive deficits, and reduce amyloid burden™”". Consistent with these observations,
AKG has been associated with lifespan extension in multiple model organisms, including mice,
Caenorhabditis elegans, and Drosophila, potentially through inhibition of ATP synthase and mTOR signaling
and induction of autophagy!'>7>7*). Together, these findings suggest that AKG may modulate
autophagy-related signaling pathways, possibly involving mTOR signaling, although direct mechanistic
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evidence in AD models remains limited. Importantly, the regulatory relationship between AKG and mTOR
appears to be bidirectional. On one hand, AKG may activate mTOR by replenishing the TCA cycle
intermediate pools’*. On the other hand, rapamycin treatment restores reduced AKG and glutamate levels
in NADH:ubiquinone oxidoreductase subunit S4 (NDUFS4)-deficient models of mitochondrial
encephalopathy, linking mTOR inhibition to the recovery of TCA-associated metabolites!”!. These
observations raise the possibility that AKG influences the mTOR-autophagy axis beyond its role as a
canonical TCA-cycle intermediate. Nevertheless, this view is supported mainly by preclinical models and
indirect metabolic analyses, and the relevance of AKG modulation to human AD pathophysiology remains
uncertain.

Indirect metabolic evidence further supports an association between AKG-related metabolic changes and
impaired glucose oxidation in AD. In AD brains, dysfunctional insulin signaling is associated with reduced
pyruvate dehydrogenase activity, which may constrain TCA cycle flux and limit the production of
downstream metabolites, including AKG"*. In male 3xTg-AD mice, dietary ketone ester supplementation
partially restored several TCA cycle intermediates, and hippocampal AKG levels showed a strong positive
correlation with glutamate concentrations (R = 0.852)""”). While these findings reflect a concomitant
restoration of TCA cycle and amino acid pools, they do not provide direct evidence for carbon flux from
AKG into neurotransmitter synthesis. Overall, the existing evidence remains model-specific and largely
indirect, leaving the causal contribution of AKG to AD pathogenesis unresolved.

AKG and Parkinson’s disease

PD is characterized by progressive degeneration of nigrostriatal dopaminergic neurons and the pathological
accumulation of a-synuclein. Mitochondrial dysfunction and oxidative stress are widely recognized as
contributors to PD pathophysiology, with numerous studies implicating deficits in mitochondrial complex I.
In the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD, MPTP is metabolized to
1-methyl-4-phenylpyridinium (MPP*), a potent inhibitor of mitochondrial complex I that triggers acute
bioenergetic failure and oxidative stress in the nigrostriatal dopaminergic system”*”. In this MPTP mouse
model, AKG administration improved motor coordination to a degree comparable to that observed with
Madopar treatment and attenuated parameters of oxidative stress and mitochondrial complex I dysfunction.
Specifically, AKG increased glutathione (GSH) levels and SOD activity while reducing malondialdehyde
content, consistent with restored redox homeostasis and partial recovery of complex I function. AKG
treatment also reduced a-synuclein accumulation and mitigated the loss of tyrosine hydroxylase-positive
neurons in the midbrain, indicating a protective effect on dopaminergic neuronal integrity"®. Collectively,
these findings support a neuroprotective role for AKG in toxin-induced models of PD, but because these
models primarily capture acute mitochondrial toxicity rather than the full spectrum of PD pathogenesis,
these results do not establish therapeutic efficacy across distinct PD subtypes or disease stages.

To date, evidence derived from a-synuclein-driven PD models remains limited and awaits independent
replication. In adeno-associated virus-loaded human a-synuclein mice and in A53T a-synuclein transgenic
mice, dietary Ca-AKG supplementation has been reported to improve motor performance and attenuate
dopaminergic neuron loss in the substantia nigra”®'. These functional and neuroprotective effects were
accompanied by increased microglial expression of complement component C1q, an elevated LC3-II/LC3-1
ratio indicative of enhanced autophagy activity, and reduced levels of phosphorylated a-synuclein. Notably,
although C1q has been implicated in aberrant synaptic pruning and neuronal injury"®, it also contributes to
the clearance of misfolded proteins and mitigation of neurotoxicity™*!. Accordingly, Ca-AKG may facilitate
microglial autophagic degradation and reduce pathological a-synuclein burden. However, whether C1q is
mechanistically required for the observed effects of AKG in a-synuclein-driven PD models remains
unresolved and warrants further investigation.
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AKG-related effects have also been reported in other neurodegenerative and neuroinjury-associated
disorders characterized by bioenergetic impairment and mitochondrial dysfunction; however, the overall
evidence base remains sparse. Among these disorders, ischemic stroke currently has the most direct support
for AKG involvement, including early clinical exploration of ornithine AKG in stroke patients'® and
subsequent experimental studies demonstrating that AKG attenuates cerebral ischemia-reperfusion injury'*.
In contrast, evidence in intracerebral hemorrhage is largely indirect and primarily centers on epigenetic
alterations associated with AKG-dependent signaling pathways'®”, whereas the most direct interventional
data in hemorrhagic brain injury derive from subarachnoid hemorrhage models rather than intracerebral
hemorrhage itself*”. In amyotrophic lateral sclerosis (ALS), the clearest intervention-related signal comes
from metabolic therapies containing arginine AKG"™', complemented by additional studies reporting
disruptions in TCA cycle intermediates and associated metabolic pathways®’. By comparison, direct AKG
supplementation studies in Huntington’s disease are currently lacking, with existing evidence pointing to
disruption of the AKG metabolic axis"”’' and AKG-dependent dioxygenase pathways'®?.. Overall, these
observations suggest that AKG may be implicated across a broader spectrum of neurodegenerative and brain
injury-related disorders; however, supporting evidence remains limited and largely indirect.

AKG AND PSYCHIATRIC DISORDERS

Core metabolic and neurochemical abnormalities

Schizophrenia (SCZ), bipolar disorder (BD), and depressive disorder are major psychiatric conditions
characterized by disturbances in cognition, mood, and behavior. Although these disorders differ in clinical
manifestations and diagnostic criteria, they share several pathological features. For example, neuroimaging
studies have identified overlapping patterns of brain structural abnormalities across multiple psychiatric
disorders, although these abnormalities are usually subtle!”>**.. In addition, resting-state functional magnetic
resonance imaging analyses have consistently revealed default mode network dysfunction and aberrant
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large-scale network interactions across diverse psychiatric conditions”**.

In addition to neural network dysfunctions, imbalances in neurotransmitter systems are also thought to
underlie the etiology of psychiatric disorders. In SCZ, subcortical dopaminergic hyperactivity is associated
with positive symptoms, whereas reduced cortical dopaminergic activity is linked to negative symptoms and
cognitive impairment””*¥. Gluck et al.”” measured the activities of nine enzymes involved in glutamate and
GABA metabolism in the postmortem dorsolateral prefrontal cortex from aged individuals with SCZ and
matched controls. Their analysis revealed a two-fold increase in glutamic acid decarboxylase activity and a
four-fold increase in phosphate-activated glutaminase activity in SCZ patients, indicating substantial
disruption of glutamate and GABA metabolism. In BD, fluctuations in mood state parallel cyclical alterations
in dopaminergic transmission"*’. In depressive disorder, reduced serotonergic and altered noradrenergic
signaling in corticolimbic circuits have been implicated in anhedonia and abnormal stress responsiveness''\.
Taken together, these observations support a pathological framework centered on disrupted interactions
between neural networks and neurotransmitter systems across major psychiatric disorders.

Mitochondria serve as a critical interface between energy metabolism pathways and neurotransmitter
metabolism. Beyond their core function in ATP production, mitochondria regulate cellular redox
homeostasis, autophagy, and calcium signaling pathways; consequently, mitochondrial dysfunction can
disrupt neurotransmitter release, synaptic plasticity, and network oscillatory rhythms!"*?/. Mitochondrial
dysfunction has emerged as a common pathological feature across major psychiatric disorders"*. A
meta-analysis of [*F]fluorodeoxyglucose positron electron tomography studies revealed hypometabolism in
the frontal cortex of individuals with SCZ"*". Consistent with these observations, mitochondrial complex I
deficiency and altered activities of key TCA cycle enzymes were found in postmortem analyses of SCZ brains
compared to controls"*>"**). In BD, manic episodes are typically associated with hypermetabolic patterns,
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whereas depressive episodes more closely resemble hypometabolic states with reduced oxidative
phosphorylation efficiency"*'. Because neurotransmitter synthesis and cycling depend on mitochondrial
ATP supply"””, impaired oxidative metabolism and reduced ATP availability can lead to neurotransmitter
imbalance implicated in psychiatric disorders.

AKG and schizophrenia

In SCZ, the evidence linking AKG to disease-related biology appears relatively more convergent than in
other psychiatric disorders. A systematic review by Davison et al."* consistently identified reductions in
TCA cycle-derived organic acids, including AKG, across multiple SCZ cohorts, suggesting a relatively stable
downregulation of TCA cycle-related metabolism in SCZ patients. In a complementary study, Xuan et al."*”!
performed a serum metabolomic analysis using gas chromatography-mass spectrometry in unmedicated
SCZ patients and matched healthy controls. This analysis identified 22 discriminative metabolites, among
which citrate and AKG levels were significantly reduced in the SCZ group!*”’. In first-episode
neuroleptic-naive SCZ patients, changes in urinary AKG from baseline to a 6-week risperidone monotherapy
were correlated with changes in the Positive and Negative Syndrome Scale (PANSS) score!"'”, supporting a
potential biomarker-level association between AKG metabolism and symptom improvement. Furthermore,
another metabolomic study reported significantly decreased plasma AKG and malate concentrations in SCZ
patients at medium and high risk for antipsychotic-induced metabolic syndrome supporting an association
between metabolic syndrome risk and reduced levels of peripheral TCA cycle intermediates""".

In addition to peripheral metabolite profiling, Bubber et al.'*! examined the TCA cycle enzyme activities in
postmortem dorsolateral prefrontal cortex of SCZ patients and found reduced activities of aconitase,
o-KGDH and succinate thiokinase, and increased activities of succinate dehydrogenase and malate
dehydrogenase. a-KGDH catalyzes the conversion of AKG to succinyl-CoA with concomitant production of
NADH"". Accordingly, reduced a-KGDH activity implies a dysregulation of AKG availability and
perturbation of downstream TCA cycle-associated pathways in SCZ.

Direct mechanistic evidence linking AKG metabolism to SCZ related phenotypes was provided by
Zhang et al.""”!, who investigated the function of the SCZ risk gene encoding propionyl-CoA carboxylase
beta subunit (PCCB) using human forebrain organoids. PCCB knockdown resulted in reduced levels of AKG
and downstream TCA cycle intermediates, leading to decreased ATP levels and GABA content, and
increased ROS levels. At the neural network level, PCCB deficiency induced SCZ-like phenotypes
characterized by hyperexcitability of neural activities and decreased synchronization of neural networks.
Exogenous supplementation of AKG partially restored TCA cycle intermediates and GABA levels. Since
AKG serves as a key metabolic junction between the TCA cycle and the GABA shunt, these findings
underscore its role as a critical node linking mitochondrial function with neurotransmitter metabolism.
Nevertheless, it is important to note that this evidence arises from a specific genetic deficiency model and its
broader applicability to heterogeneous SCZ populations remains to be determined. Collectively, current
evidence supports the relevance of AKG-related mitochondrial metabolism in bridging bioenergetic
dysfunction and neurotransmitter imbalance in SCZ providing a mechanistic framework that warrants
further validation across diverse genetic and clinical contexts.

AKG and bipolar disorder

BD is characterized by recurrent shifts between manic and depressive mood states. Metabolomics analyses of
serum samples from BD patients have revealed abnormalities in the citric acid cycle, the urea cycle, and
amino acid metabolism!""*.. Metabolic profiles in BD vary across the manic, depressive, and mixed states,
with particularly pronounced alterations in pathways governing the energy metabolism and amino acid
utilization"*. According to the "metabolic overdrive" hypothesis of BD, the manic state may be characterized
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by increased cerebral glycolysis and glutaminolysis, reflecting elevated energy demand and enhanced
utilization of glycolytic and glutamatergic substrates"*. Given that AKG occupies a central position in the
TCA cycle and serves as a metabolic link between the glutamate-glutamine cycle and mitochondrial energy
production, it is plausibly involved in the coupling of energy and amino acid metabolism in BD. Supporting
a potential association, Yoshimi et al."* reported significantly elevated serum levels of AKG in BD patients
compared with healthy controls. Nevertheless, current evidence remains largely indirect and does not yet
establish a definitive role for AKG in BD pathophysiology.

Chronic lithium treatment, an established mood stabilizer, significantly increased serum AKG levels in rats.
Since lithium is known to enhance mitochondrial respiratory chain activity, increase ATP production and
reduce oxidative stress!*”), this lithium-induced elevation of AKG underscores the potential of AKG as a
biomarker for monitoring therapeutic efficacy. However, more evidence is still needed to support this
implication. First, only male participants were enrolled in Yoshimi et al.’s study""”, necessitating larger,
sex-inclusive cohorts of medication-free patients to clarify the relationship between AKG levels and mood
state trajectories in BD. Second, it remains unclear whether interventions directly targeting AKG-related
pathways can improve BD-associated phenotypes. Until these questions are addressed through more
comprehensive and mechanistic studies, the association between AKG and BD remains uncertain.

AKG and depressive disorders

Reduced levels of brain-derived neurotrophic factor (BDNF) and impairment of the BDNF-mediated
signaling have been implicated in the pathophysiology of depressive disorders. Direct evidence linking AKG
to depression-related phenotypes has been derived primarily from preclinical studies, with the chronic social
defeat stress (CSDS) model being particularly informative. In this model, depression-like behaviors are
associated with a regional BDNF imbalance, characterized by decreased BDNF expression in the
hippocampus and increased expression in the nucleus accumbens. AKG pretreatment normalized this BDNF
imbalance by restoring hippocampal BDNF expression while restraining BDNF upregulation in the nucleus
accumbens. These molecular effects were accompanied by alleviated social avoidance behavior in mice!*?.

An open-label pilot study with a limited sample size examined metabolomic changes in depressive disorder
patients treated with the traditional Chinese medicine formula Xiaoyaosan. Treatment was associated with a
reduction in Hamilton Depression Rating Scale scores, accompanied by increased urinary levels of several
endogenous metabolites, including creatinine, taurine, AKG, and xanthurenic acid, alongside decreased
levels of energy-related metabolites such as citrate and lactate!'”). Although these findings suggest that
AKG-related metabolic alterations may accompany symptomatic improvement, they do not establish AKG
as a causal mediator of antidepressant effects. The available evidence further indicates that the behavioral
effects of AKG may be influenced by the metabolic context. For example, long-term dietary AKG
supplementation exacerbated anxiety-like behaviors in female mice fed with an obesogenic diet. Under these
conditions, AKG supplementation also decreased the exploratory behavior, and was associated with
increased expression of autophagy-related markers and decreased antioxidant enzyme activities in the
cerebral cortex'""®. The anxiogenic effects observed in the context of an obesogenic diet may reflect a direct
involvement of AKG in the metabolism of neurotransmitters such as glutamate and y-aminobutyric acid as
well as a reduced activity of mechanistic target-of-rapamycin complex 1 (mTORC1). Although anxiety-like
behavior was the primary readout in this study, these findings remain informative for depressive disorders
because anxiety and depressive phenotypes often overlap under conditions of chronic stress, implicating a
potential association between AKG and depressive disorders.
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AKG AND BRAIN TUMORS

In contrast to neurodegenerative and major psychiatric disorders, brain tumors are primarily characterized
by aberrant proliferation and profound metabolic reprogramming of tumor cells. Despite these fundamental
pathological differences, accumulating basic and translational studies implicate AKG in gliomas development
and progression. This section focuses on gliomas as a representative brain tumor entity, outlining the role of
AKG in tumor-associated metabolic reprogramming and highlighting its context-dependent biological
effects.

Core metabolic features of malignant gliomas

Gliomas, particularly glioblastoma, are the most common primary malignant intracranial tumors and are
associated with an extremely poor prognosis, with 5-year survival rates below 7%!""*!. A prominent
pathological feature of glioblastoma is metabolic reprogramming, whereby tumor cells remain highly reliant
on glycolysis even under normoxic conditions. In this context, a substantial amount of glucose is converted
to lactate and exported from the tumor cell under aerobic conditions, a phenomenon known as the Warburg
effect. Beyond ATP production, glycolysis and its associated branching pathways generate intermediates for
the biosynthesis of nucleotides, fatty acids, and non-essential amino acids, thereby supporting sustained
tumor cell proliferation. Despite elevated aerobic glycolysis, glioblastoma cells preserve functional
mitochondrial metabolism and remain dependent on continuous replenishment of TCA cycle
intermediates!">>'?". Under conditions of limited glucose availability, tumor cells shift carbon utilization
toward alternative substrates such as glutamine to maintain the TCA cycle"*?. Glutamine is first converted to
glutamate by glutaminase, and glutamate is subsequently transformed into AKG via glutamate
dehydrogenase 1 (GDH1) or aminotransferases. This process provides anaplerotic input into the TCA cycle,
thereby supporting oxidative phosphorylation and biosynthetic demands. Dysregulated glutamate uptake
and release by glioma cells have been associated with peritumoral neural dysfunction and excitotoxicity
highlighting the broader consequences of altered amino acid metabolism in the glioblastoma

123]

microenvironment!

Isocitrate dehydrogenase 1 and 2 (IDH1/2) are key metabolic enzymes that catalyze the oxidative
decarboxylation of isocitrate to AKG. Mutations in IDH1/2 lead to aberrant conversion of AKG to the
oncometabolite 2-hydroxyglutarate (2-HG)""**). Due to its close structural similarity to AKG, 2-HG
competitively inhibits multiple AKG-dependent dioxygenases, including the Jumonji domain-containing
histone demethylases and TET family DNA demethylases, thereby inducing widespread DNA and histone
hypermethylation and driving epigenetic dysregulation'**.

From an AKG-centric perspective, glioma pathology can be conceptualized along three interconnected axes:
(1) metabolic reprogramming characterized by the Warburg effect and reliance on glutamine; (2) a
glutamate-TCA cycle metabolic axis, with AKG serving as a central metabolic hub; and (3) IDH
mutation-driven perturbation of the AKG/2-HG balance, leading to epigenetic reprogramming.

AKG in malignant gliomas

In gliomas, the effects of AKG are highly context-dependent, varying according to IDH mutation status,
amino acid metabolism, and nutrient availability. Rather than exerting a uniform antitumor effect, AKG can
either contribute to epigenetic and metabolic reprogramming or facilitate tumor adaptation under metabolic
stress. In IDH-wild-type glioma, the expression of the gene encoding branched amino acid transaminase 1
(BCAT1), the enzyme that initiates the catabolism of branched-chain amino acids, is frequently upregulated
and supports mitochondrial respiration and anabolic metabolism!**"*”). In U251 MG and other
IDH-wild-type glioblastoma cell lines, Zhang et al.""*”) showed that BCAT1 knockout increased the
NAD+/NADH ratio but impaired mitochondrial respiration, mTORC1 signaling, and nucleotide
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biosynthesis. Under these metabolically compromised conditions, supplementation with dimethyl-AKG
(DMKG), a cell-permeable derivative of AKG, further exacerbated mitochondrial dysfunction, leading to
depletion of ATP, nucleotides, and proteins, ultimately inducing tumor cell death!*”. Consistent with these
findings, combined treatment with the BCAT1 inhibitor gabapentin and AKG resulted in synthetic lethality
and suppressed tumor growth!?”). Taken together, these findings identify the BCAT1-AKG axis as a
metabolic synthetic-lethal vulnerability in glioblastoma and support further investigation as a target for
preclinical intervention studies.

In diffuse midline gliomas, including diffuse intrinsic pontine glioma (DIPG), histone H3.3K27M-related
mutations are highly prevalent and are associated with aberrant chromatin accessibility and transcriptional
profiles*. In this context, treatment with DMKG suppresses cell proliferation and neurosphere-forming
capacity while inducing G1/S cell-cycle arrest. Transcriptomic and epigenomic profiling showed that DMKG
downregulated genes associated with cell-cycle progression and DNA replication, while upregulating genes
related to cellular stress-response and differentiation. At the level of histone modifications, DMKG treatment
reduced H3K27 acetylation with only modest effects on H3K27 methylation, indicating that its biological
effects are mediated predominantly through CREB-binding protein (CBP)/p300-dependent histone
acetylation networks"*). In contrast, IDH1/2-mutant gliomas are characterized by reduced AKG levels and
accumulation of its antagonist 2-HG. 2-HG competitively inhibits AKG-dependent dioxygenases, leading to
genome-wide histone and DNA methylation alterations"**’. IDH1 mutations, in particular, induce extensive
DNA hypermethylation and alterations of histone modifications, reshaping the methylome in a manner that
mirrors the changes observed in CpG island methylator phenotype-positive lower-grade gliomas!”*'. In
IDH-mutant glioma models, AKG supplementation or mutant pharmacologic inhibition of mutant IDH
partially restores TET dioxygenase activities and improves DNA repair capacity*?.. Collectively, these
findings support the therapeutic potential of AKG supplementation or modulation of the 2-HG/AKG
balance as a means to relieve dioxygenase inhibition and mitigate epigenetic dysregulation in IDH-mutant
gliomas.

Notably, AKG supplementation can, under specific metabolic conditions, promote glioma cell survival rather
than suppress tumor growth. In glioblastoma models subjected to glucose limitation, GDH1 becomes
phosphorylated at serine 384 and forms a complex with RelA and inhibitor of nuclear factor kappa-B kinase
subunit beta (IKKB). GDH1-derived AKG directly engages and activates the IKKB-NF-«B signaling axis,
thereby upregulating the expression of the glucose transporter 1 (GLUT1) to promote compensatory glucose
uptake and tumor cell survival under low glucose conditions'*”. Consequently, disrupting the interaction
between AKG and IKKP inhibits tumor growth, whereas pharmacologic inhibition of NF-xB reduces tumor
cell viability under low glucose in vitro"*.

FUTURE PERSPECTIVES

Table 1 summarizes the evidence for the core biochemical roles and the effects of AKG in brain disorders.
Despite growing interest in AKG biology and the accumulating evidence for its roles in brain physiology and
disease, several key mechanistic and translational questions remain unresolved. Different AKG formulations,
including Ca-AKG, DMKG, and related derivatives, may exert distinct biological effects across experimental
systems!"**'**). Accordingly, future studies should systematically compare these formulations under
dose-equivalent conditions and rigorously define their pharmacokinetic and pharmacodynamic properties,
including systemic exposure, transport across the blood-brain barrier, and effective delivery to brain tissue.
The mechanism of AKG entry into the brain, its regional and cell-type-specific distribution, and its
intracellular metabolic fate under physiological conditions remain poorly characterized. In this context,
stable-isotope tracing approaches will be particularly valuable for clarifying how AKG is routed through the
TCA cycle and neurotransmitter-linked metabolic pathways in the brain'**\.
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Table 1. Representative evidence of the roles and effects of AKG across major brain conditions, grouped by evidence category

Disease Reference Model/Cohort AKG exposure/status  Main AKG-related findings
Panel A. Direct AKG supplementation/intervention
o Novoteatd, Hppocmalsission 1 co
202516 APP/PST mice ynaphictagsing prure;
levels
Improves motor performance; lowers oxidative
Satpute et al., . . stress; restores mitochondrial complex | activity;
FD 2013t MPTP-induced PD mice 500 mg/kg AKG protects dopaminergic neurons; decreases
midbrain a-synuclein levels
PD g etk and A53T a-synuclein PD 2% Ca-AKG _synue poeriez-asy &
20230 nigrostriatal dopaminergic neuron loss; increases
models - . :
microglial C1g; increases LC3 levels
Zhangetal., Human forebrain Partly restores TCA intermediates and GABA
5tz 20232 organoids 10 ug/mlL AKG levels; normalizes aberrant network firing
. Reduces depressive-like behaviors and improves
Depre55|ve Eid et al., 20251 A('jult male C578L/6) 300 mg/kg AKG learning; normalizes BDNF levels in the
disorders mice ;
hippocampus and nucleus accumbens
Depressive Demianchuk et C57BL/6) mice on Under'a cafeteria diet, increases a'nX|ety-I|ke
) o 1% AKG behaviors; reduces cortical antioxidant enzyme
disorders al., 20258 standard or cafeteria diet .
activities; upregulates autophagy-related genes
) Further impairs oxidative phosphorylation,
Glioma Zhangetal, IDH-wild-type GBM cells 10 mM DMKG mTORCT signaling; and nucleotide synthesis;
spectrum 2022027 .
depletes ATP; induces tumor cell death
Glioma Leeetal, DIPG cell lines (SF8628 In vitro DMKG treatment Reduces proliferation and neurosphere growth;
spectrum 2023029 and DIPG-007) induces G1/S arrest; suppresses H3K27 acetylation
Glioma Wang et al Activates IKKB-NF-kB signaling; increases GLUT1
spectrum 20190 U87 and U251 GBM cells 0.5 mM methyl-a-KG expression and glucose uptake; promotes GBM

Panel B. Indirect AKG pathway modulation

AD

BD

Depressive
disorders

Pawlosky et al.,
2020771

Yoshimi et al.,
20]6[1131

Tianetal.,
2014m71

Aged 3xTg-AD mice on a
ketone-ester diet

BD patients vs controls;
male rats treated with
lithium or valproate

Depressed patients
treated with Xiaoyaosan

Panel C. Biomarker level/associative evidence

SCZ

SCz

SCZ

Xuanetal.,
20]‘][109]

Cai et al., 2012t

Paredes et al.,
20140m

First-episode, drug-naive
SCZ vs controls; serum
metabolomics

First-episode, drug-naive
SCZ on risperidone

Stable SCZ on SGAs,
stratified by MetS risk vs
controls

Ketone-ester diet (no AKG
treatment)

Blood metabolomics in BD;
chronic mood-stabilizer
treatment in rats with
serum metabolomics (no
AKG treatment)

Urinary metabolomics (no
AKG treatment)

Baseline serum TCA
intermediates (no AKG
treatment)

Metabolomics during
monotherapy

Plasma targeted
metabolomics (no AKG
treatment)

survival under glucose restriction

Partly restores hippocampal AKG, citrate and other
TCA intermediates and amino acids; AKG shows a
strong correlation with glutamate; behavioral

improvement parallels TCA—glutamate remodeling

BD serum shows TCA (citrate, AKG), urea-cycle
and amino-acid abnormalities; lithium, but not
valproate, increases serum AKG and selected TCA
intermediates in rats

Symptom improvement is accompanied by
increased urinary AKG, creatinine, taurine,
xanthurenic acid, and reduced citrate and lactate

Reduced serum citrate and AKG, indicating lower
circulating TCA-cycle intermediates

Longitudinal changes in urinary AKG, citrate and
pregnanediol correlate with PANSS improvement,
indicating TCA-related metabolic signatures of
response

High/intermediate MetS-risk groups exhibited
lower AKG and malate and higher glutamate, lipids
and inflammatory markers, consistent with
impaired AKG conversion and TCA intermediate
depletion

AAV: Adeno-associated virus; AD: Alzheimer's disease; AKG: a-ketoglutarate; APP/PS1: amyloid precursor protein/presenilin 1, ATP: adenosine
triphosphate; BD: bipolar disorder; BDNF: brain-derived neurotrophic factor; C1g: complement component 1g; Ca-AKG: calcium a-ketoglutarate;
DIPG: diffuse intrinsic pontine glioma; DMKG: dimethyl a-ketoglutarate; GABA: y-aminobutyric acid; GBM: glioblastoma; GLUT1: glucose
transporter 1; IDH: isocitrate dehydrogenase; IKKB: inhibitor of nuclear factor kappa-B kinase subunit beta; LC3: microtubule-associated protein 1
light chain 3; MetS: metabolic syndrome; MPTP: 1-methyl-4-phenyl-1: 2: 3: 6-tetrahydropyridine; mTORC1: mechanistic target of rapamycin
complex 1; NF-kB: nuclear factor kappa-B; PANSS: Positive and Negative Syndrome Scale; PD: Parkinson's disease; SCZ: schizophrenia; TCA:
tricarboxylic acid; SGAs: second-generation antipsychotics.
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Large cohorts will also be required to determine whether alterations in AKG-related metabolic pathways are
consistently observed across diagnostic groups, disease stages, treatment exposure, sex, and metabolic status.
Any future AKG-based therapeutic intervention should be tailored to disease context and progression
stage!*®'l. For example, in early neurodegenerative disorders, AKG may be best viewed as a metabolic
support strategy, whereas in psychiatric disorders its relevance may be more strongly influenced by episode

[99,106,114,137
S

state, systemic metabolic background, and neurotransmitter homeostasi . Similarly, in genetically
stratified gliomas, patients should be subclassified according to their genetic background and tumor

metabolic environment to guide rational AKG-based strategies'*.

Finally, issues related to safety, dose comparability, and biomarker development warrant careful
consideration. Potential biomarkers include plasma or cerebrospinal fluid AKG-related metabolites, as well
as measures of mitochondrial function, redox status, neurotransmitter homeostasis, and disease-relevant
imaging or electrophysiological readouts.

CONCLUSIONS

Across neurodegenerative disorders, major psychiatric illnesses and glioblastoma, AKG should not be
regarded as a uniformly protective factor. Instead, its biological roles are highly context-dependent. Across
these pathological settings, AKG participates in central metabolic and regulatory processes, including the
TCA cycle, mitochondrial function, autophagy and redox homeostasis, and modulates the epigenetic
landscape through AKG-dependent dioxygenase activities. In models of neurodegenerative diseases and
selected psychiatric disorders, AKG-linked pathways are predominantly associated with maintaining the
TCA cycle flux, reinforcing antioxidant defenses and partially preserving synaptic integrity and neural
network activity. By contrast, malignant gliomas may exploit AKG via BCAT1- and GDH1-dependent routes
as a metabolic intermediate to support biosynthesis demands and redox balance, thereby enhancing tumor
tolerance of nutrient and oxidative stress. Notably, most of the current evidence underlying these
conclusions stems from cell lines, brain organoids and rodent models, with clinical evidence largely restricted
to metabolomic associations and indirect markers of energy metabolism. Randomized controlled trials of
AKG supplementation or targeted modulation of AKG-related pathways in neurological or oncological
settings are still lacking. Overall, AKG is best conceptualized as a central metabolic hub linking energy
metabolism, neurotransmitter homeostasis and epigenetic regulation in a disease state-dependent manner.
Determining the conditions under which this metabolic hub can be safely and effectively exploited across
distinct disease contexts remains a major challenge for future translational research.
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