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Abstract: The following review considers current concepts concerning the characteristics of DRP1-
related mitochondrial division in brain cells during hypoxic-ischemic pathology. The functional
role of DRP1 in neurons and astroglia in cerebral ischemia conditions was analyzed. We discuss the
potential for regulating DRP1 activity through the selective inhibitor of mitochondrial fission, mdivi-1.
The article also presents data on DRP1 involvement in astro- and microglia-mediated intercellular
mitochondrial transport. Understanding of the molecular mechanisms responsible for mitochondrial
fission during hypoxic-ischemic exposure will allow us to consider DRP1 as an effective therapeutic
target for treating conditions with a hypoxic component.
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1. Introduction

Hypoxia is a condition in which the body or specific tissues and organs experience a
lack of oxygen due to external factors or unfavorable internal conditions. It is a significant
factor in the development of various diseases and can be classified into several types based
on its underlying causes including circulatory, anemic, histotoxic hypoxia, etc. Ischemia
is a special case of circulatory hypoxia, in which blood supply to a certain area of tissue
or organ is partially or completely stopped. Regardless of the cause of cerebral hypoxia,
the outcome invariably involves the development of a series of pathological biochemical
changes referred to as the “ischemic cascade”. This, in turn, results in damage to nervous
tissue and the death of brain neurons through necrosis or apoptosis, continual disruptions
of neuronal plasticity, inhibition of the activity of adaptive transcription factors, and, as a
consequence, disturbances in the expression of protective proteins [1]. The initial stage in
initiating the hypoxic/ischemic cascade is a decrease in the level of oxygen supplied to the
brain, resulting in a macroergic compound deficiency.

The mechanisms underlying brain damage in hypoxia are actively studied, but much
remains unclear. It is evident that mitochondria, which undergo several morphofunctional
changes, play an active role in adapting to such effects. The increase in the cell’s energy
demands leads to intensified mitochondrial dynamism, which involves the organelle bio-
genesis, fission, fusion, movement and mitophagy [2,3]. However, despite researchers’
growing interest, the molecular mechanisms that regulate mitochondrial dynamics remain
poorly understood. Recently, the view that mitochondrial fission is an early molecular
event that induces apoptosis in various cell types, such as neurons, gained popularity [4].
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However, recent studies suggest that traditional notions regarding the compensatory nature
of mitochonderial proliferation in various tissues cannot be discounted [5]. Thus, in partic-
ular, it is important for maintaining neuronal function, including dendrite and dendritic
spine development, neurotransmitter release, long-term potentialization induction, and
mobilization of the reserve pool of neurotransmitter vesicles in the synapse [6-8].

Numerous studies demonstrate excessive activation of mitochondrial fission in cere-
bral ischemia [9], which allows us to consider mitochondrial dynamics as a potential
target for neuroprotective effects, in particular through the inhibition of DRP1 protein.
It is known that among the developed DRP1 blockers, MitoQ currently has passed the
second phase of clinical trials [10], showing its efficacy in many diseases with a hypoxic
component, thus emphasizing the relevance of targeting DRP1 in the development of
modern therapeutic strategies.

Therefore, the present review discusses the role of DRP1-mediated mechanisms of
mitochondrial dynamics regulation, examining their characteristics in neural tissue under
brain hypoxia and their potential as a therapeutic target.

2. Role of DRP1 in the Regulation of Mitochondrial Dynamics

Mitochondrial fission is one of the modes of mitochondrial biogenesis that occurs in
a stepwise, energy-dependent process. The activation of outer mitochondrial membrane
(OMM) fission is facilitated by DRP1 (dynamin-related protein), a large cytoplasmic GT-
Pase belonging to the dynamin family, which is involved in the formation of membrane
vesicles during endocytosis. DRP1-mediated mitochondrial fission enables organelle prolif-
eration and also plays an important role in mitochondrial quality control and regulated
apoptosis [11].

It is assumed that the selection of DRP1-dependent fission variant is regulated by
adaptor proteins—Mf{f, Fis1, MiD49 and MiD51, with Mff (mitochondrial fission factor)
and Mids (mitochondrial dynamics protein) proteins providing equatorial fission and
mitochondrial proliferation, while Fis1 (Fission 1) protein regulates their fragmentation [12].

One of the conditions for the initiation of mitochondrial fission with Mff involvement
is their interaction with the tubules of the endoplasmic reticulum (ER), which is necessary
to reduce the average diameter of mitochondria [13]. Thus, the regulation of actin assembly,
required for mitochondrial pre-compression prior to Drpl recruitment, binding of Drp1 to
adaptor proteins, and its oligomerization, is mediated by ER-associated inverted formin 2
(INF2), which interacts with formin-binding SpirelC that is fixed in mitochondria [14]. The
DRP1 protein oligomers undergo subsequent GTP-dependent self-assembly, resulting in
the formation of a ring-shaped structure surrounding the mitochondrion. The compression
of the mitochondrion eventually leads to its splitting, fueled by GTP energy.

In addition, it should be noted that, besides the traditional ER-mediated mechanism of
DRP1 participation in mitochondrial fission, there are active ongoing discussions regarding
the role of other cellular structures—elements of the cytoskeleton, vesicles of the Golgi
apparatus [15,16]—in ensuring physiological and pathological, in particular, ischemia-
induced, mitochondrial fission.

For example, actin polymerization on mitochondria has been shown to regulate Drp1
recruitment to the mitochondria’s outer membrane. In addition, proteins involved in the
regulation of the actin cytoskeleton, such as Arp2/3, cofilin, cortactin and Septin 2, gelsolin,
and INF2 have been shown to be involved in the regulation of mitochondrial fission [17].
Two types of actin polymerization in response to stress factors have been identified [18].
The first response mechanism involves actin assembly around mitochondria due to damage
caused by mitochondrial depolarization; this process is independent of Drp1 and plays a
role in mitophagy. The second response mechanism is the calcium-induced formation of
actin filaments throughout the cytosol, which leads to increased recruitment of Drpl to
the outer mitochondrial membrane. The involvement of these mechanisms of actin stress
regulation in the control of mitochondrial dynamics in neural tissue under hypoxia requires
further investigation.
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Binding of DRP1 to Mid49 and Mid51 which are distributed on the MOM, also pro-
motes the formation of mitochondrial fission complexes. It has been shown that, in ischemia,
the interaction of DRP1 with Fis1 is a process of “loop binding followed by dissociation” [19].
At the same time, the role of Mid51 is still being debated. It is highly likely that the am-
biguous results regarding its involvement in DRP1-dependent fission are due to the ability
of Mid51 to bind adenosine diphosphate [20], thus determining the strong dependence
of DRP1-Mid51 interaction on the microenvironment. It should also be noted that the
relationship between Drpl, MFF and Mids is not limited exclusively to ligand-receptor
interaction, but also includes numerous reciprocal regulatory influences [21,22], the mecha-
nisms of which may be related to post-transcriptional modifications of Drp1 under ischemia
and hypoxia.

In contrast to equatorial fission driven by the interaction of DRP1 with Mff and Mids,
Fisl enables peripheral fragmentation and is considered to be a major adaptor of DRP1
during stress-induced fission because its binding to DRP1 occurs before the mitophagy,
which is necessary for the separation and subsequent recycling of damaged mitochondrial
sites to lysosomes [23]. Recent research [24] has shown that the mitochondrial Mid51/Fis1
complex regulates the reorganization of the lysosomal network, and its inhibition disrupts
lysosome detachment, leading to dissociation of mitochondrial and lysosomal dynamics
processes, significantly disrupting cellular homeostasis. It is also worth mentioning that
the presence of Fisl effects that are unrelated to its direct interaction with DRP1 and
characterized by its ability to block mitochondrial fusion by inhibiting the GTPase activity
of the fusion proteins Mfnl, Mfn2, and OPA1 casts doubt on viewing Fisl as a DRP1
receptor [25]. However, a recent study [26] showed a direct interaction between Fis1 and
DRP1, and the authors considered Fis1 as a switch from homeostatic to mitophagic division.

Studies of DRP1 regulation have demonstrated that its oligomerization is controlled
by post-translational modification of the protein through phosphorylation, sumoylation,
S-nitrosylation, O-GlcNAcylation and ubiquitination [27], with the phosphorylation and
ubiquitination processes being the most extensively researched. The main phosphorylation
sites in human Drp1 isoform 1 are Ser616 and Ser637, equivalent to S600/5579 in isoform
3 and to S643/5622 in isoform 1 in mouse Drp1 [28]. Other functionally important phos-
phorylation sites include Ser40, Ser44, Ser585, Ser412, Ser684 [10,28]. Phosphorylation at
Ser616 causes activation and subsequent translocation of Drp1 into mitochondria [10]. In
contrast, phosphorylation of DRP1 at Ser637 by protein kinase A promotes its retention
in the cytoplasm, thereby inhibiting fission and protecting mitochondria from autophagic
degradation [29]. Even though Ser637 phosphorylation by PKA is associated with reduced
Drp1 GTPase activity, the effect of other kinases is controversial and depends on a variety
of conditions [10], for example, on the duration of hypoxia—-ischemia exposure. A recent
study has shown that phosphorylation of murine Drp1 at S600 (equivalent to human S637)
acted as an upstream event for S579 (equivalent to human S616) phosphorylation, leading
to mitochondrial fragmentation [28]. However, calcium-dependent calcium phosphatase,
calcineurin, which is activated in response to increased cytoplasmic calcium, by dephos-
phorylating Drp1 at Ser 600 (equivalent to human Ser 637), enhances the translocation
of Drp1 into mitochondria, promoting their subsequent fission [30]. Moreover, increased
calcium levels stimulate calmodulin-dependent protein kinase (CAMK) alpha, which, by
phosphorylating Drp1 at Ser 600 (equivalent to human Ser 637), increases its affinity to Fis1,
also initiating the process of mitochondrial fission [31].

DRP1 ubiquitination is associated with the proteins PINK1 and PARKIN, which belong
to the ubiquitin-proteosomal system (UPS) that mediates mitophagy [32]. Expressed on
the OMM of old or damaged mitochondria, PINK1 is recognized and ubiquitinated by
the Parkin protein. After ubiquitination PINK1 binds to the adaptor protein p62, which
interacts with the key regulator of macroautophagy LC3, PINK1 is transported to the
autophagosome and utilized during mitophagy [33]. Ubiquitination of DRP1 by the
aforementioned proteins leads to its proteosome-dependent degradation and subsequent
inactivation, thus preventing mitochondrial fission.
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It should be mentioned that within the framework of this review we tried to discuss in
more detail those mechanisms of DRP1 regulation, which will be further examined in the
context of the significance of DRP1-dependent mitochondprial fission in neurons and glial
cells under hypoxia—ischemia conditions (Figure 1).
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Figure 1. Interaction of key proteins involved in regulation of mitochondrial fission. CaMK—
calmodulin-dependent protein kinase; Cdk1/CyclinB—Cyclin-dependent kinase 1/Cyclin B complex,
maturation promoting factor; Drpl—GTPase Dynamin related protein 1; LC3—autophagosomal
adaptor protein; MAPK—mitogen associated protein kinase 1; Parkin—E3 ubiquitin ligase Parkin;
PINK—PTEN-induced kinase 1; PKA—protein kinase A; SpirelC—Spire Type Actin Nucleation
Factor 1, actin binding protein; Adaptor complexes proteins: Fisl, Mff, Mid51, INF2, p62. ER—
endoplasmic reticulum. Arrows with circled P—phosphorylation, S-number—serine-residue sites
of phosphorylation. Inhibition is indicated by a bar at the end of the interaction line. Activation is
indicated by arrow.

3. Mechanisms of DRP1-Dependent Mitochondrial Fission Regulation under Ischemia
and Hypoxia Conditions in Neurons

Recent experimental studies demonstrate disturbances in the mitochondrial dynamics
of neurons under ischemia specifically an increase in mitochondrial fission and a decrease
in mitochondrial fusion, while there still is a pressing need to investigate the signaling
pathways that regulate mitochondrial morphology and functional preservation under
hypoxia—ischemia conditions.

In the research by Flippo et al. [34], the authors studied the role of AKAP/PKA-
mediated regulation of mitochondrial fission in mice with focal ischemia. AKAP1 is
an anchoring protein capable of binding protein kinase A (PKA) regulatory subunits
and directing the enzyme to different subcellular compartments [35]. The AKAP1/PKA
signaling complex regulates DRP1 activity through AKAP1-mediated anchoring of PKA to
the OMM [36] followed by phosphorylation of DRP1 by PKA at serine 637, which results
in DRP1 retention in the cytoplasm, thus inhibiting mitochondrial fission [29]. Mice with
AKAP1 deletion exhibited high sensitivity to ischemic damage, corresponding to a larger
ischemic focus volume and increased neurological deficit severity. Transmission electron
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microscopy results showed that loss of AKAP1 leads to a decrease in mitochondrial area
of hippocampal neurons and an increase in the number of mitochondrial contacts with
the ER, suggesting AKAP1’s potential protective effect in preventing the development of
mitochondrial Ca?* overload. Western blotting analysis indicated a significant increase in
DRP1 levels in forebrain mitochondrial fractions from AKAP1-deficient mice, while DRP1
phosphorylation at serine 637 was reduced.

The study by Zhang et al. [37] demonstrates the relationship between the rearrange-
ment of mitochondrial dynamics and the activation of mitogen-activated protein kinase
(MAPK) p38 in cerebral ischemia. P38 MAPK is a stress-inducible kinase that regulates
phosphorylation of intracellular enzymes, transcription factors, and cytosol proteins
that are involved in cell survival and cell death, apoptosis and autophagy, inflammatory
responses, and synaptic plasticity. Inhibition of p38 MAPK in rats with middle cerebral
artery occlusion (tMCAO) reduced mitochondrial fission and mitophagy, contributing to
a reduction in focal size and neurological deficit severity. Subsequent experiments [38]
revealed that DRP1 is a substrate for p38 MARK, which, by phosphorylating DRP1
at Ser 616, activates the fission process, followed by mitochondrial dysfunction and
neuronal death.

The balance between fusion and fission proteins is essential, among other things,
to ensure mitophagy, which plays a crucial role in the pathogenesis of ischemic effects.
Insufficient utilization of damaged mitochondria or excessive degradation of functionally
active mitochondria leads to impaired mitochondrial homeostasis, neuronal damage and
death [33]. The involvement of DRP1 in mitophagy is attributed to its capacity to separate
impaired regions of mitochondria that are further subjected to cleavage, thereby preventing
the accumulation of damage and the development of mitochondrial dysfunction [23].

The study of DRP1 protein level under hypoxia showed that DRP1 is regulated by
Parkin protein [39]. In mouse Neuro2a (N2a) neuroblastoma cells subjected to oxygen-
glucose deprivation (OGD) and reperfusion insult, intense mitochondrial fragmentation
was observed, consistent with increased DRP1 expression and correlating decreased level
of Parkin. Parkin knockdown enhanced DRP1 expression, and Parkin overexpression
induced DRP1 degradation, reduced mitochondrial dysfunction by increasing cytochrome
c-oxidase and ATP synthase activity, and decreased hypoxia-induced neuronal apoptosis.
Thus, DRP1 acted as a downstream effector of Parkin, activating its proteasome-dependent
degradation, which in turn identifies the Parkin-DRP1 pathway as a potential target for
treating diseases caused by ischemia-reperfusion injury.

It was previously noted that the protein PINK1 (PTEN-induced kinase 1) is also
involved in mitochondrial dynamics regulation and has a neuroprotective role in is-
chemia [40]. This study demonstrated that knockout of the PINK1 gene increased neuronal
sensitivity to ischemic injury, while PINK1 overexpression inhibited DRP1 translation, re-
ducing DRP1 translocation from the cytosol to the mitochondrial surface and, consequently,
reducing OGD-induced mitochondrial fragmentation. The involvement of PINK1 in the
regulation of mitochondrial fusion—division processes was further confirmed by admin-
istering the DRP1 inhibitor mdivi-1 (mitochondrial division inhibitor 1). This resulted in
the elimination of the negative effects of PINK1 blockade, reducing neuronal death and
restoring ATP production levels after OGD.

Another study [41], conducted in vivo in a tMCAO model and in vitro with OGD/R
insult, found that ischemia-induced translocation of DRP1 to mitochondria accelerated p62-
mediated autophagosome formation after ischemia-reperfusion. However, DRP1-induced
ROS (reactive oxygen species) accumulation impaired the transformation of autophago-
somes into autophagolysosomes by blocking autophagic flux through the RIP1/RIP3
pathway. In turn, undegraded autophagosomes were secreted as exosomes, triggering an
inflammatory cascade with further mitochondrial damage, massive ROS production, and
impaired autophagosomal degradation, thus establishing a vicious cycle that exacerbates
the condition after ischemia-reperfusion insult. Due to increased translocation of DRP1 into
mitochondria resulting in the accumulation of p62-labeled autophagosomes, indicating
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a shift from mitochondria-associated p62 state to its cytosolic form, the authors hypoth-
esized a likely competitive binding of DRP1 and p62 to a receptor protein on the outer
mitochondrial membrane surface.

Investigation of the role of DRP1 in mitophagy also revealed that the temporary
decrease in mitochondrial membrane potential (MMP) at the mitochondrial fission site
was due to the interaction of DRP1 with the mitochondrial zinc transporter Zip1, which
induces influx of zinc ions from the cytosol into the mitochondrial matrix [42]. Inhibition
of the DRP1-Zip1 system led to the accumulation of damaged mitochondria, impairing
their function by decreasing ATP synthesis and increasing ROS production. At the same
time, excessive zinc entry into the mitochondrial matrix causes neuronal cell death under
hypoxic/ischemic insult. Qi Z et al. [43] also showed that zinc overload leads to a disruption
of the blood-brain barrier due to massive ROS generation in ischemic rat endotheliocytes
both in vitro and in vivo. According to the Western blotting data, zinc accumulation in the
mitochondrial matrix was accompanied by an increase in the ROS level and also correlated
with the increase in the DRP1 level.

4. Response of DRP1-Mediated Processes in Astroglia to Hypoxia

There is an increased interest in the study of the mechanisms of neuro-glial, primarily,
neuron-astrocyte interactions in the ischemic brain damage pathogenesis [44]. Astrocytes
are recognized for their crucial role in the reorganization and repair of nervous tissue during
ischemia. Nevertheless, molecular and cellular mechanisms of astrocytic dysfunction,
and consequently the regulation of neuronal survival during ischemic exposure, remain
poorly studied.

A number of works demonstrate the involvement of DRP1 in mitochondrial network
remodeling in astrocytes in response to damaging effects [45,46]. Thus, Hoekstra et al. [47]
showed that DRP1 knockout alters mitochondrial morphology and localization, increasing
the length and area of the organelles, and decreasing their density in astrocyte processes. In
turn, disruption of mitochondrial distribution in astroglia increased neuronal sensitivity to
glutamate-mediated excitotoxicity, a cell death mechanism associated with excessive accu-
mulation of glutamate in the synaptic gap with subsequent overexcitation of glutamate re-
ceptors, their further depolarization, massive calcium influx, activation of Ca2+—dependent
enzymes and development of mitochondrial dysfunction [48]. The increase in intracellular
Ca?" in response to extracellular glutamate was attributed to compromised intracellular
Ca?* buffering by abnormally distributed astrocytic mitochondria, indicating an important
role of astrocytic DRP1 in neuronal survival [47].

In the study by Quintana DD et al. [49], the authors evaluated the effects of 3 h hypoxia
followed by 10 h reoxygenation on the mitochondrial competence of primary rat astrocyte
cultures. Hypoxia-induced metabolic stress led to a shift in fusion—division processes and
reorganization of the entire mitochondrial network in astrocytes. Hypoxia increased the
number of small mitochondria, which was accompanied with the dephosphorylation of
DRP1 at serine 637, as measured by Western blotting. The researchers believe that such
a rearrangement of mitochondria is a protective response to hypoxia, necessary both to
increase energy production and to facilitate mitophagy during the reoxygenation phase.

The research by Halder A et al. [50] describes a sequence of events that lead to the rear-
rangement of mitochondrial dynamics in astroglia under hypoxia following the activation
of TLR4 and TNFR1 receptors on the astrocyte surface. Astrocytes, acting as resident im-
munocompetent cells of the brain, are known to act like antigen-presenting cells (APC) that
activate links of innate and acquired immunity under pathological influences [51]. Hypoxia-
induced immunity has been shown to be mediated by astrocyte activation of TLR4 (Toll-like
receptor) and TNFR1 (tumor necrosis factor receptor 1), the primary mediators of the innate
immune response in the CNS [52]. In the previously mentioned work by Halder et al. [50]
the C6 astrocyte culture was subjected to OGD conditions and the researchers assessed the
mediators of innate immunity, markers of hypoxia, and mitochondrial dynamics regulator
proteins. The authors found a predominance of mitochondrial fission over fusion processes,
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which corresponded to a decrease in Mfn-1 expression alongside the increase in DRP1
levels. In addition, there was a decrease in mitochondrial membrane potential (MMP) and
increase in apoptosis. Activation of TLR4 and TNFR1 under OGD increased the expression
of the phos-65 subunit of the transcription factor NF-«B.

Previously, it was observed that, by penetrating into the nucleus, phos-65 can in-
duce apoptosis [53] and alter the activity of PGC-1«, a key regulator of mitochondrial
biogenesis [54]. In turn, PGC-1a is known to control the transcription of fusion-promoting
Min1 genes [55], while the regulation of DRP1-driven fission remains the subject of active
discussions. Double-staining experiments performed by Halder et al. showed colocaliza-
tion of phos-65 NF-kB and PGC-1« in astrocytes after OGD, with an initial increase in
PGC-1« 6 h after OGD, subsequently accompanied by a decrease in PGC-1« at both mRNA
and protein levels, thus indicating a possible reciprocal relationship between phos-65 NF-
kB and PGC-1« that leads to decreased fusion and increased mitochondrial fission [50].
Interestingly, a similar mechanism controlling mitochondrial dynamics and subsequent
remodeling of the mitochondrial network was demonstrated in dopaminergic neurons in
the work of Dabrowska A. et al. [56]. Using the ChIP method, the authors showed PGC-1a
binding to the DRP1 promoter, thus determining its direct influence on the regulation
of DRP1 expression. It was shown that moderate activation of PGC-1a increases DRP1
expression, maintaining the fusion—fission balance required for optimal biogenesis; on the
other hand, overactivation of PGC-1a decreases DRP1, while simultaneously increasing
MEFEN2 transcription.

5. DRP1 and Mitochondrial Transfer Activated under Ischemia Conditions

It is known that one of the neuroprotective effects of astrocytes is their participation
in the so-called “horizontal transport” of mitochondria through astrocytic microvesicles,
which is necessary, among other things, for the functioning of neurons under energy-
deficient conditions. Astrocytes respond to various stimuli induced by ischemia/hypoxia,
in particular to elevated levels of extracellular glutamate [57], by increasing the expression
of CD38—ADP-ribosyl cyclase—and consequently increasing the production of cADPH
and Ca®* release from the ER (Figure 2). The elevation of Ca** may lead to the Drp1 activa-
tion by Ca-dependent kinases [58]. Mitochondrial vesicles (MDVs) contain mitochondrial
material and whole mitochondria, and are formed and transported with the participa-
tion of Mirol and Rab7 proteins [59-61]. MDV formation started from the generation of
thin membrane protrusions by Mirol/2 and was followed by DRP1-dependent scission.
Finally, MDVs can be secreted by astrocytes via multivesicular bodies (MVBs) as compo-
nents of extracellular vesicles (EV). Thus, Drpl appears to be essential for intercellular
mitochondrial transport, but the relationship between Drp1 activation, the level of mito-
chondrial fragmentation, and the intensity of mitochondrial exchange between astrocytes
and neurons remains to be established. Other mechanisms of mitochondrial transport
are nanotube tunneling (TNT) and the secretion of undeveloped mitochondria, although
the latter is poorly understood. TNTs are involved in the transport of mitochondria from
astrocytes to neurons [62]. Participation in TNT formation is shown for Ca-binding protein
5100A4 which interacts with the RAGE (receptor for advanced glycation end products)
receptor. In addition, Mirol and Connexin 43 have been identified as key players in mi-
tochondrial transfer via TNT. Mitochondrial transfer from astrocytes to neurons has been
shown to increase neuronal survival, restore neuronal mitochondrial membrane potential,
increase ATP levels, normalize neuronal calcium dynamics, and increase dendrite length
in vitro [62-64]. On the other hand, mitochondria and mitochondria-derived proteins in
extracellular vesicles can stimulate the production of inflammatory responses and influence
immune regulation [65].
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Figure 2. Proposed mechanism of mitochondrial transfer from astrocytes and its potential effects
on neurons. NAD—Nicotinamide adenine dinucleotide; CD38—Cluster of differentiation 38 pro-
tein, with ADP-ribosyl cyclase activity; cADPR—Cyclic ADP Ribose; Drpl—GTPase Dynamin
related protein 1; Mirol—Mitochondrial Rho GTPase 1; Rab7—Ras-related protein Rab-7, GTP-ase;
Cx43—connexin 43 (GJA1), MDV—mitochondria derived vesicles; MVB—multivesicular bodies;
EV—extracellular vesicles; TNT—tunneling nanotubules.

In the study by Liu et al. [66], inhibition of DRP1/Fis1-mediated mitochondrial fission
in proinflammatory type Al astrocytes reduced mitochondrial transport from astroglia
to neurons in both in vitro and in vivo models of ischemia. Using an exosome-mediated
protein antigen delivery system, exosomes carrying heptapeptide P110, which selectively
blocks the DRP1/Fisl interaction, were transported into type Al astroglial cells. Under
ischemic conditions, astrocytes were found to secrete pathological mitochondria, which are
then captured and fused with neuronal mitochondria, exacerbating neuronal mitochondrial
damage by decreasing their mitochondrial membrane potential, decreasing ATP synthesis,
increasing ROS production, and increasing cytochrome c loss. Heptapeptide administration
reduced mitochondrial dysfunction in astrocytes and promoted the transfer of functionally
active mitochondria to nearby damaged neurons, increasing their viability. The results of
immunofluorescence staining also showed an increase in the number of NeuN-positive
cells in the penumbra zone, a perifocal zone localizing around the primary focus of necrosis,
and a decrease in the number of astrocytes expressing the C3 complement component, a
known marker of reactive glia [67].

The study of microglia-mediated mitochondrial transfer demonstrated similar results.
In their other work, Liu et al. [68] showed that the activation of proinflammatory phenotype
M1 microglia in rats with middle cerebral artery occlusion (tMCAQO) was accompanied
by prominent mitochondrial dysfunction and characterized by increased expression of
fission adaptor proteins MFF, Fis1, Mid49 and Mid51, which are required for DRP1 recruit-
ment. M1-type microglia secreted damaged and fragmented mitochondria with reduced
membrane potential (MMR), impaired ATP synthesis and increased ROS production. The
pathologically altered mitochondria were taken up by neurons, where they fused with the
neuronal mitochondria, and contributed to the progression of isch