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Abstract

Diabetic cognitive impairment (DCI) affects approximately 25%–35% of patients with diabetes and is characterized by progressive
cognitive decline. Dysfunction of mitochondria—the energy factories within neurons—is considered a potential pathogenic factor of
DCI, involving processes such as oxidative stress, calcium overload, autophagic dysfunction, and genetic mutations, ultimately disrupting
normal neuronal function. Maintaining mitochondrial quality and function is critical for neuronal health. Recent studies have shown
that there are multiple ways in which cells can communicate signals, such as extracellular vesicles (EVs), tunneling nanotubes and gap
junctions, which can repair and replace damagedmitochondria within receptor cells. Notably, EV-mediated mitochondrial transplantation
has demonstrated significant potential by transferring healthy mitochondria to impaired neurons and restoring energy metabolism and
antioxidant defences, thereby offering novel therapeutic strategies for intervening in DCI progression with valuable clinical translation
potential. This review systematically elucidates multimodal signalling strategies targeting mitochondrial homeostasis, with a focused
analysis on the role of EV-mediatedmitochondrial transplantation in restoring neuronal energy balance, providing a theoretical foundation
for the development of innovative DCI interventions.
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1. Introduction

Diabetes is a chronic metabolic disorder characterized
by persistent hyperglycaemia and insulin resistance (IR).
With changing dietary patterns and the advent of an ag-
ing society, the prevalence of diabetes among adults has
been increasing annually and is projected to reach 642
million by 2040 [1]. Accumulating evidence indicates
that type 2 diabetes mellitus (T2DM) is not only a global
metabolic epidemic but also a significant modifiable risk
factor for both Alzheimer’s disease (AD) and vascular de-
mentia (VaD) [2,3]. Clinically, this risk manifests as a sig-
nificantly higher incidence of cognitive impairment in di-
abetic patients. Such impairment, induced or exacerbated
by diabetes, is collectively termed diabetic cognitive im-
pairment (DCI) and has now become a major central ner-
vous system (CNS) complication of diabetes [4–6]. It is es-
timated that DCI affects 25%–35% of patients with diabetes
and diabetic patients have a 1.5- to 2.5-fold increased risk
of cognitive decline compared with individuals without di-
abetes [7,8]. Unfortunately, the pathological and molecular
mechanisms underlying DCI remain elusive, and effective
clinical treatments are currently lacking.

The pathological mechanisms through which dia-
betes leads to cognitive decline are complex, with chronic

hyperglycemia-induced indirect damage to the central vas-
cular system constituting a critical hub [9]. Specifically,
chronic hyperglycemia promotes the accumulation of ad-
vanced glycation end products (AGEs), exacerbates ox-
idative stress, and triggers systemic low-grade inflamma-
tion, thereby impairing cerebrovascular endothelial func-
tion, accelerating cerebral small vessel disease, and dis-
rupting blood-brain barrier (BBB) integrity [10]. These
changes lead to pathological consequences such as cere-
bral hypoperfusion, microinfarcts, and white matter hyper-
intensities, which represent the core pathological basis of
VaD. Simultaneously, this compromised vascular environ-
ment also provides the “soil” for the development of AD
pathology. Furthermore, the study has found that diabetic
brain tissues exhibit accumulations of pathological proteins
similar to those in AD, such as amyloid-beta (Aβ), hyper-
phosphorylated Tau protein, and AGEs themselves [11],
further supporting a profound molecular link between di-
abetes and AD. Previous study has attempted to treat cog-
nitive dysfunction by targeting these toxic substances, but
such approaches have often failed to effectively halt dis-
ease progression [12]. This suggests that there may be more
upstream, shared driving mechanisms between diabetes-
related vascular pathology and classic neurodegenerative
pathology. Therefore, exploring these early, convergent
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pathophysiological processes is crucial for uncovering the
essence of DCI and identifying new therapeutic targets.

Mitochondria are the energy factories within cells,
and their proper function is crucial for cell survival and
metabolism. Although the brain accounts for only 2% of
total body weight, it consumes 20% of the body’s energy
[13]. Neurons, the primary functional units of the CNS,
have continuous and high-energy demands. However, their
capacity to generate adenosine triphosphate (ATP) via cy-
toplasmic glycolysis is limited, making them highly de-
pendent on the mitochondrial ATP supply and extremely
sensitive to mitochondrial dysfunction. Recent research
published in Science indicates that mitochondrial dysfunc-
tion is a central mechanism in type 2 diabetes. Defects
in mitochondrial quality control, such as mitochondrial
DNA (mtDNA) depletion, impaired mitochondrial dynam-
ics, and abnormal autophagy, trigger electron transport
chain dysfunction [14]. This subsequently activates the in-
tegrated stress response, leading to metabolic dysfunction
[14]. Neuronal mitochondrial damage can cause abnor-
mal central energy metabolism and disrupted cellular sig-
nalling, thereby contributing to various neurodegenerative
diseases [15]. In DCI, disturbances in glucose and lipid
metabolism disrupt mitochondrial functional integrity, in-
cluding induction of the mitochondrial permeability tran-
sition pore (mPTP) opening (resulting in uncontrolled sub-
stance exchange) [16], loss of mitochondrial membrane po-
tential (∆Ψm, indicating impaired energy production), in-
hibition of mitochondrial dynamics (affecting their fusion
and fission balance), impairment of mitophagy (defective
clearance of damaged mitochondria) [15], and oxidative
stress [17]. These changes can further lead to reduced neu-
ronal stability and impaired memory function [18,19]. Col-
lectively, these multiple factors can affect the stability of
function and structural integrity of neuronal mitochondria,
ultimately causing neuronal apoptosis or death and, conse-
quently cognitive impairment. Therefore, an imbalance in
cerebral mitochondrial homeostasis under diabetic condi-
tions may constitute a key pathological basis for DCI. In
other words, the interpretation andmodulation ofmitochon-
drial signalling could be pivotal for the prevention and treat-
ment of DCI, and mitochondrial repair may emerge as a sig-
nificant potential research direction.

Under physiological conditions, neuronal mitochon-
dria convert intracellular nutrients into cellular energy
and perform neuroprotective functions through intercellu-
lar transfer. However, in a glucose and lipid metabolism-
disordered environment, the self-repair capacity of neu-
ronal mitochondria is limited. Severe mitochondrial dam-
age further amplifies defects in the classic mitochondrial
quality control system, thereby mobilizing more active mi-
tochondrial transfer. This process supplements exogenous
healthy mitochondria while clearing endogenous damaged
mitochondria, ultimately promoting organismal recovery
[20]. Consequently, both central and peripheral mitochon-

dria are recruited to aid neurons. Numerous studies report
that mitochondria transfer primarily between cells by tun-
neling nanotubes (TNTs) [21], extracellular vesicles (EVs)
[22], gap junctions [23], and free mitochondria [24,25], as
well as direct extrusion and internalization. Additionally,
mitochondria can be transferred between organs via EVs to
counter intense energetic stress [26]. Multimodal signalling
can restore neuronal mitochondrial function by regulating
mitochondrial transfer. However, under metabolic disorder
mitochondria in astrocytes—the largest glial cells proximal
to central neurons—undergo functional collapse and lose
their neuroprotective role [27]. Moreover, dysfunction in
peripheral IR target organs prevents them from supporting
central neurons to reverse cognitive impairment. Therefore,
exogenous mitochondrial intervention may be effective for
restoring neuronal mitochondrial function, increasing mito-
chondrial quantity, andmaintaining systemic mitochondrial
quality control.

EV-mediated mitochondrial transplantation has re-
cently attracted widespread attention as an emerging strat-
egy. A hypothesis has emerged on the basis of intercel-
lular and interorgan mitochondrial transfer, that proposes
that mitochondrial implantation can ameliorate energy de-
ficiency in target cells. Intriguingly, a novel therapeu-
tic paradigm—mitotherapy—may overcome major bottle-
necks in traditional treatments for mitochondria-related dis-
eases [28]. Extensive basic and preclinical studies have re-
ported that in vitro mitochondrial implantation effectively
restores biological functions in target cells [29,30]. EVs can
adapt to rapidly changing environments, increase transfer
efficiency, reduce allogeneic immunogenicity, and cause
fewer complications. Thus, EV-wrapped mitochondrial
transplantation is proposed to be a promising tool for treat-
ing neurodegenerative diseases.

2. Neuronal Mitochondrial Dysfunction is a
Significant Cause of DCI

Neuronal mitochondria are the energy factories within
cells that generate ATP through oxidative phosphorylation
and participate in various biological functions, such as in-
tracellular calcium signalling, autophagy, and neurotrans-
mitter release. The high energy demands of biological pro-
cesses and limited glycolytic capacity render neurons criti-
cally dependent on mitochondria [31]. As shown in Fig. 1,
mitochondrial dysfunction is an important initiating factor
in the pathological cascade of DCI. Once mitochondria are
damaged, it triggers a series of cellular dysfunctions includ-
ing oxidative stress, calcium dyshomeostasis, impaired au-
tophagy, and decreased genetic stability. The persistence
of these abnormalities collectively undermines the survival
basis and normal function of neurons, ultimately leading
to progressive decline in cognitive ability. Basic research
has indicated that mitochondrial dysfunction readily affects
central neurons in mice with diabetes [32,33]. Concur-
rently, diabetes is often accompanied by hyperglycaemia,
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Fig. 1. Relationships between neuronal mitochondrial damage, diabetes, and cognitive impairment. During the initial stage of
IR, mitochondrial damage is already present in neurons. As the condition progresses to the type 2 diabetes stage, impairment and loss
of mtDNA further disrupt mitochondrial biogenesis and autophagy, leading to a marked decline in overall mitochondrial quality and
oxidative phosphorylation capacity. At this point, excessively activated mitophagy exacerbates neuronal injury. Specifically, loss of
PINK1 function disrupts mitochondrial Ca2+ homeostasis, resulting in calcium overload, which in turn reduces ATP production and
promotes substantial ROS generation. Excessive ROS not only compromises mitochondrial membrane integrity and reduces ∆Ψm but
also induces abnormal opening of the mPTP. This cascade progressively increases the number of damaged neurons, ultimately leading
to decline in learning and memory functions in animals. The figure was created with https://www.biorender.com/. “↑” indicates an
increase or upregulation, “↓” indicates a decrease or downregulation. IR, insulin resistance; mtDNA, mitochondrial DNA; PINK, PTEN
induced putative kinase; ATP, adenosine triphosphate; ROS, reactive oxygen species;∆Ψm, mitochondrial membrane potential; mPTP,
mitochondrial permeability transition pore; DCI, diabetic cognitive impairment.

oxidative stress, and energy disruption—all of which ex-
acerbate neuronal mitochondrial damage and death, sub-
sequently leading to cognitive dysfunction [34,35]. Clin-
ical study also report that hyperglycaemia and hyperinsuli-
naemia can accelerate the formation of neuritic plaques
and cognitive impairment [36]. Furthermore, mitochon-
drial dysfunction is a significant factor in oxidative stress
[32], calcium dyshomeostasis [37], autophagy impairment
[28], gene mutations [38], IR [39], cerebrovascular alter-
ations [40], Tau hyperphosphorylation [41], and Aβ deposi-
tion [42]. These factors also regulate the onset and progres-
sion of DCI [43–45]. Therefore, mitochondrial defects may
be a primary causative factor in DCI. The following sec-
tions will elaborate on the four major aspects of mitochon-
drial dysfunction highlighted in Fig. 1—Oxidative stress,
calcium dyshomeostasis, autophagy impairment, and gene
mutations—and their specific roles in driving DCI.

2.1 Oxidative Stress

Clinical study has indicated that mitochondrial dam-
age occurs in the body before IR progresses to type 2
diabetes [39]. Notably, upon progression to type 2 dia-

betes, mitochondrial oxidative phosphorylation contributes
to the exacerbation of IR [46]. Concurrently, hypergly-
caemia and IR trigger oxidative stress by disrupting the
balance between reactive oxygen species (ROS) produc-
tion and the antioxidant defence system, leading to the ac-
cumulation of destructive ROS that damage lipids, pro-
teins, and DNA and ultimately impair cellular structure and
function [47,48]. Oxidative stress impairs mitochondrial
membrane integrity and fluidity, leading to reduced ∆Ψm
[49] and increased inner membrane permeability and mPTP
opening [50]. These alterations affect mitochondrial mor-
phology and quantity, causing swelling, fragmentation, and
outer membrane rupture [51,52], thereby damaging cellular
membranes and organelles. Basic research confirms that
mitochondrial dysfunction affects central neurons in dia-
betic mice [32,33]. Huang et al. [32] reported that synap-
tic mitochondria—critical for information transmission—
develop imbalanced dynamics and impaired distribution be-
cause of glycogen synthase kinase-3beta/dynamin-related
protein 1 (GSK3β/Drp1)-dependent mechanisms, inducing
oxidative stress and synaptic dysfunction. Yan et al. [33]
demonstrated that enhanced cyclophilin D (CypD) inter-
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action with ATP synthase increases mPTP opening while
reducing ATP production, causing mitochondrial dysfunc-
tion, impaired synaptic plasticity, and cognitive decline in
diabetic brains. Kang et al. [17] reported that neuroinflam-
mation and oxidative stress disrupt neuronal stability, exac-
erbating neural damage through NF-κB and AMPKα/AKT
signalling pathways. However, not all oxidative stress
is detrimental. Kang et al. [52] recently reported that
moderate-intensity regular exercise induces low-level mito-
chondrial stress in pro-opiomelanocortin neurons (POMC)
neurons, promoting healthspan and longevity. Collectively,
these findings suggest that the regulation of oxidative stress
is essential formaintaining neuronalmitochondrial function
and mitigating cognitive decline.

2.2 Disrupted Calcium Homeostasis

Under physiological conditions, mitochondria serve
as the primary energy-producing organelles within cells,
generating ATP through oxidative phosphorylation [53],
with calcium ions acting as key regulatory factors [54].
However, diabetes disrupts intracellular calcium homeosta-
sis, leading to increased mitochondrial calcium influx and
the accumulation of mitochondrial ROS [44]. This sub-
sequently affects cytoskeletal remodelling, cell adhesion,
and the cell cycle. Conversely, calcium overload (ex-
cessive Ca2+ uptake by mitochondria) inhibits oxidative
phosphorylation, impairs ATP production, generates ex-
cessive ROS, and triggers the opening of the mPTP [16].
The mPTP is a nonselective channel whose aberrant open-
ing causes excessive release of nearly one hundred sub-
stances, including Ca2+, ROS, nicotinamide adenine dinu-
cleotide (NAD+), and cytochrome C. The overload of both
ROS and cytochrome C can induce apoptosis. Glucose-
stimulated insulin secretion (GSIS) by pancreatic β-cells
is essential for maintaining normal blood glucose levels,
a process requiring precise coordination of the mitochon-
drial calcium uniporter (MCU) complex [55]. Downreg-
ulation of MCU and its regulatory subunits MICU1 and
MICU2 reduces ATP levels and impairs GSIS in pancre-
atic β-cells, thereby disrupting systemic glucose regulation
[56–58]. Interestingly, in neuronal cells, Ca2+ not only
participates in synaptic transmission and plasticity but also
regulates critical processes such as learning, memory, and
neuronal gene expression [37]. The MCU complex con-
sists of MCU, the dominant-negative isoform MCUb, and
several regulators: MICU1, MICU2, MICU3 (mitochon-
drial calcium uptake regulators), and MCUR1 (mitochon-
drial calcium uniporter regulator 1) [59]. A clinical co-
hort study of encephalopathy patients revealed that loss of
function of MICU1, a phenotype determined by mitochon-
drial Ca2+ loading [60], resulted in inhibited synaptic trans-
mission in neuronal cells. The activity of interneurons in-
volved in regulating learning, memory, and plasticity de-
pends on Ca2+-related signalling proteins and defects in
this system disrupt excitation-transcription (E-T) coupling,

causing encephalopathy [61]. Collectively, these basic and
clinical studies demonstrate that disruption of neuronal mi-
tochondrial calcium homeostasis impairs synaptic transmis-
sion and learning/memory capacity, thereby contributing to
the onset and progression of cognitive impairment.

2.3 Autophagy Impairment

Mitophagy is a specialized autophagic pathway ded-
icated to clearing damaged or superfluous mitochondria,
thereby preventing oxidative stress and apoptotic signalling
and supporting the maintenance of neuronal health [62]. Its
mechanismmay involve neuron-specific PTEN induced pu-
tative kinase 1 (PINK1) mRNA cotransport with mitochon-
dria, facilitating PINK1 translation in dendrites and axons
to enable the removal of damaged organelles [63]. Au-
tophagy acts as a “double-edged sword”. PINK1 deficiency
induces mitochondrial Ca2+ overload, increases ROS lev-
els, and promotesmPTP opening, ultimately leading to neu-
ronal apoptosis [64]. Furthermore, diabetes disrupts neu-
ronal mitophagy activity, slowing mitochondrial clearance
and consequently exacerbating mitochondrial dysfunction
and cellular damage. Park et al. [28] reported that com-
pared with diabetic wild-type (WT) mice, diabetic mice
with neuron-specific Drp1 knockout exhibited increased
engulfment of enlarged mitochondria by large autophago-
somes, accompanied by aggravated synaptic and cognitive
impairment. In summary, mitophagy represents a critical
cellular biological process in neurons, and its dysregulation
is closely associated with the onset and progression of cog-
nitive dysfunction.

2.4 Gene Mutations

mtDNA is a key determinant of cellular energy
metabolism and homeostasis. Its damage and depletion
lead to mitochondrial dysfunction, affecting critical pro-
cesses including energymetabolism, oxidative stress, apop-
tosis, and autophagy [65]. Diabetes induces mtDNA dam-
age and depletion, compromising mitochondrial genetic
stability and gene expression [66]. Such damage, re-
ferred to as gene mutations—including point mutations and
deletions—disrupts mitochondrial morphology and quan-
tity, leading to swelling, fragmentation, and outer mem-
brane rupture, ultimately causing damage to cellular mem-
branes and organelles. Additionally, mtDNA defects im-
pair mitochondrial biogenesis and autophagy, significantly
reducing mitochondrial mass and oxidative phosphoryla-
tion capacity and ultimately diminishing mitochondrial ac-
tivity. Collectively, these alterations disrupt neuronal en-
ergy metabolism, oxidative stress responses, calcium sig-
nalling, autophagy, and apoptotic pathways, resulting in
neuronal dysfunction and death that culminates in cognitive
impairment.

In summary, diabetes impairs neuronal mitochondrial
structure and function through multiple pathways, driving
the neuronal damage and death that underlies cognitive
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dysfunction. Consequently, protecting and restoring neu-
ronal mitochondrial function represents a crucial therapeu-
tic strategy for treating diabetes-associated cognitive im-
pairment.

3. Multimodal Signalling-Mediated
Regulation of Mitochondrial Transfer is a
Key Strategy for Restoring Neuronal
Mitochondrial Function
3.1 Regulation of Intercellular Mitochondrial Transfer
3.1.1 Extracellular Vesicles

EVs are small, lipid bilayer-enclosed vesicles (30–
1000 nm) secreted by living cells [67]. On the basis of their
size and biogenesis pathways, they can be further classi-
fied into the following subtypes: Exosomes [68–70], mi-
crovesicles [71], and mitovesicles [72–75]. EVs regulate
signalling in target cells and facilitate intercellular commu-
nication [76] by transferring diverse cargoes such as mito-
chondria [77,78], nucleic acids [79–85], proteins [81,86–
90], and lipids [75,91]. As illustrated in Fig. 2a, EVs
serve as a primary pathway for intercellular mitochondrial
transfer, with the precise sorting of mitochondrial compo-
nents relying on two distinct mitochondrial-derived vesi-
cle (MDV) pathways. The interactions between mitochon-
dria and EVs can be divided into two categories. One is
the transfer of substances from mitochondria to EVs, mi-
tophagy, a selective autophagy process, maintains mito-
chondrial quality through the encapsulation of damaged or
superfluous mitochondria into autophagosomes for lyso-
somal degradation. Cells selectively target damaged mi-
tochondrial components for lysosomal degradation to pre-
vent the release of inflammatory contents into EVs. This
relies on mitochondrial-derived vesicles (MDVs), small
vesicles that transport mitochondrial proteins to other or-
ganelles. Precise sorting requires two distinct MDV path-
ways: sorting nexin 9 (Snx9)-dependent MDVs (a sub-
set that regulates mitochondrial antigen presentation) de-
liver mitochondrial proteins to EVs [92]. MDVs carry-
ing damaged components are targeted for lysosomal degra-
dation via a Parkin-dependent process. Cells selectively
regulate mitochondrial protein packaging into EVs to pre-
vent release of damaged components [77]. However, not
all engulfed mitochondria are degraded; some autophago-
somes evade the lysosomal pathway and transform into EVs
containing intact or fragmented mtDNA/proteins. These
EVs harbouring neuronal mitochondrial components can
be taken up by adjacent (astrocytes, microglia, and en-
dothelial cells) or distant cells, influencing recipient cell
mitochondrial function and gene expression, or trigger-
ing inflammatory/immune responses. The other direc-
tion involves cargo transfer from EVs to mitochondria:
EVs that transfer cargo to mitochondria can benefit recip-
ient cells by restoring/enhancing mitochondrial function.
For example, astrocyte-derived exosomes (AS-Exos) pro-
tect against traumatic brain injury (TBI)-induced oxidative

stress and neuronal apoptosis by activating nuclear factor
erythroid 2-related factor 2 (Nrf2) signalling and alleviat-
ing neurobehavioural deficits, cognitive impairment, and
brain oedema in rats [93]. Astrocytes release functional in-
tact mitochondria, via a calcium-dependent mechanism in-
volving CD38/cyclic ADP-ribose signalling to neighbour-
ing neurons [94]. Nigrostriatal astrocyte-derived EVs res-
cue neuronal mitochondrial complex I function impaired
by the neurotoxin 1-methyl-4-phenylpyridinium (MPP+)
[95]. Conversely, this transfer can be detrimental. For
instance, A-SMase in the microglia of adult 5xFAD mice
controls the Aβ-induced release of proinflammatory fac-
tors (TNF-α, IL-1α, and C1q), promoting the secretion of
mitotoxic EVs by reactive astrocytes to ultimately induce
neuronal mitochondria-dependent apoptosis [96]. These
mitochondria-EV interactions play significant roles in di-
abetes and its complications. For instance, both astrocytes
and neurons can secrete mitovesicles into the extracellular
environment, a pathway altered under mitochondrial dys-
function. Mitovesicles can be taken up by other cells, af-
fecting recipient cell mitochondrial function and gene ex-
pression [73]. Furthermore, EVs transport functional mito-
chondria to target cells [78,97–99], with the goal of restor-
ing mitochondrial dysfunction during cognitive impairment
[97]. Clinical study has shown that cross-sectional and lon-
gitudinal analyses of EV mtDNA in individuals aged 30–
64 years reveal declining plasma EV mtDNA levels with
age [100]. EVs can acquire mitochondrial components or
products from various sources and transfer them to the mi-
tochondria of other cells, enabling intermitochondrial mate-
rial exchange and functional regulation. As described, mi-
tochondria can transfer components or products to EVs via
mitophagy or othermechanisms. These EVs are taken up by
other cells and deliver their cargo to the target cell’s mito-
chondria. This enables horizontal transfer of mitochondrial
genetic material or proteins, influencing the recipient cell’s
mitochondrial function and gene expression.

3.1.2 Tunneling Nanotubes

TNTs, first reported in 2004, are ultrafine, F-actin-rich
cytoplasmic bridges between cells [101]. Fig. 2b illustrates
how they mediate the transfer of mitochondria between
cells. Specifically, mitochondria travel along the actin fila-
ments within these channels in a process that is dependent
on the proteins mitochondrial Rho GTPase 1 (Miro1) and
Myosin X (Myo10) [20]. TNTs facilitate the transfer of
various organelles and molecules, including mitochondria
[102–105], between adjacent cells and participate in multi-
ple biological functions such as oxidative phosphorylation,
calcium signalling, autophagy, and gene expression. In-
teractions between mitochondria and TNTs can influence
mitochondrial function and state, thereby modulating neu-
ronal responses and adaptation. These interactionsmay also
impact the onset and progression of diabetes and its com-
plications. TNTs may serve as a pathway for mitochon-
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Fig. 2. The main mode of mitochondrial transfer between cells. (a) EVs serve as the primary pathway for intercellular mitochon-
drial transfer, with the precise sorting of mitochondrial components relying on two distinct mitochondrial-derived vesicle pathways: The
Snx9-dependent pathway delivers mitochondrial proteins to EVs, which are subsequently internalized into recipient cells via endocytosis
to achieve functional transfer; conversely, multivesicular bodies (MVBs) carrying damaged mitochondrial components are targeted to
lysosomes for degradation, thereby eliminating abnormal constituents. (b) Through TNTs, mitochondria are transferred from donor cells
to recipient cells along actin filaments within these membrane-bound channels, a process that requires the presence of Miro1 and Myo10.
(c) Via gap junctions mediated by connexins such as Cx43, mitochondria, along with small molecules and ions, can be directly transferred
between adjacent cells through membrane contact sites. (d) In free mitochondrial transfer, donor cells release isolated mitochondria via
exocytosis, which are subsequently internalized by recipient cells through endocytosis—a process dependent on the CD38-mediated
increase in the intracellular Ca2+ concentration. (e) mitochondrial biogenesis, antidiabetic drugs TZDs and exercise promote mitochon-
drial biogenesis via the PGC-1α/NRF1/TFAM axis, leading to increased mitochondrial quantity and quality. The figure was created
with https://www.biorender.com/. “↑” indicates an increase or upregulation. EVs, extracellular vesicles; Snx9, sorting nexin 9; MVBs,
multivesicular bodies; TNTs, tunneling nanotubes; Miro1, mitochondrial Rho GTPase 1; Myo10, Myosin X; Cx43, Connexin 43; TZDs,
thiazolidinediones; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; NRF1, nuclear respiratory factor 1;
TFAM, mitochondrial transcription factor A.

drial dissemination. Zheng et al. [106] demonstrated that
TNTs can transfer healthy mitochondria from astrocytes
to neurons, mitigating neuronal damage. Concurrently,
Chakraborty et al. [21] proposed that α-synuclein (α-
Syn) is transferred from neuronal cells to microglia, while
microglia transfer mitochondria back to α-Syn-burdened
neuronal cells, achieving neuronal rescue through α-Syn
and mitochondrial crosstalk. Furthermore, mitochondria
or lysosomes are transferred from healthy podocytes to in-
jured podocytes via TNFAIP2-TNT-dependentmechanisms
[102,107], thereby delaying the progression of diabetic
nephropathy; thus, TNTs may represent one pathway for
mitochondrial damage and repair in diabetes and its com-
plications.

3.1.3 Gap Junctions

Gap junctions are direct intercellular channels com-
posed of membrane proteins (connexins). As depicted in
Fig. 2c, via gap junctions mediated by connexins such
as Connexin 43 (Cx43), mitochondria, along with small
molecules and ions, can be directly transferred between ad-
jacent cells through membrane contact sites. These chan-
nels allow the passage of small molecules and ions between
adjacent cells, enabling cellular synchronization and coor-
dination. The interaction between gap junctions and mi-
tochondria can modulate mitochondrial function and state,
thereby regulating neuronal energy metabolism, calcium
balance, the antioxidant stress response, and neuroprotec-
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tion. This crosstalk has also been implicated in diabetes.
Gap junctions may act as regulators of mitochondrial ATP
in diabetic conditions; under high-glucose conditions, mi-
tochondrial structural proteins are damaged—reducingATP
production—while decreased connexin expression leads to
increased ATP leakage, collectively accelerating the onset
and progression of diabetes and its complications [108].

3.1.4 Free Mitochondria
Cells can release certain types of free mitochondria,

similar to the EV-mediated release of mitochondria through
exocytosis [109]. As illustrated in Fig. 2d, in freemitochon-
drial transfer, donor cells release isolated mitochondria via
exocytosis, which are subsequently internalized by recipi-
ent cells through endocytosis—a process dependent on the
CD38-mediated increase in intracellular Ca2+ concentra-
tion [110]. However, these released free mitochondria are
not cleared by the original cells; instead, they are predomi-
nantly recognized and phagocytosed by neighbouring cells
via phagocytes, which differs from EV-mediated mitochon-
drial transfer [109]. In obesity, mitochondrial transfer from
adipocytes to macrophages is impaired. Rather, adipocytes
release mitochondria into the bloodstream to induce a pro-
tective antioxidant response in the heart [111]. Therefore,
the release of freemitochondria has unique pathophysiolog-
ical significance and potential organ-protective functions in
metabolic diseases, thereby offering novel perspectives and
therapeutic strategies for intervention.

3.2 Activation of Endogenous Mitochondrial Biogenesis
In the context of diabetes, targeting upstream sig-

nalling pathways to activate mitochondrial biogenesis rep-
resents a viable therapeutic strategy. Furthermore, enhanc-
ing endogenous mitochondrial biogenesis has emerged as a
crucial direction for treating diabetic cognitive impairment,
with studies demonstrating significant potential for restor-
ing mitochondrial renewal capacity through such interven-
tions. Fujisawa et al. [112] demonstrated in vitro that an-
tidiabetic drugs thiazolidinediones (TZDs) such as piogli-
tazone, activate the peroxisome proliferator-activated re-
ceptor gamma coactivator 1-alpha (PGC-1α) pathway, sub-
sequently upregulating the expression of its downstream
key factors nuclear respiratory factor 1 (NRF-1) and mi-
tochondrial transcription factor A (TFAM), and ultimately
promoting mitochondrial biogenesis. This finding indi-
cates that even under metabolically dysregulated condi-
tions, restoring mitochondrial biogenesis through pharma-
cological means remains promising. Furthermore, in dia-
betic animal models, exercise intervention has also been
confirmed to effectively improve mitochondrial biogene-
sis in skeletal muscle by activating the PGC-1α pathway
[113]. As illustrated in Fig. 2e, antidiabetic drugs TZDs and
exercise promote mitochondrial biogenesis via the PGC-
1α/NRF1/TFAM axis, leading to increased mitochondrial
quantity and quality. These findings not only provide a ba-
sis for understanding the pathway’s role in muscle tissue but

also establish a logical foundation for exploring its regula-
tory mechanisms and interventional effects in brain mito-
chondrial dysfunction.

4. Extracellular Vesicle-Mediated
Mitochondrial Transplantation May Serve as
a Medium to Ameliorate the Progression of
DCI

Under physiological conditions, intercellular mito-
chondrial transfer contributes to biological development,
energy coordination, and the clearance of harmful cellular
components. However, in a disordered glucose and lipid
metabolism environment, the clearance of damaged neu-
ronal mitochondria is slowed. Concurrently, mitochondrial
function decreases in central astrocytes, leading to a loss
of their neuroprotective role [27]. In this context, phar-
macological strategies aimed at increasing autophagosome-
mitochondria colocalization and promoting autophagic flux
(e.g., by enhancing autophagosome-lysosome fusion) are
proposed to facilitate the clearance of damaged mitochon-
dria in target cells, thereby achieving cytoprotection [114].
Recently, a novel therapeutic paradigm—mitotherapy—
has emerged to address the major limitations of traditional
treatments for mitochondrial-related diseases [28]. No-
tably, mitotherapy has been applied in clinical settings for
patients with multisystem involvement (including neuro-
logical disorders) due to mitochondrial damage and my-
ocardial ischaemia [30,115,116]. Patients not only exhib-
ited improved energy metabolism but also confirmed the
safety of the therapy [117]. In vivo and in vitro studies by
Yang et al. [118] suggested that the molecular mechanism
underlying mitotherapy may involve the activation of neu-
ronal autophagy through the NAD+/silent information reg-
ulator (SIRT) signalling pathway. This activation upregu-
lates autophagy-related proteins (such as FOXO3, BNIP3,
and LC3), promoting the clearance of Aβ protein and dam-
aged mitochondria, ultimately improving cognitive func-
tion [118]. Ma et al. [29] demonstrated in vivo experiments
that platelet-derived mitochondrial transplantation amelio-
rated cognitive impairment in db/db mice by restoring mi-
tochondrial function and reducing neuronal apoptosis (la-
tency Day 5, db/db vs. db/db + mito, p < 0.0001; path ef-
ficiency Day 5, db/db vs. db/db + mito, p < 0.05; crossing
times, db/db vs. db/db + mito, p < 0.05). Although the use
of mitotherapy has shown promise for improving cognition
in both preclinical and clinical studies (as summarized in
Table 1, Ref. [29,118–123]), numerous challenges remain.
Given that the quality, quantity, and mode of mitochondrial
transfer determine the protective efficacy in recipient cells,
critical questions remain: How can mitochondrial delivery
methods, alloreactivity, and transplantation efficiency be
optimized and assured?

First, EVs can adapt to dynamically changing environ-
ments. Given the diverse cell types and constant communi-
cation within the CNS, EVs may reach locations inaccessi-
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Table 1. Research reports on peripheral-derived mitochondrial therapeutic applications for neuronal mitochondrial damage.
Mitochondrial source Target cells/organs Administration method Mitochondrial concen-

tration/range
Therapeutic outcomes

Healthy mitochondria isolated from
mouse brain tissue

Aβ-damaged SH-SY5Y cells Co-incubation 1.5 × 106/mL Reversed oxidative stress and promoted autophagy [118]

Healthy mitochondria isolated from
mouse brain tissue

Brain of alzheimer’s disease (AD)
model mice induced by Aβ plaque de-
position

Tail vein injection 3 × 106/0.2 mL per
mouse

Improved cognitive ability and enhanced autophagy [118]

Mitochondria from allogeneic liver or
autologous muscle

Cortical neurons/astrocytes/microglia Co-incubation 7 × 106/mL Rescued neuronal apoptosis and upregulated astrocytic
brain-derived neurotrophic factor (BDNF) [119]

Mitochondria from allogeneic liver or
autologous muscle

Injured cortex of traumatic brain in-
jury mice

Cortical injection 1.2–1.4 × 106/mL Restored mitochondrial function, promoted neuronal sur-
vival, improved spatial memory and cognitive function in
mice [119]

Platelet-derived mitochondria Brain of db/db mice Intracerebroventr-icular
injection

1 × 105 particles Increased mitochondrial quantity, restored mitochondrial
function, reduced oxidative stress and neuronal apoptosis,
decreased Aβ and Tau accumulation [29]

Mitochondria from human hepatocel-
lular carcinoma cells (HepG2 cells)

SH-SY5Y cells induced by neuro-
toxin MPP+

Coincubation 1.56–50 µg/mL Increased cell viability and ATP content, elevated glu-
tathione (GSH) levels and mitochondrial complex I activ-
ity, exhibited anti-apoptotic and anti-necrotic effects [120]

Mitochondria from human hepatocel-
lular carcinoma cells (HepG2 cells)

Brain of parkinson’s disease (PD)
mice induced by neurotoxin MPP+

Tail vein injection 0.5 mg/kg Improved behavioural deficits, enhanced electron transport
chain activity, reducedROS levels, prevented apoptosis and
necrosis [120]

Rat pheochromocytoma cells (allo-
geneic) and human osteosarcoma cy-
brids (xenogeneic source)

PC12 cells induced by the neurotoxin
6-hydroxydopamine (6-OHDA)

Cell-penetrating peptide 1
(Pep-1)-mediated coincu-
bation

105 µg/0.2 mL Antioxidant stress and anti-apoptotic effects [121]

Rat pheochromocytoma cells (allo-
geneic) and human osteosarcoma cy-
brids (xenogeneic source)

Medial forebrain bundle (MFB) of PD
rats induced by neurotoxin (6-OHDA)

Medial forebrain bundle
injection (Pep-1-mediated)

1.05 µg per mouse Reduced dopaminergic neuron loss and improved oxidative
DNA damage [121]

Rat brain synaptosomes Human neuroblastoma cells (the hu-
man neuroblastoma cell line LAN5)

Coincubation (synaptic de-
livery system)

2.5 × 107–10.2 × 107

particles/100 µL
Replaced or supplemented damaged mitochondria [122]

Bone marrow mesenchymal stem
cells (BM-MSCs)

Streptozotocin (STZ)-induced renal
proximal tubular epithelial cells
(PTECs)

Coincubation 3.5 × 103 cells/cm2 Inhibited ROS production and suppressed apoptosis [123]

Bone marrow mesenchymal stem
cells (BM-MSCs)

Renal tubular epithelium in diabetic
nephropathy (DN)

Tail vein injection Mitochondria isolated
from 1 × 10⁶ BM-MSCs

Suppressed apoptosis by inhibiting ROS production [123]
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Fig. 3. EV-mediated mitochondrial transplantation may serve as a medium to ameliorate the progression of DCI. Exogenous EVs
enter the CNS via the bloodstream and deliver functional mitochondria to neurons. In this process, the SNARE complex mediates the
fusion of EVs with the neuronal membrane, enabling efficient transfer of mitochondria into recipient neurons. This mechanism not only
significantly increases intracellular ATP levels but also promotes mitochondrial biogenesis (via PGC-1α) and fusion, while suppressing
excessive fission. These synergistic effects collectively improve neuronal function, ultimately leading to enhanced cognitive performance
in experimental models. The figure was created with https://www.biorender.com/. “↑” indicates an increase or upregulation, “↓” indicates
a decrease or downregulation.

ble to cells and can deliver functional molecules or ther-
apeutics to target cells or participate in recipient cell sig-
nalling pathways [124,125]. Second, EVs ensure efficient
mitochondrial transfer with low alloreactivity. Owing to
their small size and solubility, secreted EV cargo can cross
the BBB. As illustrated in Fig. 3, exogenous EVs enter
the CNS via the bloodstream and deliver functional mi-
tochondria to neurons. In this process, the soluble N-
ethylmaleimide-sensitive factor attachment protein recep-
tor (SNARE) complex mediates the fusion of EVs with
the neuronal membrane, enabling efficient transfer [126].
This mechanism not only significantly increases intracel-
lular ATP levels but also promotes mitochondrial biogene-
sis (via PGC-1α) and fusion, while suppressing excessive
fission. Furthermore, compared with live stem cell trans-
plantation, EVs carry inherently lower risks as they can-
not transform into harmful/malignant cells, lack replica-
tive capacity, and exhibit reduced potential to trigger im-
mune reactions [127]. Finally, EVs have minimal side ef-
fects; targeted delivery can increase local therapeutic drug
concentrations while minimizing systemic adverse effects
[128]. D’Angelo et al. [127] proposed that mesenchy-
mal stem cell-derived EVs reduce neuroinflammation and
promote the survival of dopaminergic neurons, positioning
them as promising tools for the treatment of neurodegen-
erative disease. An in vivo study demonstrated that trans-
planting healthy mitochondria (allogeneic liver-derived or

autologous muscle-derived) into the injured cortex signifi-
cantly upregulated BDNF expression in reactive astrocytes.
This suppresses neuronal apoptosis, restores Tom20 ex-
pression and c-Jun N-terminal kinase (JNK) phosphoryla-
tion, improves spatial memory, and reduces anxiety in an-
imals [119]. These findings suggest that exogenous mito-
chondrial transplantation can enhance mitochondrial func-
tion/quantity and exert neuroprotective effects (details in
Table 2, Ref. [26,78,129]). Collectively, these findings
suggest that EVs serve as crucial mediators of interorgan
mitochondrial transfer. Compared with conventional long-
term treatments, mitochondrial transplantation offers dis-
tinct advantages for improving cognitive function, although
significant challenges remain. Therefore, investigating EV
regulatory mechanisms may provide novel insights into the
development of minimally invasive therapies and the iden-
tification of potential biomarkers.

5. Tissue and Cellular Specificity of
Mitochondrial Regulation: Basis for
Regional Selective Vulnerability in the Brain

Under diabetic conditions, mitochondrial regulation
demonstrates remarkable heterogeneity across different
brain regions (e.g., hippocampus vs. cortex) and cell types
(e.g., neurons vs. glial cells), establishing a multi-level reg-
ulatory network that directly influences regional vulnerabil-
ity in DCI. This sophisticated regulatory system operates
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Table 2. Research reports on the interorgan transfer of EV-mediated mitochondria for therapeutic applications in
mitochondrial damage.

Mitochondrial source Target cells/organs Administration method Mitochondrial
concentration/range

Therapeutic outcomes

Human cerebral microvas-
cular endothelial cell line
D3 medium/large EV
(hCMEC/D3 m/lEV)

Oxygen-glucose
deprived hCMEC

Coincubation 10, 25, 50 µg/well
incubated for 24 h,

48 h, 72 h

Increased ATP levels
and mitochondrial
function [78]

hCMEC/D3 m/lEV Ischaemic stroke
mice

Intravenous injection 200 µL m/lEV Reduced cerebral infarct
volume in mice [78]

Palmitate-treated adipocyte
small EV (sEV)

Cardiac is-
chaemia/reperfusion

injury mice

Retro-orbital injection 1 × 109 sEV Induced cardiac ROS
burst and protected heart

[26]
Bone marrow-derived mes-
enchymal stem cell (BMSC)
MVs

Acute lung injury
(ALI) lungs

Intranasal instillation 2 × 105/40 µL
phosphate-buffered

saline (PBS)

Upregulated alveolar
ATP [129]

from the organ level down to specific brain subregions and
individual cell types, collectively determining disease pro-
gression patterns.

5.1 Tissue-Level Specificity: Organ and Brain Region
Adaptation

Current evidence confirms significant mitochondrial
characteristic differences across tissues at multiple levels:
at the organ level, analysis of mitochondrial protein frac-
tional synthesis rates in skeletal muscle, brain, and liver
demonstrates that aerobic capacity and dietary interventions
exert substantially greater effects on the brain and liver
than on skeletal muscle, indicating tissue-specific adapta-
tions according to their respective energy demands [130].
This tissue specificity appears conserved across species,
as RNA sequencing of various water buffalo tissues re-
veals distinct mitochondrial gene expression patterns in
high-energy-demand organs like the heart and brain, par-
ticularly showing apparent tissue-specific differences in
nuclear-encoded mitochondrial genes related to amino acid
metabolism [131]. More importantly, this specificity is par-
ticularly pronounced between different brain regions: neu-
rons in the hippocampal Cornu Ammonis 2 (CA2) subre-
gion not only exhibit unique enrichment of mitochondrial-
related pathways but also possess more than twice the
mtDNA copy number per cell compared to CornuAmmonis
1 (CA1) and dentate gyrus (DG) neurons, indicating signif-
icant mitochondrial functional differentiation even within
the same brain structure [132]. These tissue-specific dif-
ferences show close genetic associations with type 2 dia-
betes. Genome-wide analyses reveal that the expression of
mitochondrial-related genes, such as Tu translation elonga-
tion factor, mitochondrial (TUFM), correlates not only with
the volume of specific brain regions like the caudate nucleus
and putamen but also significantly intersects with type 2 di-
abetes risk. This finding provides an important molecular
basis for understanding regional selective vulnerability in
diabetic cognitive impairment [133].

5.2 Cellular-Level Specificity: Fine-Tuned Regulation in
Neural Cells

At the cellular level, mitochondrial functional hetero-
geneity demonstrates highly refined regulatory character-
istics. Neuronal mitochondria show distinct regional and
subcellular distribution differences: in CA1 and DG re-
gions, axonal mitochondria exhibit simpler morphology
than dendritic mitochondria, while somatic mitochondria
display intermediate complexity between axons and den-
drites. Notably, this cell compartment-specific mitochon-
drial morphology distribution remains relatively stable dur-
ing aging, even with significant neuronal atrophy in the
hippocampal CA1 region [134]. Astrocytes in the adult
human neocortex and hippocampus express different key
mitochondrial enzymes that directly constrain their respec-
tive oxidative phosphorylation capacities, establishing fun-
damental metabolic differences between cells across brain
regions [135]. Under the pathological conditions of di-
abetic cognitive impairment, specific microglial subsets
(such as disease-associated microglia) develop metabolic
imbalance through heightened expression of mitochondrial
complex I-related genes, increasing ROS production and
driving neuroinflammation and neurotoxicity via mecha-
nisms like reverse electron transfer [136]; meanwhile, cere-
brovascular pericytes demonstrate increased mitochondrial
superoxide production, impaired respiratory function and
ATP generation, consequently disrupting BBB integrity
[137]. These findings collectively reveal how different
cell types, through their specific mitochondrial regulatory
mechanisms, form complex interaction networks in DCI
that ultimately collectively drive disease progression.

Themolecular basis underlying this specificity reveals
that mitochondrial gene expression and function follow
distinct rules across different tissues rather than a unified
whole-body program. Recent research transcending the
nervous system demonstrates that mitochondria in different
brain regions—and even within subregions—may possess
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unique molecular signatures of “adaptability” or “vulnera-
bility”. This insight provides crucial direction for DCI pre-
cision treatment: successful intervention strategies must ac-
count for the complex cellular architecture within the brain
and target mitochondrial characteristics specific to vulner-
able brain regions (e.g., hippocampus) and cell types (e.g.,
neurons), enabling development of tailored therapeutic ap-
proaches that address the multi-level specificity of mito-
chondrial regulation in DCI.

6. Non-Mitochondrial Mechanisms and
Their Synergistic Effects in DCI

Beyond mitochondrial dysfunction, DCI progres-
sion is driven by a complex, self-reinforcing pathologi-
cal network comprising systemic metabolic disturbances,
cerebrovascular damage, and chronic neuroinflammation.
These elements do not operate in isolation but engage in
extensive crosstalk, creating a vicious cycle that accelerates
neurological decline.

First, metabolic disturbances serve as the initiating
factor in DCI. Persistent hyperglycemia promotes the for-
mation of AGEs. AGEs are a heterogeneous group of
molecules generated via the non-enzymatic glycation of
proteins, lipids, and nucleic acids. The accumulation of
AGEs can induce amyloid plaque formation, tau hyper-
phosphorylation, and disrupt cellular signalling—such as
by downregulating SIRT1—thereby exacerbating IR and
neurodegeneration [138]. Preclinical study indicates that
sodium-glucose cotransporter 2 (SGLT2) inhibitors, by nor-
malizing blood glucose, can reverse cerebrovascular dys-
function and cognitive impairment in rats with chronic
hyperglycemia, potentially through mitigating oxidative
stress-induced vascular damage [139].

Second, neuroinflammation plays a critical amplify-
ing role in this process. As resident immune cells in the
CNS, microglia respond to various exogenous and endoge-
nous stimuli, including lipopolysaccharide (LPS), ROS,
excess glucose, and fatty acids. Excessive inflammatory
cytokines not only increase oxidative stress but also ex-
acerbate neuroinflammation through specific mechanisms
[140]. Study has found that under high-glucose conditions,
accumulated lipid droplets co-localize with the microglia-
specific inflammatory amplifier TREM1, aggravating lipo-
toxic injury and promoting a neuroinflammatory cascade
via the NOD-, LRR- and pyrin domain-containing pro-
tein 3 (NLRP3) inflammasome. In db/db and high-fat
diet (HFD)/STZ mouse models, pharmacological blockade
of TREM1 with LP17 inhibited the accumulation of lipid
droplets and TREM1, reduced inflammatory damage to hip-
pocampal neurons, and consequently improved cognitive
function [141].

Third, cerebrovascular dysfunction acts as a key
nexus in this vicious cycle. Type 2 diabetes induces en-
dothelial cell dysfunction through transcriptional and post-
transcriptional regulatory mechanisms, increasing vascular

permeability and negatively impacting cognitive function
[142]. Factors such as hyperglycemia lead to increased
ROS, reduced nitric oxide bioavailability, impaired va-
sodilation, and initiation of inflammation [143]. Further-
more, impaired cerebrovascular endothelial function dis-
rupts BBB integrity, allowing neurotoxic substances and in-
flammatory cytokines from the bloodstream to more easily
enter the brain. This forms a positive feedback loop that
further exacerbates neuroinflammation and metabolic dis-
turbances [143].

In summary, the pathogenesis of DCI is a symphony of
interacting pathologies. Metabolic disorders ignite inflam-
mation and vascular injury; inflammation, in turn, amplifies
vascular damage and directly assaults neurons and their mi-
tochondria; and vascular dysfunction creates a leaky BBB
that further intensifies both metabolic and inflammatory in-
sults. This tightly intertwined network underscores that the
development of DCI is not the result of a single linear path-
way but rather the outcome of a complex, synergistic inter-
play among vascular, inflammatory, and metabolic mecha-
nisms. Therefore, future therapeutic strategies must move
beyond single-target approaches and aim to disrupt this in-
terconnected network at multiple points simultaneously.

7. Challenges and Clinical Prospects
DCI currently lacks FDA-approved targeted therapies.

Existing treatment strategies face limitations: while some
novel glucose-lowering medications show potential for im-
proving cognitive scores—for instance, nine systematic re-
views and meta-analyses have demonstrated that glucagon-
like peptide-1 (GLP-1) receptor agonists reduce the decline
in global cognitive function, specifically in overall learn-
ing (p = 0.039; p < 0.00001), in adults with type 2 dia-
betes mellitus comorbid with dementia or AD [144], and
a network meta-analysis of 67 randomized trials compar-
ing 9 classes of antidiabetic drugs revealed substantial het-
erogeneity in their effects on dementia risk, with SGLT2
inhibitors ranking highest (p-score = 0.9315), followed by
GLP-1 RAs (p-score = 0.9253), while insulin was associ-
ated with increased risk (p = 0.0371) [145]. But a separate
analysis of 26 randomized trials indicated that cardioprotec-
tive glucose-lowering drugs overall showed no significant
association with reduced dementia risk (0.12% vs. 0.14%
over a mean follow-up of 31.8 months; OR 0.83, 95% CI:
0.60–1.14; absolute risk reduction (ARR) 0.02%, 95% CI:
–1.00% to 0.09%; I2 = 6.6%), with notable heterogeneity
between drug classes: GLP-1 RAs were effective (OR 0.55,
95% CI: 0.35–0.86), whereas SGLT2 inhibitors showed no
significant benefit (OR 1.20, 95% CI: 0.67–2.17) [146].
Importantly, the average follow-up in these trials was only
about 31.4 months, which may be insufficient to observe
long-term cognitive benefits [146]. Furthermore, although
strict glycemic control can slow cerebral atrophy, it offers
limited protection against progressive decline in specific
cognitive domains. Medications repurposed fromAD treat-
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ment, such as donepezil and memantine, provide only tem-
porary symptomatic relief without halting disease progres-
sion, and their long-term efficacy remains uncertain [147].
Lifestyle interventions like physical exercisemay delay dis-
ease progression but are difficult to implement in elderly
patients and exhibit slow onset of action. These shortcom-
ings underscore the inability of current therapies to target
the core mechanisms of the disease.

The important pathological mechanism of DCI stems
from the direct damage inflicted by metabolic disturbances
on neuronal mitochondria. The combined effects of persis-
tent hyperglycemia, hypoglycemic fluctuations, and conse-
quent oxidative stress disrupt the structural and functional
homeostasis of mitochondria within neurons, thereby trig-
gering hippocampal damage and progressive cognitive de-
cline. This mechanism is clearly validated in animal stud-
ies, which demonstrate that hypoglycemia can induce sig-
nificant hippocampal neuronal injury and cognitive impair-
ment, with this damage being markedly more severe in a
diabetic context [34]. At the mechanistic level, work by
Tang et al. [148] in vivo experiments further reveals that the
Cav-1 protein alleviates neuronal damage and ultimately
improves DCI by precisely regulating the critical mitochon-
drial fission-mitophagy axis—specifically by suppressing
excessive fission and promoting the clearance of defective
mitochondria. This evidence chain clearly demonstrates
that neuronal mitochondrial dysfunction is a pathological
event throughout the development and progression of DCI,
providing a solid theoretical foundation for establishing the
restoration of mitochondrial function as a fundamental ther-
apeutic target.

Mitochondrial transfer represents a pivotal strategy
for restoring the function of damaged cells. To achieve
this therapeutic objective, the EV-mediated delivery path-
way demonstrates multiple unique advantages over alter-
native methods. First, EVs provide natural lipid bilayer
protection for the mitochondria they carry, significantly en-
hancing their stability in the circulatory system and effec-
tively avoiding the innate immune response that may be
triggered by direct injection of free mitochondria. Second,
EVs possess inherent targeting capability and can be arti-
ficially modified by scientists, making precise delivery to
impaired neurons possible with far greater efficiency than
the nondirectional, random connections of TNTs. Further-
more, unlike gap junctions, which are primarily limited to
the exchange of small molecules between adjacent cells,
EVs can achieve long-distance, barrier-crossing transport
of intact, functional mitochondria. Collectively, these char-
acteristics establish EV-mediated mitochondrial transplan-
tation not only as an efficient intercellular rescue mecha-
nism but also as a highly promising therapeutic strategy for
clinical translation, offering novel solutions to overcome
the challenges of immunogenicity, targeting, and applica-
bility associated with other delivery methods.

The therapeutic advantages of EVs have been empiri-
cally validated in numerous studies. For instance, Islam et
al. [129] demonstrated that BMSCs release mitochondrial-
containing microvesicles that are engulfed by epithelial
cells, and intranasal administration of BMSC-MVs in mice
elevated alveolar ATP concentrations (p < 0.05), confirm-
ing EVs as effective carriers for functional mitochondria.
In a 2023 in vivo study, Dave et al. [78] reported that in-
travenous injection of hCMEC/D3-derived m/lEVs effec-
tively reduced cerebral infarct volume in a murine model
of ischemic stroke. Further supporting this, a 2024 in vivo
study by Dave et al. [149] showed that intravenous admin-
istration of mouse brain endothelial cell (mBEC)-derived
EVs significantly diminished infarct volume (p< 0.01) and
improved neurological deficit scores (p < 0.05) in a mid-
dle cerebral artery occlusion (MCAo) stroke model. In-
novatively, Zhang et al. [150] engineered an Arg-Gly-
Asp (RGD)-modified, mitochondria-rich extracellular vesi-
cle mimic (mitoEVM); intravenous delivery in a stroke
model enabled precise targeting of functional mitochondria
to ischemic cerebrovascular endothelial cells, stimulating
angiogenesis (p< 0.0001), mitigating cerebral atrophy (p<
0.0001), and accelerating post-stroke recovery (p < 0.001
or p < 0.0001). Additionally, in vitro and in vivo exper-
iments by Peruzzotti-Jametti et al. [97] established that
neural stem cell-derived EVs ameliorated clinical deficits in
a multiple sclerosis model via mitochondrial transfer (p <

0.05). Collectively, these independent original studies, uti-
lizing diverse cellular sources and disease models, provide
robust cross-validation for the universal applicability of the
central premise that EV-mediated mitochondrial transplan-
tation improves neurological function.

Multiple foundational studies have indicated that com-
pared with traditional long-term treatment methods, EV-
mediated mitochondrial transplantation has certain advan-
tages in improving cognitive function, yet the clinical trans-
lation of these research findings still faces numerous chal-
lenges. Although the lipid bilayer of EVs confers a de-
gree of immune-privileged properties, reducing the risk of
strong innate immune reactions that may be triggered by
the direct injection of free mitochondria, this is not ab-
solute. Studies indicate that the immunogenicity of EVs
is influenced by multiple factors, including cellular origin
[151], particle size [152], surface composition [153], in-
ternal cargo [154,155], production [151] and storage [156]
methods, dosage [157], infusion rate [158], and the poten-
tial formation of a biomolecular corona [159]. Furthermore,
there are bottlenecks in isolation technology. Traditional
ultracentrifugation has low recovery rates (approximately
30%) and is prone to lipoprotein contamination, whereas
emerging techniques such as size-exclusion chromatogra-
phy and polymer-based precipitation improve yield but ex-
hibit insufficient purity. In terms of heterogeneity control,
single-cell analysis revealed that in ovarian tumour cells
(SKOV3), up to 58.6% of a specific subpopulation func-
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tions as high-efficiency secretion units for epithelial cell
adhesion molecule-positive (EPCAM+) exosomes. This
demonstrates a significantly greater degree of specializa-
tion than that in normal epithelial cells, as shown in the hu-
man telomerase-immortalized fallopian tube epithelial cell
line FTE187 (24.4%). Notably, this research overturns the
conventional belief that “high expression implies high se-
cretion”, demonstrating that even within the same cell pop-
ulation, the subpopulation with the strongest surface mark-
ers is not necessarily the primary functional executor [160].
This profound functional heterogeneity poses a fundamen-
tal challenge to traditional quality control strategies that rely
on population-averaged analysis. Additionally, the Interna-
tional Society for Extracellular Vesicles has not yet estab-
lished standardized culture conditions, hindering scalable
production. Finally, engineering modification represents
a key strategy for enhancing the prophylactic efficacy of
exosomes. Through genetic engineering or electroporation
techniques, therapeutic molecules can be precisely loaded
into EVs, including surface modifications and cargo load-
ing strategies. More critically, the therapeutic strategy it-
self carries an inherent immunogenic risk that constitutes
another major challenge. A simple “mitochondrial supple-
mentation” strategy requires extreme caution, as exogenous
mitochondria or their components may trigger cyclic GMP-
AMP synthase (cGAS) recognition during delivery, lead-
ing to type I interferon responses and neuroinflammation,
which could exacerbate the pathological progression of DCI
[161]. This risk has been validated in multiple experimen-
tal models. For instance, Zeng et al. [162] directly demon-
strated in vitro that IL-6 induces mtDNA leakage and ac-
tivates the cGAS–STING pathway, leading to the produc-
tion of EVs enriched in mtDNA and the immune check-
point molecule PD-L1, which ultimately drives immune es-
cape. This finding clearly reveals the specific detrimen-
tal effects of cGAS–STING activation in pathological con-
texts. Furthermore, Fan et al. [163] confirmed in vivo that
EVs derived from damaged hepatocytes promote skeletal
muscle inflammation via the mtDNA–cGAS/STING axis,
whereas inhibiting liver EV secretion or STING signalling
effectively alleviates cirrhosis-associated muscle atrophy.
Based on these mechanisms, we explicitly propose that fu-
ture strategies employing engineered EVs formitochondrial
transplantation must prioritize “avoiding cGAS–STING
pathway activation” as a core design principle, achievable
through measures such as ensuring mitochondrial mem-
brane integrity or combining anti-inflammatory agents to
systematically mitigate immunogenic risks. Collectively,
these multifaceted challenges—spanning immunogenicity,
production efficiency, functional heterogeneity, and manu-
facturing standardization—significantly hinder the clinical
translation of EV-based mitochondrial transplantation ther-
apies.

To systematically mitigate these risks, several targeted
strategies have been developed: for instance, selecting less

differentiated cells (such as MSCs) as the source of EVs
[151]; prioritizing small EVs to enhance delivery efficiency
[152]; modifying the surface with “don’t eat me” signals to
avoid clearance by immune cells [153]; optimizing endoge-
nous loading to evade immune recognition [154,155]; im-
proving production processes to avoid ultracentrifugation
and dead-end filtration [151]; adding cryoprotectants to en-
hance storage stability [156]; avoiding repeated adminis-
tration to reduce cumulative exposure [157]; implementing
premedication and low infusion rates to improve tolerance
[158]; and incorporating complement regulatory factors to
suppress complement system activation [164]. By system-
atically outlining both risk factors and corresponding mit-
igation strategies, we aim to provide a more comprehen-
sive risk management perspective for future research in this
field. Notably, to address the low yield of EV-Mito, a re-
cent in vitro and in vivo study revealed that the release of
EV-Mito from MSCs is regulated by the CD38/IP3R/Ca2+
signalling pathway. Activation of this pathway via nonvi-
ral genetic engineering enabled the “super donor MSCs”,
which yielded three times more EV-Mito than normal
MSCs did. In a proof-of-concept model of Leber heredi-
tary optic neuropathy, Super EV-Mito successfully rescued
mtDNAdefects and alleviated related symptoms [165]. Ad-
dressing the aforementioned challenges in the engineering
modification breakthrough direction, researchers have de-
veloped multiple surface engineering strategies to enhance
EV functions. Researchers have developed multiple sur-
face engineering strategies to enhance EV functions. For
instance, one approach incorporates polyethylene glycol
(PEG)-conjugated nanobodies into EVs, which can confer
targeting capability to the isolated vesicles [166]. In par-
allel, another study developed a novel exosome-drug con-
jugate system termed CAR-equipped exosome-drug conju-
gate (CAR-EDC), which effectively integrates chemother-
apy and immunotherapy [167]. This system utilizes exo-
somes derived from genetically engineered chimeric anti-
gen receptor macrophages (CAR-M) cells as carriers. The
surface CAR molecules ensure targeting specificity, while
endogenously high levels of C-X-C motif chemokine lig-
and 10 (CXCL10) provide immune activation functionality.
Furthermore, the covalent loading of the chemotherapeu-
tic drug SN-38 introduces cytotoxic activity. This multi-
mechanism synergy enables CAR-EDC to achieve thera-
peutic effects superior to those of traditional antibody-drug
conjugates (ADCs) [167]. This confirms that the engi-
neering objective of achieving targeting specificity is sup-
ported by validated technical pathways, and that the pro-
posed direction is built upon a solid and diverse technolog-
ical foundation. In summary, independent studies across
various neurological disease models provide robust cross-
validation for the broad applicability of EV-mediated mi-
tochondrial transplantation. Whether in models of stroke,
multiple sclerosis, or hereditary optic neuropathy, EVs and
engineered vesicles derived from diverse cellular sources
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consistently improve neurological function and pathologi-
cal markers through mitochondrial transfer. Collectively,
this evidence establishes the strategy as a promising thera-
peutic paradigm that transcends individual disease models,
laying a solid logical foundation for its potential application
in DCI.

We recognize that while in vitro models offer mecha-
nistic clarity, they cannot fully replicate the complex in vivo
microenvironment; similarly, animal models, although re-
flective of overall physiological responses, face significant
obstacles in translation to humans because of species dif-
ferences. Encouragingly, emerging clinical data are begin-
ning to bridge this gap. A triple-blind clinical trial revealed
that MSC-derived exosome eye drops (NCT04213248) ef-
fectively improved corneal damage and severe dry eye dis-
ease through anti-inflammatory and tissue repair mecha-
nisms (tear secretion: Con group vs. treatment 2 week
group, p = 0.010; IL-6: Con vs. treatment 2week or 4week,
p = 0.020 or 0.011), with these improvements persisting
for three months after treatment discontinuation [168,169].
In a Pseudomonas aeruginosa-induced lung injury mouse
model, a human adipose-derived MSC-EVs (haMSC-EVs)
nebulized formulation (NCT04313647) increased the 96-
hour survival rate to 80% by reducing pulmonary inflam-
mation and histological severity (Con group vs. haMSC-
EVs group: p < 0.01). Twenty-four healthy volunteers tol-
erated haMSC-EVs nebulization well, with no serious ad-
verse events observed from the initiation of nebulization
until day 7 postadministration, providing preliminary thera-
peutic approaches for clinical lung disease treatment [170].
Collectively, this evidence chain from basic to clinical re-
search indicates that despite the limitations of experimental
models, the therapeutic mechanisms they reveal are likely
applicable in humans. The series of positive outcomes from
preclinical studies to human trials demonstrate the signifi-
cant advantages of EV therapy in terms of safety, tolerabil-
ity, and potential efficacy, providing encouraging prelimi-
nary support for real-world translation while clearly outlin-
ing key directions that require further validation in larger-
scale clinical trials.

Although there are currently no direct clinical stud-
ies on the use of EV-mediated mitochondrial transplanta-
tion for the treatment of cognitive dysfunction in diabetes,
we constructed a rational extrapolation method on the ba-
sis of existing successful EV clinical trials. We highlight
that translating this platform into cerebral mitochondrial
supplementation therapy faces core challenges, including
ensuring efficient and targeted delivery of functional mi-
tochondria to specific neurons and maintaining mitochon-
drial viability during large-scale production. Future re-
search should focus on developing novel engineered EVs to
enhance their brain-targeting ability and consider designing
an early-phase clinical trial incorporating neuroimaging as-
sessments. This trial would evaluate, in patients with type
2 diabetes and mild cognitive impairment, the added value

of mitochondria-loaded EVs (e.g., administered via innova-
tive routes such as intranasal delivery) compared with con-
ventional EVs in improving neuronal energy metabolism
and cognitive function, thereby establishing a novel thera-
peutic paradigm for EV-mediated mitochondrial transplan-
tation.

Current evidence indicates that EV-mediated mito-
chondrial transplantation holds clear potential for improv-
ing neurological function, yet the field remains marked by
critical mechanistic gaps and conflicting research outcomes
that demand further investigation. A central unresolved
question concerns the precise mechanisms linking periph-
eral mitochondrial dysfunction to central neuronal dam-
age. While preliminary evidence suggests the existence
of neuro-peripheral mitochondrial stress signalling in ag-
ing and disease states, the specific molecules responsible
for transmitting these signals (such as certain mitochondrial
stress secretory factors) and their reception mechanisms
in the CNS remain at the forefront of research [171,172].
Simultaneously, contradictory experimental data highlight
the complexity of biological systems: for instance, m/lEVs
may play a more significant role in mediating mitochon-
drial transfer than small EVs, contrasting with conventional
understanding [78]; more notably, Li et al. [173] found
in vivo experiments that mitochondrial transplantation pro-
duced significant therapeutic benefits in juvenile mouse
models but yielded limited effects in adult models. This
age-dependent efficacy disparity underscores the profound
influence of the host microenvironment on treatment out-
comes. These gaps and contradictions demonstrate that we
still have considerable ground to cover in fully understand-
ing the mechanisms of EV-mediated mitochondrial trans-
plantation, which constitutes a key direction for future re-
search in this field.

8. Outlook
Neuronalmitochondrial dysfunction is a potential trig-

ger of age-related neurodegeneration and cognitive decline,
making the targeting ofmitochondrial homeostasis a critical
breakthrough point for the prevention and treatment of CNS
diseases. Extensive research has revealed that mitochon-
drial function is regulated bymultimodal signalling, provid-
ing new perspectives and methods for elucidating interac-
tions between neuronal mitochondria and the extracellular
environment or other cells. These interactions may involve
various physiological and pathological processes, such as
tissue development, regeneration, aging, metabolism, im-
munity, and inflammation. By analysing material exchange
and signal transduction between mitochondria and multi-
modal signalling, the molecular mechanisms and regula-
tory networks of these processes can be elucidated, pro-
viding a basis for the discovery of new biomarkers and
therapeutic targets. Studies on multimodal signalling reg-
ulation of mitochondrial function also provide new ideas
and platforms for developing diagnostic and therapeutic
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strategies [26,78,106,108,109,129]. The detection of EVs
containing mitochondrial components or products can re-
flect mitochondrial function and status, thereby assessing
the health of neurons or brain tissue. Modification of the
quantity or properties of EVs carrying mitochondrial com-
ponents or products can influence neuronal or brain tis-
sue mitochondrial function, enabling disease prevention
or treatment. For example, injecting EVs containing nor-
mal mtDNA or proteins can repair damaged or defective
mitochondria, thereby ameliorating mitochondrial-related
neurodegenerative diseases. However, the translation of
current animal model-based research findings into clinical
practice faces significant challenges. First, species differ-
ences represent a major obstacle, as fundamental distinc-
tions between humans and animal models like mice in im-
mune system function, BBB permeability, and metabolic
pathways limit the direct extrapolation of animal experi-
mental results. Second, standardized protocols for large-
scale production and quality control of EV therapies have
not been established, hindering the reproducibility and stan-
dardization of their clinical application. Furthermore, con-
trolling functional heterogeneity remains a substantial chal-
lenge, as even within the same cell population, signifi-
cant differences exist among functional subpopulations se-
creting EVs, posing a fundamental challenge to traditional
quality control strategies relying on population-averaged
analysis. Although engineering modifications represent a
key strategy for enhancing targeting and efficacy, system-
atically evaluating how to balance modification efficiency
with immunogenicity risks and ensure long-term safety re-
mains necessary. Finally, the immunogenicity risk in the
clinical translation pathway cannot be overlooked, as ex-
ogenous mitochondria or their components may trigger in-
nate immune responses through pathways such as cGAS-
STING, requiring this to be a core consideration in car-
rier design. In summary, the regulation of neuronal mito-
chondrial function by multimodal signalling is an emerg-
ing and cutting-edge research field with significant bio-
logical implications and clinical application value. Future
work should further explore the mechanisms, effects, reg-
ulatory factors, and influencing factors of mitochondria-
multimodal signalling interactions, as well as their changes
under various physiological and pathological conditions.
These findings provide more evidence and theoretical sup-
port for understanding the role of mitochondrial function
in maintaining neuronal homeostasis and its impact on the
onset and progression of diabetes and its complications.

9. Conclusion
Neuronal mitochondrial dysfunction is one of the im-

portant pathological links in the occurrence and progres-
sion of DCI, making the regulation of neuronal mitochon-
drial homeostasis a key breakthrough point for the pre-
vention and treatment of CNS diseases. Among these
strategies, EV-mediated mitochondrial transplantation is

the most promising strategy. It promotes therapeutic tar-
geting from the traditional molecular level to the level of
organelle functional repair and replacement while offering
broad prospects for clinical translation. However, the clini-
cal translation of this concept faces several challenges, pri-
marily reflected in the suboptimal targeting and delivery
efficiency of EVs, the low in vivo survival rate of exoge-
nous mitochondria, and the unclear mechanisms underlying
their functional integration with the host mitochondrial net-
work. Therefore, future research should focus on enhancing
the safety, targeting precision, and overall efficacy of mito-
chondrial transplantation while also delving deeper into the
regulatorymechanisms of transplantedmitochondria within
neurons.
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