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Cerebral disorders are largely associated with impaired cellular metabolism, despite the regulatory mechanisms
designed to ensure cell viability and adequate brain function. Mechanistic target of rapamycin (mTOR) signaling
is one of the most crucial factors in the regulation of energy homeostasis and its imbalance is linked with a
variety of neurodegenerative diseases. Recent advances in the metabolic pathways’ modulation indicate the role
of a-ketoglutarate (AKG) as a major signaling hub, additionally highlighting its anti-aging and neuroprotective
properties, but the mechanisms of its action are not entirely clear. In this review, we analyzed the physiological
and pathophysiological aspects of mTOR in the brain. We also discussed AKG’s multifunctional properties, as

well as mTOR/AKG-mediated functional communications in cellular metabolism. Thus, this article provides a
broad overview of the mTOR/AKG-mediated signaling pathways, in the context of neurodegeneration and
endogenous neuroprotection, with the aim to find novel therapeutic strategies.

1. Introduction

Understanding the neurodegenerative mechanisms of various gene-
sis and the search for effective neuroprotection, remain relevant to the
present day. Most brain diseases are accompanied by metabolic changes
caused by circulatory failure, defects of protein synthesis/degradation
machinery and/or dysregulation of signaling pathways. Depending on
the degree, this can lead to both cognitive impairment and critical
manifestations of diseases (stroke, Alzheimer’s disease (AD), Parkin-
son’s disease (PD), etc.). The pathogenesis involves such mechanisms as
ion imbalance, glutamate excitotoxicity, oxidative stress, disruption of
the blood-brain barrier, inflammation, etc. [1,2].

As a central regulator of metabolic homeostasis and protein syn-
thesis/degradation mTOR (mammalian/mechanistic target of rapamy-
cin) signaling is vital for maintaining cell viability and adequate brain

function, hence its imbalance is associated with a broad spectrum of
diseases (stroke, cancer, epilepsy, aging, etc.) [3,4]. In the context of
neurodegenerative/neuroprotective ~ mechanisms, the role of
mTOR-modulated autophagy has become the subject of several recent
studies [5,6]. The modulation of autophagy is considered an auspicious
direction for the possible treatment of neurodegeneration.

One of the promising protective agents for confronting brain disor-
ders is a multifunctional molecule involved in numerous metabolic and
cellular pathways, a-ketoglutarate (AKG). Due to its diverse protective
functions, AKG is already applied in therapy, including its usage in brain
function improvement [7]. It has been shown to play a key role in
maintaining the energy balance of the cell, utilization of reactive oxygen
species (ROS), amino acid metabolism and ammonia homeostasis, as
well as in cell survival during hypoxia [8]. By converting glutamate into
AKG, glutamate dehydrogenase involves an additional amount of AKG
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into the Krebs cycle, thereby increasing the functional activity of mito-
chondria and promoting cell survival [9]. Moreover, AKG functions as a
signaling molecule, as well as a regulator of epigenetic processes and
cellular signaling via protein binding [10].

In this review, we summarized the advances in the mTOR and AKG
research fields and their impact on cellular metabolism. Then, we dis-
cussed the overlap between AKG metabolism and mTOR signaling to
promote the understanding of their metabolic pathways in the brain in
order to improve the treatment efficacy for a wide range of neurode-
generative diseases.

2. mTOR and its signaling network in the brain

2.1. mTOR organization and function under physiological conditions in
the brain

mTOR is a 289 kDa serine/threonine protein kinase, which belongs
to the phosphatidylinositol-3-kinase-related kinase (PIKK) family. It is
evolutionarily highly conserved and ubiquitously expressed throughout
the body, including neural cells. It assembles two different multiprotein
complexes: mTOR complex 1 (mTORC1) or mTOR complex 2
(mTORC?2). As the name of mTOR implies, it is a target of a molecule
named rapamycin, a macrolide antibiotic compound produced by the
bacterium Streptomyces hygroscopicus, which was isolated in a soil sam-
ple from Easter Island (Rapa Nui in Polynesian) [3].

In the brain, mTOR not only controls basic cellular functions such as
protein synthesis, energy metabolism, proliferation, migration, lipid
metabolism, autophagy, mitochondria and lysosome biogenesis as it
does in peripheral tissues, but it is also involved in more specific pro-
cesses such as dendritic spine growth, axonal sprouting, axonal regen-
eration and myelination, ionic and receptor channel expression. mTOR-
controlled signaling pathways in neurons and glial cells regulate higher
physiological functions of the nervous system including neuronal
excitability, neuronal survival, synaptic plasticity, memory storage,
cognition, feeding, and control of circadian rhythm. Thus, any muta-
tions in genes encoding mTOR regulators, or deregulated expression of
proteins implicated in the mTOR pathway, are potentially involved in
brain diseases [11,12].

Structurally, mTOR contains several functional domains, including
C-carboxyterminal FAT domain (FATC), C-terminal kinase domain (KD),
FKBP12 rapamycin-binding domain (FRB), the FAT domain (FKBP-
associated protein/ataxia-telangiectasia mutated/transactivation-trans-
formation domain-associated protein), and an N-terminal domain with
at least 20 HEAT (Huntingtin elongation factor 3 A subunit of PP2A
TOR1) repeats. The last provides sites for the protein interaction be-
tween mTOR complex with Raptor (regulatory-associated protein with
mTOR) or Rictor (rapamycin-insensitive companion of mTOR). It is the
association with either Raptor or Rictor that determines whether mTOR
is a component of mMTORC1 or mTORC2. mTOR complexes share four
components that are identical: (1) a catalytic subunit (mTOR itself), (2)
a small protein known as mLSt8 (mammalian lethal with SEC13 protein
8), (3) the Ttil/Tel2 (Tel two-interacting protein 1/ telomere mainte-
nance 2) associated regulatory proteins, which create a scaffold for
recruitment of substrates; and (4) the negative regulator Deptor (DEP
domain-containing mTOR-interacting protein), which inhibits the sub-
strate binding. mTORC1 contains the scaffold protein Raptor and the
inhibitory subunit PRAS40 (proline-rich Akt substrate 40 kDa) as key
components, and mTORC2 specifically associates with the regulatory
subunit Protor 1/2, scaffold proteins Rictor, and mSIN1, which help the
complex assembly [13]. Noteworthy, mTORC2 was initially described to
be insensitive to rapamycin inhibition in contrast to mTORC1 [14], but
later it was uncovered that prolonged exposure to this macrolide
resulted in the disruption of the mTORC2 assembly and integrity,
thereby causing the functional inhibition of the complex [15]. mTORCs
are considered to be cellular energy sensors, and as such, they act as
signal convergence centers from extra- and intra-cellular “energetic
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factors”. In nutrient-rich conditions, mTOR is activated through phos-
phorylation of its specific residues (e.g., phosphorylation of Raptor
through several pathways that involve the protein Ras homolog
enriched in brain (Rheb)) stimulating anabolic processes such as trans-
lation, transcription, lipid synthesis and inhibiting catabolic processes.
In contrast, nutrient-deficient conditions can down-regulate mTOR ac-
tivity inducing protein degradation and autophagy in order to maintain
minimal biological processes for survival. Moreover, mTORC1 activity is
modulated by multiple pathways based on the presence of trophic and
growth factors, nutrients (especially amino acids and glucose), and ox-
ygen, while mTORC2 is regulated mainly by growth factors, hormones,
and neurotransmitters via the PI3K (phosphatidylinositol-3-kinase) ac-
tivity upregulation [16-18]. Although, knowledge about the regulation
of mTORC2 in the central neural system is still limited, in several studies
mTORC2 was shown to play an important role in maintaining the actin
cytoskeleton and morphological regulation of actin-rich dendritic
spines. Neuronal mTORC2 is activated by neurotrophins, glutamate,
N-methyl-D-aspartate (NMDA), inducers of long-term potentiation
(LTP), and is involved in synaptic plasticity and memory modulation
[12,19,20].

2.1.1. Upstream regulation of mTOR pathway

Extracellular (e.g., brain-derived neurotrophic factor (BDNF), netrin
1, reelin, insulin, insulin-like growth factor 1 (IGF1), vascular endo-
thelial growth factor (VEGF) and ciliary neurotrophic factor (CNTF),
glutamate, dopamine, serotonin, acetylcholine, orexin) and intracellular
stimuli are usually conveyed through mTOR via PI3K-protein kinase B
(Akt)-tuberous sclerosis complex (TSC)-Rheb signaling (Fig. 1). The
binding of the effector molecules to the tyrosine kinase receptors (RTKs),
or to G-protein-coupled receptors (GPCRs) leads to the subsequent
activation of the kinases PI3K and Akt with involvement of the second
messenger — phosphatidylinositol-3,4,5-phosphate (PIP3). PI3K-Akt
signaling phosphorylates and inhibits the TSC, a trimeric complex
formed by TSC1 (hamartin), TSC2 (tuberin), and the scaffold protein
TSC1D7. TSC is the GTPase-activating protein (GAP) for the small
GTPases Rheb and Rhes (a form of Rheb specifically expressed in the
striatum). Rheb is present in an inactive or active state by binding to
GDP or GTP, respectively. Rheb-GTP activates mTORC1 by directly
interacting with mTOR [11,12,21].

The levels of amino acids are sensed with the recruitment of heter-
odimers of Rag small GTPases (RagA/B and RagC/D). These GTPases are
retained inactive by a lysosome-bound complex “Ragulator” and
controlled by two multiprotein complexes GATOR1 and GATOR2.
Amino acid accessibility allows the active conformation of Rag to bind
directly to Raptor and cause the recruitment of mTORC1 to the lyso-
somal membrane [22].

Nutrient deprivation and hypoxia inhibit mTORC1 signaling, thus
cells adapt to limit energy consumption. A decrease in glucose supply
causes a rapid reduction in intracellular ATP levels, leading to 5'-AMP-
activated protein kinase (AMPK) activation through its phosphorylation
by LKB1 tumor suppression kinase. AMPK serves as a cellular sensor of
ADP/ATP and AMP/ATP ratios, consequently when these ratios are high
AMPK inhibits mTORCI activity through phosphorylation on two tar-
gets, namely TSC2 and Raptor. AMPK phosphorylates TSC2 increasing
its GAP activity toward Rheb, promoting the inactive state of Rheb-GDP,
and inducing the inhibition of mTORC1 activity. Raptor phosphoryla-
tion leads to its association with 14-3-3 protein and subsequent allo-
steric inhibition of mTORC1 [11,18].

Additionally, hypoxia induces an increase in the expression of
regulated DNA damage and development 1 protein (REDD1; also known
as RTP801/DDIT4), which is controlled by the transcription factor
hypoxia-inducible factor 1 (HIF-1). REDD1 can activate the TSC1/TSC2
complex by competing with TSC2 for 14-3-3 protein binding, stabilizing
the interaction between TSC1 and TSC2 and inducing mTORC1 inhibi-
tion [18]. Furthermore, it was shown that activation of REDD1 and
mTORC1 could be induced by metformin (antidiabetic type 2 drug),
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Fig. 1. mTOR signaling network. At the cellular level, nTOPC1/mTOPC2 integrate signals from multiple stimuli. The top diagram illustrates the upstream regulation
of mTOR by basic stimuli: amino acids (signaling pathway indicated by orange boxes), growth factors (blue boxes), oxygen levels (pink boxes), and energy status
(purple boxes). Downstream targets upregulated by mTOR activity are marked with a blue field, whereas those downregulated — are with a red field. Black arrows

and red lines respectively represent positive and negative regulation.

which in addition to its antitumoral effects, exerts neuroprotective ef-
fects in neurodegenerative diseases such as Alzheimer’s and Hunting-
ton’s diseases [18,23].

2.1.2. Downstream outputs of mTORCs

The main downstream cellular functions of mMTORC1 and mTORC2
include protein synthesis and degradation, lipid synthesis, autophagy,
lysosome biogenesis, energy metabolism, cell survival and cytoskeleton
rearrangements (Fig. 1). In response to growth signals, mTOR phos-
phorylates and activates/inhibits several translation regulators,
including eukaryotic translation initiation factor 4E (eIF4E)-binding
proteins (4E-BPs) and the p70 ribosomal S6 kinase 1 and 2 (p70 S6K1/
2), which in turn promote mRNA biogenesis and activates the 5'-cap-
dependent protein translation. S6K1 phosphorylates the ribosomal
protein S6, eukaryotic elongation factor-2 kinase (eEF2K), e[F4B, S6K1
Aly/REF (SKAR)-like substrate, a cell growth regulator, and CBP80 (cap-
binding protein 80), thus regulating translation initiation or elongation
[11,22,24]. mTOR also regulates local protein synthesis, which is
essential for neuronal development. mTOR and p70 S6K are necessary
for the local translation of Tau protein and collapsin response mediator
protein 2 (CRMP2), which contribute to neuronal polarization. During
the navigation of axonal growth cones mTOR-dependent local trans-
lation is required for the proper response to chemoattractants and che-
morepellents [20]. mTORC1 controls lipid metabolism, a key aspect
during axonal growth, myelination and dendritic arborization as well as
in nutrient-deficient conditions, when glucose is lacking. mTORC1
stimulates de novo lipogenesis via phosphorylation by S6K1 of sterol

regulatory element-binding proteins 1 and 2 (SREBP1/2), which serve as
transcription factors for numerous genes involved in fatty acid and
cholesterol synthesis. Additionally, mTORC1 activates
proliferator-activated receptor-y (PPAR-y) involved in adipogenesis and
modulates lipin 1 localization to suppress its inhibitory effects on
SREBP1/2 [22,25].

Nucleotide synthesis as well could be enhanced by mTOR signaling
pathway through increasing ATF-dependent expression of MTHFD2, the
key enzyme in mitochondrial tetrahydrofolate (mTHF) cycle. mTORC1
also stimulates glycolysis and glucose uptake through modulating the
transcription factor hypoxia-inducible factor (HIF-1a) [25,26].

A key process of damaged cellular components and protein degra-
dation - autophagy - is regulated by a crosstalk between mTOR and
AMPK signaling pathways. Thus, mTOR activation leads to macro-
autophagy and mitophagy inhibition, whereas mTOR inhibition and
AMPK activation trigger protein degradation. Due to its homeostatic role
in cellular physiology, autophagy has been associated with a wide
spectrum of metabolic and neurodegenerative disorders [17,27].

In nutrient-rich conditions, active mTORC1 controls autophagy
through inhibition of the unc-51-like kinase 1 (ULK1) complex, which
consists of several autophagy-related proteins (ULK1, Atgl3, FIP200),
by its phosphorylation. Therefore, inhibition of mTORC1 by rapamycin
leads to dephosphorylation of ULK1, which initiates autophagy. In
contrast, in nutrient-deficient conditions, reduced mTORC1 and
enhanced AMPK activity stimulates autophagy, which leads to the
elimination of proteins and organelles to compensate for nutrient star-
vation [27]. Active ULK1 phosphorylated by AMPK, in its turn,
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phosphorylates and activates Beclin-1, which is also a part of a protein
complex PI3KC3 (also called the VPS34 complex). Beclin-1 promotes the
lipidation of cytosolic LC3-I to generate LC3-II. LC3-II localizes to the
autophagosome membrane, enabling elongation of the limiting mem-
brane of the phagophore, which seals to form LC3-II (+) autophago-
somes. Autophagosomes degrade cargo adaptors such as p62, and
subsequently deliver proteins and organelles to lysosomes for degrada-
tion [28]. mTORC2 is reported to participate in neuronal morphology
rearrangements, specifically in the actin cytoskeleton remodeling, by
controlling the activity of Akt, serine/threonine-protein kinase 1
(SGK1), and protein kinase Ca (PKCa). Moreover, mTORC2 controls the
integrity of mitochondrion-associated membranes (MAMs), which
facilitate the transfer of calcium and lipids between the endoplasmic
reticulum and mitochondria [17,20,29].

2.2. mTOR-related pathologies of the nervous system

Due to mTOR diverse functions in cellular metabolism and homeo-
stasis, dysregulation of mTOR signaling pathway has been implicated in
various diseases. The list of diseases includes both mental illnesses
(depression, mental retardation, schizophrenia, Down syndrome,
autistic disorders, etc.) and neurological disorders (such as stroke, epi-
lepsy, PD, AD, injuries and tumors of the brain) [11,17].

In majority of cases, it is an increase in mTOR activity or mTOR-
dysregulated autophagy that are responsible for the progression of pa-
thology. Thus, to reverse the symptoms of pathologies in animal models
and some preclinical trials mTOR inhibitor — rapamycin was applied. A
systematic review and meta-analysis of animal model studies indicated
that low-dose rapamycin treatment may be an effective therapeutic
option for stroke [30]. Rapamycin and rapalogs were also shown to
protect against toxicity created by several misfolded proteins including
alpha-synuclein, TDP43, and hyperphosphorylated tau. In tuberous
sclerosis clinical studies, it was pointed out that rapamycin treatment
reduced subependymal giant cell astrocytomas (SEGAs), specific brain
tumors associated with this disease, and white matter abnormalities.
However, direct or indirect stimulation of mMTORCI1 can be beneficial for
other pathologies such as Rett syndrome, some forms of PD, central
nerve injury and depression [11,31].

There are available studies concerning the role of mTOR signaling
pathway in epileptogenesis. Even in the absence of any other associated
pathology seizures themselves increase mTORC1 activity. Therefore, it
was investigated in organotypic hippocampal cultures that post-
traumatic epileptogenesis can be blocked by a transient inhibition of
mTORC1 [32].

Oxygen-poor and nutrient-deficient conditions caused by ischemia
modulate mTOR activities via all upstream pathways resulting in dys-
regulation of mTORCs. However, it is worth noting that the effects of
cerebral ischemia on mTOR signaling are not homogeneous. In ischemic
core region, it causes a decrease in mTORCI1 activity, whereas in pen-
umbra area it triggers mTORC1 activation [17,28,33]. Administration of
the mTOR inhibitor rapamycin after middle cerebral artery occlusion
(MCAO) reduced mTORC1 activity, consequently increasing autophagy
- a crucial mechanism in neuron protection against ischemic damage,
thereby diminishing neuronal apoptosis. It signifies the inverse causal
relation between mTOR, autophagy, and neuronal death. In addition,
ischemia was shown to induce the expression of hamartin (TSC1), an
upstream inhibitor of mTOR, in CA3 hippocampal neurons, which could
explain CA3 neurons resistance to ischemia-induced cell death [34]. In
CA1 hippocampal neurons destined to die ischemia suppresses mTOR
and stimulates autophagy. Astrocytes and microglia are also involved in
mTOR modulation under these conditions. Hence, oxygen-glucose
deprivation (OGD) causes a decrease in astrocytic mTORC1 activity
via AMPK or tuberin (TSC2), afterwards increasing autophagic flow and
decreasing the release of pro-inflammatory cytokines, as a result
improving neuronal viability [35]. mTORCI inhibition after ischemia
leads to an increase in the M2 phenotype microglia (in contrast to
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deleterious M1 phenotype) and a reduction in pro-inflammatory cyto-
kine expression [36].

The contribution of mTOR to the control of both translation and
autophagy implies its role in the development of neurodegenerative
diseases, which later was assessed and confirmed in various cellular and
animal models. In post-mortem brains of AD patients an upregulation of
mTORC1 was detected, which correlated with toxic oligomeric Ap
accumulation. However, available studies indicate heterogeneous ef-
fects of mTORCI in AD: (1) upregulation of mTORCI is detrimental via
the blockade of autophagy; or (2) activation of mTOR is essential for
long-term potentiation and memory and protects against Ap toxicity.
Life-long prophylactic rapamycin administration in the triple transgenic
AD mouse model (APP, presenilin 1 - PS1, tau genes mutations) was
shown to induce autophagy, decrease the number of plaques and tan-
gles, and reduce cognitive deficits, but if the rapamycin treatment was
implemented after plaques and tangles were formed, there was no
positive effect observed [11,37-39]. mTOR signaling pathway is re-
ported to participate in PD pathogenesis in several ways and depending
on the pathology’s origin both positive and negative mTORC1 modu-
lation is considered advantageous for pathology treatment [38]. On the
one hand, it is revealed that mTORC1 inactivation and autophagy
stimulation might preserve dopaminergic neurons by protecting them
against the accumulation of ubiquitinated a-synuclein. On the other
hand, some PD models showed that activation of mTORC1 and over-
expression of constitutively activated Akt have a neuroprotective effect
on both neuronal cell bodies and axons of the nigrostriatal projections
for dopaminergic neurons [11,40,41].

Owing to its role in nutrients sensing and energy balance control
mTOR was identified as a pivotal element in lifespan and aging regu-
lation. It was shown that mTORC1 pathway inhibition through genetic
depletion of mTOR or rapamycin treatment extended lifespan in diverse
organisms such as yeast, nematodes, fruit flies, rats, mice, and primates
[38,42]. Nutrient-sensing pathways, such as the insulin/insulin-like
growth factor 1 (IGF-I) signaling network, are believed to determine
longevity. Nutrients/mTOR axis suppression is one of the supporting
mechanisms of the beneficiary effects of dietary restriction, which not
only prolongs lifespan, but also delays the onset of age-related pathol-
ogies [43]. Moreover, some studies found rapamycin to improve spatial
learning, memory and explorative activity if chronically administered
during aging, but it had analogous effects in young mice. Chronic
rapamycin treatment has been shown to elevate monoamines (dopa-
mine, norepinephrine, and serotonin) levels, which could explain the
improvements in learning and memory, as well as the stimulatory effect
on exploratory activity. This study also showed that chronic rapamycin
administration tended to increase dentate gyrus DCX (doublecortin)
immunoreactivity (neurogenesis marker) in aged animals, but this effect
was far from reaching statistical significance [44]. Given that dietary
restriction and rapamycin treatment appear to extend lifespan via
overlapping mechanisms, it raises the demand for further research about
the effects of rapamycin on age-related phenotypes especially pertaining
to the mammalian brain.

2.3. mTOR-related autophagy impairment in brain disorders

Autophagy is vital lysosome-mediated self-degradative process
regulated by mTOR which is essential for balancing energy sources in
response to nutrient stress. Studies suggest that autophagy impairment is
linked with brain aging and neurodegenerative disorders, such as stroke,
PD, and AD, where a defect along the autophagy pathway occurs at
different stages. It has been proposed that decreased autophagy in AD
brains results in the accumulation of protein aggregates via the hyper-
activation of the PI3K/Akt/mTOR axis [31].

Autophagy is involved in the control of axon homeostasis, which is
supported by the axonal pathology identified in autophagy-deficient
mouse models, as well as in humans with congenital disorders of auto-
phagy. Autophagosomes are constructed at the distal end of axons and
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transported retrogradely to the cell soma for degradation, which is why
any defect disrupting this crucial mechanism is likely to cause neuronal
pathology [45].

Moreover, autophagy impacts mitochondrial turn-over and ensures a
pool of healthy mitochondria. It was shown that decreased mTOR
signaling and dietary restriction might improve mitochondrial function
both by enhanced mitochondrial quality control via mitochondrial
autophagy (mitophagy) and by reducing ROS due to an increase in
mitochondrial localization of TERT (telomerase reverse transcriptase)
protein [6,46].

It was discovered that cerebral ischemia/reperfusion injury could be
attenuated by autophagy stimulation with eugenol (active compound
isolated from traditional Chinese medicine Acorus gramineus) via AMPK/
mTOR/P70 S6K signaling pathway. Rapamycin treatment promoted
inhibitory effects of eugenol against ischemia-induced apoptosis, as well
as decreased infarct volume and neurological score in both in vitro and in
vivo models [47].

The research about the effects of ischemic stress on autophagy
revealed a vital role of mTOR-dependent autophagy-lysosomal ma-
chinery in the maintenance of synaptic structures. With the usage of
OGD model in hippocampal neurons as well as a mouse model of MCAO
it was shown that initial transient upregulation of autophagy leads to an
accumulation of undegraded cargoes in neurites, and the following
mTOR-dependent lysosomal biogenesis is not sufficient to clear these
undegraded materials resulting in the impaired dynamic turnover of
synaptic proteins [6]. Therefore, autophagy and lysosomal degradation
modulation should be considered in searching for new therapeutic
strategies against synaptic dysfunction.

3. a-ketoglutarate (AKG) metabolic pathways
3.1. Biochemical characteristics and physiological functions of AKG

Alpha-ketoglutarate (AKG), also known as 2-ketoglutaric acid, 2-
oxoglutaric acid, 2-oxoglutamate (IUPAC name: 2-oxopentanedioic
acid), plays a crucial role in cellular energy metabolism. It is an
important source of glutamine and glutamate that stimulates protein
synthesis and an alternative energy source for use in the tricarboxylic
acid (TCA) cycle under energy depleted conditions [48]. AKG is at the
intersection of important physiological pathways due to its functions as
a TCA intermediate, a cofactor for numerous transamination reactions, a
cofactor for the prolyl hydroxylase-dependent hydroxylations of the
transcription factor HIF-1 and a cofactor for epigenetic enzymes, his-
tone, and DNA demethylases (Fig. 2) [10]. Thus, this crucial for
energy-generating metabolic network keto-acid contributes to a

Epigenetic regulation
of cell functions
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multitude of cellular processes, such as anti-oxidative defence, energy
production, amino acid metabolism, modulation of signaling systems
and genetic modification [9,48-53].

Endogenous AKG is mainly generated from oxidative decarboxyl-
ation of isocitrate catalysed by NAD-dependent isocitrate dehydroge-
nase (IDH) and from oxidative deamination of glutamate conducted by
glutamate dehydrogenase (GDH) [8,9]. In the TCA cycle, AKG is utilized
by AKG dehydrogenase through decarboxylation to succinyl-CoA and
CO., which subsequently contributes to ATP production via mitochon-
drial oxidative phosphorylation [50]. Noteworthy, IDH was shown to
regulate the migration of primary glioblastoma cells by altering AKG
levels with involvement of PI3K/Akt/mTOR pathway regulation [54].
GDH activators were reported to increase AKG production and improve
overall bioenergetic in the ischemia/reperfusion injury model, thus
suggesting GDH/AKG mediation of glutamate oxidation as a new ther-
apeutic intervention for neurodegenerative disorders, including stroke
[48]. Moreover, GDH is involved in glutamate metabolization by brain
endothelial cells, thus replenishing TCA-intermediates and producing
ATP under hypoglycaemic conditions [55].

AKG plays a significant role in the biosynthesis of amino acids. It can
be transaminated with glutamine to form the excitatory neurotrans-
mitter glutamate, which may be decarboxylated to the inhibitory
neurotransmitter gamma-aminobutyric acid (GABA), thus protecting
from excitotoxicity [50]. AKG supplementation also resulted in the in-
hibition of seizures and subsequent mitochondrial DNA damage induced
by the excitotoxic/neurotoxic agent, kainic acid [56]. Transamination
reaction with AKG is essential in utilizing ammonia, which accumula-
tion can lead to neurological symptoms such as memory related disor-
ders. Therefore, AKG is considered to have neuroprotective traits as it
scavenges ammonia and contributes to glutamate/glutamine homeo-
stasis [50,56-58.

The effects of exogenous AKG administered as a dietary supplement
in the form of various salts (ornithine, sodium, calcium) were investi-
gated by many in vivo studies [10,49,59]. It was revealed that AKG is
absorbed by the organism and can be metabolised to glutamine, gluta-
mate, proline, and arginine. This keto-acid is mainly present inside cells
(in mitochondria and cytoplasm), but it can also be found in small
quantities (mg/ml) in the bloodstream [60]. Even more, one research
uncovered that AKG level in blood is progressively decreased with age in
people to the quantity of ng/ml, which is why the reduction of endog-
enous levels of AKG was proposed to serve as a marker of aging. In
human studies after physical exercise, AKG blood level was shown to
increase. It was assumed that AKG in blood might derive from the
bacterial flora residing in the intestine, as different bacteria produce this
metabolite [58,59,61-63].
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Several studies indicate that AKG can cross the blood-brain barrier
by a carrier-mediated process and by simple diffusion. AKG easily dif-
fuses through channels, such as voltage-dependent anion channels in the
outer mitochondrial membrane, and it is transported across the inner
mitochondrial membrane through the oxoglutarate carrier (oxogluta-
rate/malate antiporter). Experiment with the sodium salt of 14C-
labelled AKG discovered the presence of AKG carbon in various tissues
(liver, brain, skin, muscle, bone tissue) already after 3 h of administra-
tion of the compound, which could signify the AKG ability to enter the
bloodstream as well as to penetrate through blood-brain barrier [57,59,
64-66].

One of the mechanisms of AKG protective action could be explained
by its anti-oxidative properties. The keto-acid contributes to ROS scav-
enging, as it can directly and instantly neutralize hydrogen peroxide
(H205), superoxide, and other reactive species, as well as increase the
enzymatic activity of superoxide dismutase (SOD), catalase (CAT) and
glutathione peroxidase (GSH-Px) [67]. AKG treatment prevented the
lipid peroxidation in rat brain in vitro when exposed to FeZ" ions as well
as it exerted a good Hy0s-scavenging activity in in vitro and in vivo
studies [68-70]. Supplementation with AKG exhibited a protective ef-
fect against oxidative damage in the brain in experimental ischemia and
damage to mitochondrial DNA induced by free radicals in mouse neural
cells [69]. It is also acknowledged that AKG protects the brain and liver
of rats from injury caused by cyanide (a rapidly acting neurotoxin that
induces the formation of ROS) [71-74].

As a substrate of hydroxylases AKG influences prolyl/aspartyl/lysyl
hydroxylations, which in turn controls the stability of the HIF-1. AKG
increases succinate accumulation in cytoplasm resulting in the inhibi-
tion of prolyl hydroxylase 2 (PHD2) and subsequent stabilization and
activation of the alpha subunit of HIF-1 (HIF-1a) [75]. HIF-1la can
further regulate the expression of downstream proteins involved in
glucose metabolism, angiogenesis, and hypoxic response. Thus, it de-
notes the role of AKG in oxidative tension sensing and regulation of
hypoxia [8,52].

Moreover, it was shown that AKG plays a regulatory role in synaptic
transmission at the metabolite level. In in vitro and in vivo models, AKG
treatment improved the Ca?* sensitivity of mammalian synaptotagmin 1
and promoted its C2 cytoplasmic domains interaction with membrane’s
acidic phospholipids, triggering membrane fusion and neurotransmitter
release. It was detected that fusion of vesicles induced by AKG is con-
ducted in the presence of mouse SNAREs and mouse synaptotagmin 1 at
low Ca%" concentration, which cannot be promoted by glutamate, thus
emphasizing the specificity of AKG [76].

3.2. Role of AKG in metabolism during aging

Metabolism and aging are highly connected. Due to AKG pleiotropic
functions in cell metabolism, including amino acid biosynthesis, protein
degradation, and antioxidant system, recent studies have focused
attention on AKG potential anti-aging properties. It was identified that
AKG dietary supplementation can slow aging, as well as prevent the
progress of age-related pathologies [70]. AKG treatment supports the
self-renewal of naive primed human pluripotent stem cells, potentially
by promoting the demethylation of histones and DNA [77]. It also ex-
tends lifespan, compresses morbidity, and promotes healthier life asso-
ciated with decreased levels of inflammatory cytokines in mice [78].
Moreover, recent study highlighted the associations between AKG and
reproductive aging in mice, swine, and humans. In fruit fly model AKG
supplementation in addition to lifespan-prolonging effects increased
locomotor activity and stress resistance [79,80].

Molecular mechanisms underlying the lifespan-extending effects of
AKG became clear in studies with Caenorhabditis elegans and Drosophila
melanogaster [79,81]. The authors identified mitochondrial ATP syn-
thase as a direct target of AKG, which mediated the inhibition of mTOR
signaling pathway and promoted AMPK activity accompanied by
increased autophagy level. Experiments in C. elegans model with usage
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of small-molecule target identification strategy DARTS (drug affinity
responsive target stability) revealed ATP synthase subunit p to be a
binding protein for AKG [81]. Thus, AKG inhibits ATP synthase,
consequently reducing ATP level and oxygen consumption, which leads
to indirect mTOR inhibition and autophagy activation. Regarding mTOR
inhibition, AKG acts as a mimetic of caloric restriction. The ger-
oprotective effect of AKG is linked with metabolic pathways modulation
which is similar to the state of caloric restriction [70].

Noteworthy, supporting the role of the mTOR pathway in the effects
of AKG-induced longevity, it was uncovered that AKG-indirect AMPK
activation stimulates the phosphorylation of transcription factor Fork
head box Other (FoxO) leading to increased expression of genes involved
in oxidative stress response, apoptosis, glucose, and lipid metabolism.
AMPK activation also inhibits NF-kB signaling pathway, in turn sup-
pressing inflammatory processes which are known to be activated dur-
ing aging. Thus, AKG’s geroprotective properties might be due to the
involvement of AMPK and NF-kB-mediated signaling pathways [70,82,
83].

Another mechanism that could explain AKG’s control of lifespan is
genome-wide demethylation. It is acknowledged that aging is accom-
panied by significant changes in genome-wide methylation levels. AKG
controls the activity of DNA demethylases TET1-3, thus triggering the
demethylation of GpC loci in DNA [82,84].

Many age-related pathologies are accompanied by oxidative stress.
Moreover, the free radical theory of aging created by Denham Harman
states that living organisms age due to the accumulation of ROS and
irreversibly oxidized biomolecules [85]. In this regard, AKG’s anti-
oxidative properties could diminish manifestations of age-associated
oxidative stress and age-related pathologies. AKG supplementation
prevented an age-related increase in oxidative damage to biomolecules
and modulated antioxidant defence in the aged mice [72].

In summary, the effect of AKG on lifespan is associated with the in-
hibition of ATP synthase and mTOR, activation of AMPK, suppression of
inflammatory responses, prevention of age-related epigenetic changes in
gene expression, and antioxidative defence system. Overall, the anti-
aging effect of AKG confirmed in various models implies the possibil-
ity of age-related brain pathologies treatment with AKG, however,
further experiments are required.

3.3. AKG and neuroprotection

The brain is one of the most energy-consuming organs in the human
body and any malfunction of energy metabolism is intricately connected
with the manifestation of disease. In addition to dysfunctional energy
metabolism, the pathogenesis of many brain disorders includes neuro-
inflammation, oxidative stress, mitochondria dysfunction and auto-
phagy impairment [86].

Due to its pleiotropic metabolic properties, AKG has emerged as a
possible neuroprotective agent against numerous brain disorders. It was
indicated that a composition comprising AKG, and one or more enzymes
(lipase, protease, amylase) improves brain function and has potential
medical uses in the treatment of neurological and/or neurodegenerative
diseases, including AD, PD, mild cognitive impairment, Huntington’s
disease, amyotrophic lateral sclerosis, ischemic stroke, traumatic brain
injury, depression and disorders of cognitive performance or memory.
AKG supplementation in a gerbil model induced an increase in adult
neurogenesis, along with an improved cognitive performance and syn-
aptic vesicle spatial rearrangements, resulting in enhanced efficacy of
synaptic transmission. The number of synaptic vesicles strongly corre-
lated with the neurotransmitter amount. Therefore, an AKG-induced
increase in synaptic vesicles can be explained by AKG involvement in
neurotransmitter synthesis [7].

The neuroprotective effect of AKG was also delineated in ischemic
injury models, indicating its role in the cellular response to glutamate
excitotoxicity and mitochondrial dysfunction [71]. Treatment with AKG
was shown to attenuate neuronal death and reactive astrogliosis
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preventing the damage of neural cells that usually takes place during
ischemic pathology. In cerebellar granule neuron culture preincubation
with AKG synthetic analog protected cells from the irreversible
impairment of mitochondrial function and delayed calcium deregulation
[87,88].

Neurological disorders are often accompanied by the generation of
elevated levels of ROS as well as oxidized lipids, proteins, and nucleic
acids. Hence, AKG’s antioxidative activity coupled with the ability to
fuel the mitochondria can provide neuroprotection during oxidative
stress. AKG promotes the synthesis of L-carnitine — an amino acid crucial
for the effective metabolism of fatty acids into ATP. In particular, AKG
serves as a cofactor of butyrobetaine dioxygenase (BBDOX), which is
found to be downregulated in AD and ROS stress. Because the dyslipi-
demia observed in astrocytes was described to be attenuated after keto-
acids administration, it is suggested that AKG could alleviate the
symptoms associated with AD [89,90].

Noteworthy, ornithine-AKG treatment of mongrel dogs increased
brain oxygen and glucose utilization while diminishing metabolic dis-
turbances caused by hypoxia. Similarly, intravenous infusion of
ornithine-AKG to the patients within 96 h of stroke significantly
improved consciousness and neurological impairment scores in com-
parison to the placebo group. The positive effect of AKG on brain
oxygenation is associated with the post-ischemic decrease in glutamate
concentration and protein degradation, thus changing functional activ-
ity in the brain [53].

Additionally, it was discovered that AKG exhibits neuroprotective
properties against MPTP-induced neurotoxicity and dopaminergic
neuron damage in mice. MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine) is a neurotoxin associated with drug abuse and causes
permanent symptoms of PD. In the same study AKG treatment was found
to reduce the loss of motor coordination, oxidative stress, and dimin-
ished activity of complex I (NADH: ubiquinone oxidoreductase), as well
as minimize the accumulation of alpha-synuclein in the midbrain region.
Thus, it is proposed that AKG could be of potential therapeutic value in
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the treatment of PD [57].

AKG/mTOR interplay modulation was reported to be a promising
direction in the treatment of Leigh syndrome, a mitochondrial disorder
(defects observed in a subunit NDUFS4 of the mitochondrial electron
transport chain complex I) characterized by progressive focal neurode-
generative lesions in specific brain regions. The research revealed a
direct link between NDUFS4 deficiency and decreased glutamine/
glutamate/AKG levels. Preservation of these metabolites by mTOR in-
hibition with rapamycin treatment attenuated disease by providing AKG
as a functional mitochondrial complex I substrate to support oxidative
phosphorylation or/and through the rescue of neuron-specific metabolic
pathways related to neurotransmitter metabolism [91].

4. The crosstalk between AKG and mTOR signaling pathways

mTOR signaling pathway plays a crucial role in nutrient sensing and
is highly involved in cellular metabolism. As a key molecule in many
important physiological pathways, AKG as well is tightly associated with
metabolism regulation. Attention is drawn to the cooperation between
AKG and mTOR signaling in the context of metabolic regulation. Recent
studies point out the involvement of the mTOR signaling pathway in
aging, as well as the ability of AKG to indirectly inhibit mTOR and act as
an anti-aging agent [70,81]. Lifespan-prolonging effects of AKG sup-
plementation were reported in mice, yeast, nematode C. elegans and fruit
fly D. melanogaster models [78,79,81]. It was shown that AKG directly
inhibits ATP synthase and indirectly mTOR, thereby promoting auto-
phagy and catabolic reactions similar to those observed under caloric
restriction (Fig. 3).

In AKG-treated flies’ study after AKG supplementation the expression
of transcription factors in the mTOR pathway (TFEB, PGC, SREBP, HIF-
la), and the upstream gene PI3K, as well as TORC were significantly
downregulated, while FKBP12, PRAS40 and AMPK were upregulated.
The mRNA levels of autophagy-related genes and the number of phag-
osomes confirmed by phagosome staining were also significantly
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increased in flies fed with AKG, indicating enhanced autophagy [79].
Hence, it has been suggested that AKG metabolic pathway could overlap
with mTOR signaling pathway with the involvement of ATP synthase
inhibition, reductions in both ATP levels and the ATP/ADP ratio and
AMPK activation.

However, another group of studies indicated that AKG may activate
mTOR by replenishing TCA-intermediate pool and by amino acid
metabolism (Fig. 3). AKG is a precursor for the biosynthesis of such
amino acids as glutamate, glutamine, leucine, and proline. It was found
that exogenous AKG treatment enhanced protein biosynthesis and trig-
gered activation of mTOR signaling pathway in animal cell cultures and
young pigs [92,93]. AKG treatment increased the phosphorylated
(active state) levels of mTOR, 4E-BP1, and P70 S6K1, thereby promoting
the initiation of protein synthesis. Moreover, glutamine-derived AKG
was reported to activate mTORC1 by stimulation of GTPases ADP
ribosylation factor 1 (Arfl) -Rheb-phospholipase D signaling apparatus
[94] and by stimulating GTP loading of RagB that induces the
Rag-mediated translocation of mTORCL1 to the lysosome surface [95].
Therefore, these studies also verify the hypothesis of AKG and mTOR
pathways interaction, highlighting the link via amino acid metabolism
[92,93].

Cooperation between AKG and mTOR is hypothesized to be attrib-
uted not only to AKG metabolic functions in energy and amino acid/
protein metabolism, but also to its antioxidant properties and its role as a
signaling molecule, which participates in the control of DNA methyl-
ation and chromatin modifications, regulation of nutrient-sensitive
pathways, response to hypoxia and inflammation [70]. It should be
noted that the multidirectional effect of AKG on mTOR signaling may
depend on the type of tissue or experimental model, therefore, it is
assumed that in different cells various mechanisms of AKG and mTOR
signaling could be involved and both catabolic and anabolic reactions
can be triggered [50]. The interplay between AKG and mTOR pathways
has been observed in different tissues and several model organisms.
However, there are no descriptions of clearly specific mechanisms of
such crosstalk in the nervous system. It could be speculated that the
involvement of AKG in mTOR inhibition and subsequent autophagy
activation or amino acid metabolism stimulation by AKG/mTOR explain
the neuroprotective effect of AKG in neurological disorders. We also
hypothesize that the phenomenon of AKG-mediated regulation of
neurotransmission and mTOR-controlled synaptic plasticity may be in-
direct evidence for the interaction of AKG/mTOR signaling pathways.
However, further studies are required to determine the mechanistic
basis of AKG/mTOR-mediated cooperation in the brain. The study of
molecular communications between a universal metabolite and an
important cellular regulator may reveal new prospects for the preven-
tion and treatment of diseases associated with metabolism, age, etc.

5. Conclusions

As summarized above, mTOR signaling pathway is a principal
regulator of cellular physiological processes, including energy homeo-
stasis, cell growth, protein synthesis, autophagy, etc. An imbalance of
mTOR signaling is correlated with brain abnormalities and neurological
disorders.

AKG’s multifaceted functions in energy production, amino acid
metabolism, anti-oxidative defence, modulation of signaling systems,
and genetic modification indicate its crucial role in cellular metabolism.
AKG is reported to have anti-aging and neuroprotective properties.
mTOR and AKG essential functions in metabolic control imply the
possible crosstalk between the signaling pathways of these molecules.
Suppression of mTOR function by AKG metabolism delineated by age-
related studies confirms the overlap between mTOR and AKG-
signaling pathways, thus indicating a possibility of mTOR-related
neurological pathologies treatment with AKG.

Specified mechanisms of AKG/mTOR interplay in the brain remain
to be elucidated. To what extent/mode inhibition or activation of mTOR
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determines the neuroprotective effects of AKG on brain cells in neuro-
pathology is something that needs to be studied. It would be important
to investigate the mechanisms of AKG influence on mTOR-regulated
autophagy, amino acid metabolism, and protection against oxidative
stress in neuronal tissue. Analyzed findings suggest a novel role of AKG
metabolism in mTOR signaling pathway regulation, and modulation of
mTOR activity could be considered as a therapeutic strategy in brain
disorders treatment.
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