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ARTICLE INFO ABSTRACT

Keywords: Epilepsy is a chronic, relapsing neurological disorder, and current treatments focus primarily on

Epilepsy ) ) neurons, yet one-third of patients still develop drug-resistant epilepsy. Therefore, there is an

gitrocyte mitochondria urgent need to explore new therapeutic targets. Interestingly, astrocytes can transfer their healthy
utamate

mitochondria into neighboring neurons, thus preventing neuronal damage. Astrocyte mitochon-
dria have been shown to have a therapeutic role in stroke and neurodegenerative diseases.
However, their therapeutic effect in epilepsy and its related mechanisms have been less studied.
In this review, we mainly summarize the regulatory role of astrocyte mitochondria in glutamate,
calcium ion, and adenosine triphosphate (ATP) homeostasis and outline the protective role of
astrocyte mitochondria in nervous system diseases, revealing a new target for epilepsy treatment.

Calcium homeostasis
Adenosine triphosphate

1. Introduction

Epilepsy is a chronic brain disease characterized by recurrent seizures [1] that affects approximately 1 % of the world’s population,
with a threefold increase in premature mortality compared to the general population. Most previous research has focused on how to
inhibit neuronal firing and how to explain the changes in the internal electrical activity of neurons or neuronal networks that cause
seizures [2]. Therefore, drug therapy has been limited to the treatment of neuronal targets. There are more than 30 antiseizure drugs
(ASDs); however, one-third of epileptic patients do not respond to multiple ASDs and develop drug-resistant epilepsy [3]. Individuals
suffering from drug-resistant epilepsy experience a diminished quality of life and have few treatment alternatives aside from surgery.
This condition also brings about physical, psychological, and social repercussions, placing a significant burden on both families and
society [4]. The loss of neurons and the formation of glial scars are two major pathological characteristics of drug-resistant epilepsy,
with reactive astrocytes being the main component of glial scars [5].

In recent years, with the study of the mechanism of epileptogenesis and epilepsy development, astrocytes have been thought to play
a key role [6,7]. In astrocytes from temporal lobe epilepsy (TLE) patients and animal models, the expression of neurotransmitter
receptors, voltage-gated ion channels, inflammatory cytokines, and other proteins changes dramatically [8]. Reinstating the presence
of the glutamate transporter1(GLT1) on astrocytes, decreasing the expression of adenosine kinase (ADK), modulating calcium and
potassium ions, and restraining the hyperplasia of reactive astrocytes can effectively suppress epileptic seizures [9,10]. Accordingly,
astrocyte-based epilepsy therapies may be a promising new direction.
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2. Astrocytes

Astrocytes account for 20%-40 % of the total number of brain cells and are divided into protoplasmic cells and fibrocytes according
to their morphology [11]. Functionally, astrocytes have traditionally been thought to provide only structural support and neurotrophic
function for the brain. In fact, astrocytes, which surround the basal membrane, pericytes, and endothelial cells, are a major component
of the blood-brain barrier (BBB) and are involved in regulating the BBB and blood flow [12]. Moreover, astrocytes produce abundant
mitochondrial reactive oxygen species, which can transport glycolytic metabolites such as 1-serine and 1-lactic acid to neurons, thereby
conserving energy demand, maintaining the redox state, and thus regulating neurotransmitter activity [13]. Furthermore, astrocytes
participate in the formation of tripartite synapses [14], participate in neuronal signal transduction, and regulate Ca®>" and K levels,
subsequently releasing glial transmitters such as y-aminobutyric acid (GABA), glutamic acid, and adenosine triphosphate (ATP),
affecting neuronal excitability and regulating synaptic transmission and plasticity [15]. Therefore, astrocytes are part of tripartite
synapses, which are involved in the regulation of neuronal activity.

Under pathological conditions, such as epilepsy, stroke, neurodegenerative disease, or traumatic brain injury (TBI), astrocytes
rapidly respond to become reactive astrocytes, which are characterized by increased numbers and changes in expression profile,
morphology, and biochemical function [16]. Depending on the model or disease, reactive astrocytes can be classified as Al (cytotoxic),
which secrete a variety of inflammatory factors that damage neurons and lead to their loss, and A2 (neuroprotective), which produce
neurotrophic factors that promote neuron survival. Importantly, in vivo, these reactive states may coexist with spatial and temporal
heterogeneity. Specifically, through single-cell sequencing, it was found that astrocytes in different disease models exhibit different
cell subtypes. Spatial transcriptome found that there were also differences in astrocyte subtypes in cortical, hippocampal, white matter
and other regions [17,18]. In a 4-aminopyridine-induced status epilepticus (SE) mouse model, the expression of Al astrocyte markers
C3 and a circular RNA of circIgflr were upregulated after SE, while the A2 astrocyte marker S100A10 was not significantly changed.
After injecting circIgf1r siRNA into the lateral ventricle, Shao et al. found that circIgflr promotes the polarization of astrocytes towards
the Al phenotype by inhibiting autophagy [19]. Therefore, regulating the transformation of Al-and A2-type astrocytes may become a
new target for epilepsy treatment. Additionally, in TLE patients and Kainic acid (KA)-induced epilepsy mouse models, Chen et al. found
a new reactive astrocyte state characterized by excessive accumulation of lipid droplets in astrocytes, accompanied by elevated APOE
expression, which intensified neuronal excitability [17]. Additionally, lipid accumulation accelerates mitochondrial damage [20]. In
the lithium chlorine-pilocarpine-induced status epilepticus (SE) rat model, Plata et al. used sulforhodamine 101, a specific marker for
astrocytes, and observed a significant increase in astrocyte density after SE. Morphologically, compared with the control group, the
astrocytes were not significantly different in the size of the cell body domain, the number of primary branches or the peak number of
branches in the SE group. However, the distal branch, which is thought to have many Ca®" stores of organelles such as mitochondria
and endoplasmic reticulum (ER), was sharply reduced [21]. Taken together, seizures contribute to morphological changes, reduce the
number of ER and mitochondria in the terminal foot, impair function, and lead to Ca2* imbalance in astrocytes.

3. Astrocyte mitochondria

Mitochondria are dynamic organelles responsible for regulating cell survival and apoptosis, cell energy metabolism, redox sig-
nalling, and maintaining calcium homeostasis. Their dysfunction is associated with a variety of neurological diseases, including stroke,
TBI, Alzheimer’s disease (AD), Parkinson’s disease (PD) and epilepsy [22]. Numerous studies have found that generalized seizures are
related to the mutation of mitochondrial tRNAP'® [23], mitochondrial polymerase y, and mitochondrial tRNA'®, and recent studies
have shown that sporadic epilepsy is also associated with mitochondrial dysfunction [24].

As nonexcitable cells, astrocytes are thought to be energy-saving. However, an increasing number of studies have shown that
astrocytes contain abundant mitochondria [25,26]. Through three-dimensional reconstruction, Aten et al. found that in addition to the
absence of mitochondria in the lobules, mitochondria establish a dense tubular network from somatic to branchlets, including the
end-foot process enclosing blood vessels, and pointed out that the lack of mitochondria in the lobules may be due to spatial limitations
in these fine terminal processes. Interestingly, the number of mitochondria in astrocytes is comparable to that in electrically excitable
neurons [27]. Additionally, in astrocyte processes, delayed fragmentation and autophagic degradation of individual mitochondria
contribute to increased Ca®" signaling, while mitochondrial loss in the astrocyte process is associated with a substantial increase in
Ca?" after oxygen-glucose deprivation [28]. Accordingly, astrocyte mitochondria are involved in regulating important biological
processes.

4. Astrocyte mitochondria are involved in the regulation of neuronal excitability

Biological processes such as the glutamate-glutamine cycle, calcium ions, and ATP contribute to the excitability of neurons.
Meanwhile, neuronal excitability is closely related to epileptogenesis. Therefore, astrocyte mitochondria may be involved in the
pathogenesis of epilepsy because they regulate these processes as explained in the following paragraphs.
4.1. Glutamate metabolism

Glutamate, as an excitatory neurotransmitter, plays an important role in the development of epileptogenesis and is an important

molecule mediating the interactions between neurons and astrocytes. When glutamate is released by the presynaptic membrane, it
drives excitatory amino acid transporter-2 (EAAT-2, known as GLT-1) on astrocytes to be converted into glutamine under the action of
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glutamine synthetase (GS). Glutamine is then transported extracellularly by SNAT3 transporters, followed by SNAT1 transporters to
presynaptic neurons, and finally glutamine is converted to glutamate by glutaminase (GLS) [15]. EAAT2 is responsible for the recovery
of approximately 90 % of glutamate in the synaptic cleft to prevent excessive accumulation of glutamate and excitatory toxicity [29].
In particular, glutamate is transported from the cytoplasm of astrocytes to mitochondria via glutamate carriers (GSs) and aspartate
glutamate carriers (AGSs), which are subsequently converted to a-ketoglutarate (a-KG) by aspartate transferase via glutamate de-
hydrogenase (GDH), aspartate aminotransferase (AAT), alanine aminotransferase (ALAT), branched aminotransferase (BCAT) and
enter the tricarboxylic acid (TCA) cycle. Additionally, in mitochondria, glutamine can be catalysed by phospho-activated glutaminase
(PAG) on the outer surface of the mitochondrial inner membrane to synthesize glutamate and release ammonia [30] (Fig. 1a). In
conclusion, astrocyte mitochondria contribute to the synthesis and metabolism of glutamate.

Seizures cause much glutamate to accumulate in the synaptic cleft, and astrocytes preferentially clear glutamate [31]. AFG3L2,
mutated in infantile syndromes characterized by epilepsy, spastic-ataxia, and premature death, encodes a subunit of the m-AAA
protease that regulates mitochondrial homeostasis. In mice with conditional knockout of Afg312 in astrocytes, m-AAA deletion of
Bergman glia was found, mitochondria showed mitochondrial network fragmentation and mitochondrial ridge deletion, and the
glutamate transporter EAAT2 showed abnormal patchy expression, GFAP upregulation, and even excitatory toxicity [32] (Fig.2a).
Likewise, GC1, the mitochondrial glutamate carrier SLC25A22 was mutated in early epileptic encephalopathy, silenced it in primary
astrocytes, and under the stimulation of glutamate, NADPH formation and ATP levels in astrocytes were reduced, accompanied by
substantial glutamic acid accumulation [33]. Accordingly, mitochondria play an important role in maintaining glutamate homeostasis
in astrocytes. Additionally, among eight adult mitochondrial patients, Chan et al. found that five patients had a history of epilepsy.
Pathologically, astrocyte reactive hyperplasia was observed in mitochondrial patients and epileptic patients, and mitochondria in
astrocytes showed downregulation of complex I and IV subunits. Subsequently, a novel model of mitochondrial epilepsy was
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Fig. 1. The function of astrocyte mitochondria. Mitochondrial dysfunction may lead to increased susceptibility to epilepsy. (1a) The mitochondria
of astrocytes regulate the glutamate-glutamine cycle. (2a) Loss of Afg312 results in disruption of the mitochondrial network, loss of the mitochondrial
ridge, accumulation of glutamate in the synaptic cleft, and ultimately increased neuronal excitability. (1b) Astrocyte mitochondria are involved in
regulating calcium homeostasis. (2b) In animal models of epilepsy, Ca®" levels within astrocytes were significantly increased. Additionally, the
increased Ca®" can induce the release of glutamate and increase the excitability of neurons. Inhibition of MCU on mitochondria or upregulation of
Miro has antiepileptic effects. (1c) Astrocyte mitochondria take fatty acids and glucose as raw materials, producing ATP by p-oxidation and
glycolysis. (2¢) After epileptic insult, extracellular ATP content is significantly increased, which is mainly released by astrocytes, and hemichannels
such as cox43 and panx1 that release ATP on the surface of astrocytes are also significantly increased. However, it is not clear whether astrocyte
mitochondria are related to the changes in ATP content after epilepsy.
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constructed in vitro using fluorocitrate, an enzyme of the tricarboxylic acid cycle responsible for converting citrate to isocitrate, in
conjunction with mitochondrial respiratory chain complex I and IV inhibitors, rotenone, and potassium cyanide, applied to hippo-
campal sections. It was found that the GABA-glutamate-glutamine cycle of astrocytes plays a crucial role in the regulation of
GABA-mediated inhibition [34]. Therefore, astrocyte mitochondria may be involved in the pathogenesis of epilepsy by regulating
glutamate balance.

4.2. Calcium homeostasis

Calcium ions affect the excitability of neurons mainly by promoting the release of synaptic vesicles containing neurotransmitters
and excitatory neurotransmitters. Astrocytes regulate ion exchange and neurotransmitter transfer between neurons and glial cells
through calcium signals. Spontaneous Ca?* signalling in astrocytes is thought to be caused by extracellular Ca®" uptake. In contrast,
stimulus-induced Ca®* signalling is thought to be caused by Ca?" being released into the endoplasmic reticulum via the activation of
the Gq protein-coupled receptor [35]. Ca®" enters astrocytes mainly in the following ways: @ Voltage-gated Ca?* (VGC) channels and
store-operated Ca?" (SOC) channels are responsible for direct Ca?" entry into astrocyte branchlets. @ Through the Na*- Ca?*
exchanger (NCX); ® Ion channels such as NMDAR and transient receptor potential vanilloid 1 (TRPV1) (Fig. 1b) [36]. Ca®t uptake
further activates the Na * -K-ATPase transporter and reverses the Na*- Ca?" exchanger, resulting in the outflow of Na* and the inflow
of Ca®*, which consumes ATP and leads to an increase in local Ca?* concentration. The increased binding of Ca®* to Ca?*-dependent
mitochondrial Rho (Miro) 1/2 proteins on the surface of mitochondria impedes the interaction between mitochondria and motor
apparatus components, such as myosin and adaptors, thereby ultimately impacting mitochondrial movement [28]. Additionally, under
physiological conditions, mitochondrial Ca?t uniporters (MCUs) are mainly responsible for mediating Ca®* uptake, while
Na*-Ca?*-Li* exchangers (NCLXs) are mainly responsible for mediating Ca>" exportation within mitochondria. Moreover, mito-
chondrial Ca®" signalling is tightly coupled to IPsR-mediated Ca* release from the astrocyte endoplasmic reticulum (ER) [37].

Using patch pliers and calcium ion imaging, Go’mez-Gonzalo et al. found that Ca2* elevation in astrocytes was associated with the
initial development and maintenance of focal epileptiform discharges. Selective inhibition of the Ca®* signal in astrocytes can block
paroxysmal discharge but does not affect the generation of paroxysmal discharge [38]. In the KA-induced epilepsy model, Heuser et al.
found that Ca®* signal elevation in astrocytes precedes that in neurons via 2-photon imaging technology, especially in the CA1 region,
which precedes neuronal 8s. In mice with type 2 inositol-1,4,5-adenosine triphosphate receptor (Itpr2~/~) knockout, Ca?* elevation in
astrocytes was eliminated, and epileptiform activity in the knockout mice was reduced by 60 %, as measured by EEG [39]. Similarly, in
a zebrafish model of drug-induced seizures, Verdugo et al. found numerous Ca?* signals within astrocytes preferred to attack and
indicated that activation of glial networks led to a strong increase in neural activity through the action of glutamic acid and gap
junctions [40]. Additionally, sodium voltage-gated channel alpha subunit 1 (Scnla), coding for Nav; ;, a subunit of the voltage-gated
sodium channel, which heterozygous mutations were exhibited in 70-80 % of Dravet syndrome (DS) patients. In a DS mouse model (a
loss-of-function mutation in Scnla), the transient spontaneous inflow of Ca®" in astrocytes was not changed, but the slope of the Ca%t
peak was increased. Likewise, in response to ATP stimulation, the total amount of Ca%* signaling was not changed, but the slope of
instantaneous Ca®" inflow and Ca?* peak in Scnla'/~ astrocytes was increased. These results showed enhanced Ca?" signaling in
astrocytes in animal models of DS [41]. In summary, Ca?" elevation in astrocytes has a spasmodic effect, and Ca" signaling in as-
trocytes is expected to be a new target for epilepsy therapy.

In astrocytes, mitochondria play a regulatory role in the concentration of Ca?" in the cytoplasm [42]. In the pilocarpine-induced SE
mouse model, the Racine score of mice decreased after the injection of adenovirus into the lateral ventricle upregulated miro-1,
suggesting that miro-1 can affect the susceptibility of mice to epilepsy. Meanwhile, Nissl staining, TUNEL assay and the detection
of apoptosis-related proteins such as cleaved caspase-3, Bax and Bcl-2 showed that miro-1 could rescue neuronal necrosis and apoptosis
caused by epileptic injury, and the elevation of S100p was rescued [43]. In magnesia-free SD rat hippocampal neurons, the mito-
chondrial Ca*" concentration increased, and the MCU inhibitor Ru360 significantly decreased the rate of apoptosis induced by epi-
lepsy and the production of mitochondrial reactive oxygen species (ROS) and alleviated seizure-induced ER stress [44]. These
processes are exacerbated by the MCU agonist spermine. In brief, upregulation of Miro or inhibition of MCU had a protective effect on
the occurrence of epilepsy (Fig. 2b). However, the role of mitochondrial proteins related to Ca®* regulation in epilepsy in astrocytes
has not been reported.

4.3. ATP production/metabolism

Astrocytes produce adenosine triphosphate (ATP) through glycolysis and mitochondrial respiration and are responsible for 20 % of
the brain’s total oxygen consumption (Fig. 1c). In the mitochondria of astrocytes, the metabolic reaction of p-fatty acid oxidation
(FAO) using fatty acids as raw materials may produce 3 times more energy than glycolysis [45]. Thus, astrocytes are energy-efficient
cells, while more research is needed to verify whether astrocytes are more energy-efficient than other cell types. In addition to
regulating the production of ATP, FAO can also participate in the synthesis of glutamate, which is then converted into glutamine and
transmitted to neurons. The third role of FAO is to detoxify the fatty acids transmitted by neurons to astrocytes [46]. The primary
cultured rat astrocytes contained 27.9 + 4.7 nmol/mg ATP, which was maintained at a high level for at least 6 h in medium without
glucose and amino acids and decreased by 70 % after 24 h. At 30 min after the application of the respiratory chain inhibitor antiamycin
A or the mitochondrial uncoupling agent BAM-15, the high initial specific ATP content in glucose-hungry astrocytes was almost
eliminated. Inhibition of mitochondrial pyruvate carrier with UK5099 alone or mitochondrial fatty acid uptake with etomoxil alone
had little effect on glucose deprivation of high ATP content in astrocytes during 8-h incubation. The combined application of these two
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inhibitors almost completely depleted the cell’s ATP levels within 5 h [47]. This suggests that mitochondrial oxidation of pyruvate and
fatty acids strongly contributes to maintaining high ATP concentrations in glucose-deprived astrocytes. In conclusion, astrocyte
mitochondria play an important role in ATP production.

In addition to providing energy to cells, ATP acts as an excitatory neurotransmitter by activating a variety of purinergic P2 re-
ceptors [48]. ATP is stored in synapses and astrocyte vesicles, but it can be released from the nerve endings of neurons, dendrites,
axons, or microglia and astrocytes, and is released mainly from astrocytes under excitotoxic conditions [49]. The increase in extra-
cellular ATP in animal models of epilepsy induced by pilocarpine, kainic acid (KA) and pentylenetetrazole and in cell models induced
by magnesium-free medium has been well outlined by Beamer et al. [50]. After epileptic injury, ATP is released into the cell mainly
through the following mechanisms: @ destruction of cell membrane integrity; @ release through connexin 43 (Cx43) in astrocytes and
pannexin-1 (Panx1) hemichannels in neurons and astrocytes; and @ release through vesicles [51] (Fig. 2c). Through the ethidium
bromide uptake test, Dossi et al. found that epileptic activity led to the activation of panx1 channels in the cortical sections of patients
with epilepsy. A luciferin-luciferase luminescence assay showed that extracellular ATP content increased significantly in epileptic
states and that Panx1 regulated epileptoid activities by regulating ATP release and activating the P2 receptor. Similarly, when
Panx1-deficient transgenic mice were injected with KA, spontaneous epileptic seizures were reduced [52]. Furthermore, immuno-
fluorescence double labelling of GFAP and Cx43 in the hippocampus of TLE patients revealed massive astrogliosis, accompanied by a
significant increase in Cx43 [53]. TAT-Gapl9 is a simulated peptide that specifically inhibits Cx43 semi-ion channels. After intra-
peritoneal injection, TAT-GAP19 can reverse the increase in serine levels induced by pilocarpine and play an anti-epileptic role [54].
Therefore, astrocytes influence epileptogenesis by directly regulating the production and relfigease of ATP. However, there is still a gap
in the relationship between astrocyte mitochondria-ATP and epilepsy.

5. The therapeutic effect of astrocyte mitochondria

Mitochondria are organelles that can move from cell to cell. Under pathological conditions, damaged mitochondria in neurons can
be transferred to astrocytes for processing. In cerebral ischemia, the oxygen supply to the mitochondria is impaired, leading to the
production of excessive ROS in neurons, which eventually leads to uncontrolled cell death [55]. Meanwhile, mitochondrial
dysfunction is the main cause of stroke and TBI, and the replenishment of mitochondria in neurons can rescue oxidative stress damage
to a certain extent, reduce cell apoptosis, and thus improve cell survival [56] (Table 1). In animal and cellular models of TBI, Zhao et al.
found that mitochondrial transplantation from liver and muscle tissue can significantly reduce neuronal apoptosis and restore the

Table 1
The therapeutic effects and related mechanisms of mitochondria in different CNS diseases.

Author Disease Model Mitochondria Findings Relevant mechanisms

(year) source

Zhao et al. TBI CCI model Liver and muscle Mitochondrial transplantation can Rescued neuronal apoptosis, and
(2021) tissue improve the spatial memory of TBI mice, restored the expression of Tom20 and

mitochondria reduce anxiety, and have therapeutic the phosphorylation of JNK.
effects.

Hayakawa Stroke Mouse focal cerebral ~ Astrocytic Transient focal cerebral ischemia in mice A calcium-dependent mechanism that
et al. ischemia model; mitochondria led to the migration of astrocytic involves CD38 and cyclic ADP ribose
(2016) OGD and mitochondria into neighboring neurons, signaling.

reoxygenation in thereby enhancing cell survival signals.
vitro

Ni et al. Stroke Mouse focal cerebral ~ Astrocytic Rb1 promotes neuronal function and Rb1 inhibits NADH dehydrogenase in
(2022) ischemia model; mitochondria survival by enhancing mitochondrial mitochondrial complex I and blocks

OGD and transfer from astrocytes. ROS produced by reverse electron
reoxygenation in transport in complex I.
vitro

Sun et al. Glioma U87 cells Astrocytic Mitochondrial transfer boosted the NAD + -CD38-cADPR-Ca2+
(2019) mitochondria expression of genes and proteins associated ~ signaling.

with the TCA cycle, promoted aerobic
respiration, reduced glycolysis, reactivated
the mitochondrial apoptotic pathway, and
suppressed the malignant proliferation of
U87 cells.

Cheng et al. PD A rotenone induced iPSCs-derived iPSCs-derived astrocyte mitochondria can A phospho-p38 depended pathway.
(2021) in vitro PD model astrocyte be used as donors to reduce synaptic

mitochondria degeneration and axon pruning of injured
DA neurons.

Jia et al. Epilepsy  Pilocarpine-induced The mouse After the introduction of external -

(2023) status epilepticus in hippocampus mitochondria, the production of ROS, the
mice mitochondria proliferation of microglia and astrocytes,

and the loss of hippocampal neurons were
alleviated.

TBI, traumatic brain injury; CCI, controlled cortical impact; OGD, oxygen-glucose deprivation; ROS, reactive oxygen species; TCA, tricarboxylic acid;
PD, Parkinson’s Disease; iPSCs: induced pluripotent stem cell; DA, dopaminergic.
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expression of Tom20 and P-JNK [57], thus having a therapeutic effect on TBI. Additionally, Hayakawa et al. found extracellular
particles containing mitochondria in the conditioned medium of rat cortical astrocytes. When rat cortical neurons were deprived of
oxygen-glucose, the level of intracellular ATP and the activity of neurons decreased. ATP levels increased and neuron activity was
restored after astrocyte-derived conditioned medium containing extracellular mitochondrial particles was added to neurons. However,
extracellular mitochondria in astrocyte-conditioned media were removed, the neuroprotective effect disappeared. Fluorescence mi-
croscopy confirmed the presence of astrocyte-derived mitochondria in neurons. Subsequently, the collected extracellular mitochon-
drial particles were injected into the infarct pericortex of mice with focal cerebral ischemia, and immunostaining revealed the presence
of transplanted astrocyte mitochondria in neurons 24 h later [58]. Therefore, astrocytes may release extracellular mitochondrial
particles into neurons, rescuing the loss of neuronal vitality after stroke. Furthermore, when neurons were damaged by oxygen-glucose
deprivation and reperfusion (OGD/R), coculture with conditioned astrocyte culture medium increased neuronal membrane potential
and mitochondrial oxygen consumption [59], suggesting that enhancing mitochondrial transfer in astrocytes could promote neuronal
function and survival against ischaemic stroke. In addition, whether astrocyte mitochondrial transfer affects neuronal metabolism
remains to be further studied.

Moreover, astrocyte mitochondria also have therapeutic effects in glioma, Parkinson’s disease (PD) and other neurological dis-
eases. Mitochondria were isolated from healthy human astrocytes and cocultured with human glioma cells (U87). Confocal microscopy
and transmission electron microscopy showed that mitochondria entered U87 cells through endocytosis mediated by NAD + -CD38-
cADPR-Ca?* signaling and slowed the glycolysis rate of U87 cells, inhibiting the malignant proliferation of U87 cells. In vivo, isolated
mitochondria injected into U87-inoculated tumors were found to inhibit tumor growth and increase radiosensitivity [60]. Accordingly,
mitochondria derived from astrocytes have therapeutic effects on glioma. However, the mechanism of mitochondrial transplantation
on the different functions of neurons and glioma cells still requires further investigation. Using imaging mass cytometry (IMC), Chen
et al. demonstrated reduced signalling of many mitochondrial proteins in astrocytes of patients with PD [61]. In rotenone-induced PD
cell models, induced pluripotent stem cell (iPSC)-derived astrocytes can rescue the neurodegeneration of dopaminergic neurons by
releasing mitochondria and being internalized by damaged neurons via the phosphorylated p38 pathway [62]. In vitro, the survival
rate and mitochondrial membrane potential of the primary cultured cortical neurons were reduced after coculture with cisplatin, a
commonly used chemotherapy drug, and then the surviving neurons were recovered after coculture with astrocytes. It was further
confirmed that the repair effect was achieved by transferring astrocyte mitochondria to damaged neurons [63]. Cisplatin therapy
causes cognitive dysfunction, so we speculate that astrocyte mitochondrial transfer may also ameliorate cognitive impairment caused
by epilepsy, neurodegenerative diseases such as AD, PD, and drug use. Collectively, exogenous supplementation of mitochondria
released by healthy astrocytes can reverse neuronal damage and may be a new therapeutic intervention for stroke, glioma, PD and
other diseases.

Impaired mitochondrial function was observed in different animal models of epilepsy. Transport driver 1 (TRAK1), a key regulator
of mitochondrial motility, was reduced in TLE patient specimens and in pilocarpine-induced epileptic rat models. Knockdown of
TRAK]I resulted in increased mitochondrial fission factor (MFF) in vitro, shortened seizure latency and increased seizure frequency.
Exogenous overexpression of TRAK1 can save the dysfunction caused by TRAK1 knockdown [64]. In a Kv1.1 knockout (KO) mouse
model of epilepsy, Simeone et al. found decreased respiration driven by mitochondrial respiratory complex I and increased Hp0;
levels. Combination therapy consisting of ascorbic acid, alpha-tocopherol, and sodium pyruvate can improve mitochondrial function,
reduce the frequency of seizures, and avoid severe tonic-clonic seizures induced by KA [65]. Moreover, mitochondrial dihydroorotate
dehydrogenase (DHODH) is a primary target for saving metabolic homeostasis in the hyperexcitation hippocampal circuit, and its
inhibitor terifluride reduces CA3-CA1 synaptic transmission, decreases the mean firing rate of neurons in the CA1 region, and reduces
susceptibility to seizures [66]. Therefore, mitochondrial dysfunction plays an important role in the occurrence and development of
epilepsy.

Remarkably, in almost 20 % of patients with primary mitochondrial diseases, epilepsy is the first symptom, which can manifest as
any type of seizure. SE in primary mitochondrial disease often coexists with stroke-like seizures, resulting in poor prognosis and high
mortality due to its treatment resistance [67]. Moreover, after feeding valproic acid (VPA) to rats for 75 days, Ponchaut et al.
discovered that the decrease in mitochondrial respiration induced by VPA was attributed to the depletion of mitochondrial cytochrome
aa3, resulting in a nearly 30 % reduction [68]. Therefore, VPA is the most well-known of mitochondrial toxic AEDs and should be used
with caution in patients with POLG1 mutations or myoclonic epilepsy with ragged-red fibre (MERRF). Additionally, phenobarbital
(PB), carbamazepine (CBZ), oxcarbazepine (OXC), gabapentin (GBP), etc. may affect mitochondrial metabolism, such as diminishing
ATP production, reducing mitochondrial isozyme, inhibiting mitochondrial transaminase isozyme, and ultimately inducing or
aggravating primary mitochondrial diseases [69]. Hence, new treatments are urgently needed for seizures associated with primary
mitochondrial diseases.

Interestingly, both in vitro and in vivo, a small number of studies have found that mitochondrial transfer has a therapeutic effect on
epilepsy. In a hybrid cell model constructed by fusion of human osteosarcoma 143B cells containing the A8344G mutation in mtDNA
with enucleated skin fibroblast fusion from patients with clinically proven MERRF syndrome, Chang et al. found that after mito-
chondria were transferred by the cell-penetrating peptide Pep-1, the internalized mitochondria were maintained for 15 days in the
cytology department, accompanied by cell survival and functional recovery [70]. In pilocarpine-induced SE mice, exogenous mito-
chondria derived from the mouse hippocampus were injected into the caudal vein for treatment. Ethologically, artificial mitochondrial
transplantation can improve the cognitive dysfunction, anxiety and depression caused by SE. In terms of pathological changes, arti-
ficial mitochondrial transplantation can mitigate neuronal loss, inhibit the activation of microglia and astrocytes induced by SE [71].
However, whether the exogenous mitochondria incorporate into neurons, astrocytes or microglia, and through what mechanism affect
neuronal survival and glial cell activation still need to be further explored. Notably, mitochondrial transplantation may be a new
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strategy for the treatment of epilepsy and its related psychiatric cognitive dysfunction. However, there are still many research gaps
regarding the extraction, dosage, injection mode of astrocyte mitochondria, and therapeutic role in different types of epilepsy.

6. Summary

Astrocytes take part in tripartite synapses and play an important role in epileptogenesis. They protect neurons from overexcitation
under physiological conditions. Healthy mitochondria can transfer to damaged neurons and play a protective role. The dysfunction of
astrocyte mitochondria leads to an imbalance in glutamate homeostasis, calcium homeostasis and ATP production, ultimately affecting
the excitability of neurons. To date, there have been few studies on the exogenous supply of astrocytes to treat epilepsy. The role of
astrocyte mitochondria in different types of epilepsy, such as TLE, mitochondrial epilepsy and drug-resistant epilepsy, and the related
mechanisms need to be further studied. Importantly, epilepsy is often associated with cognitive impairment, and astrocyte mito-
chondrial transfer seems to be a new treatment strategy for cognitive impairment after epilepsy. Finally, disease-specific techniques for
astrocyte mitochondrial health need to be explored and optimized.
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