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Abstract

Mixed dementia (MD), characterized by overlapping features of Alzheimer’s disease (AD)
and vascular dementia (VaD), represents the most prevalent form of late-life cognitive
decline. Increasing evidence identifies oxidative stress as a unifying molecular mechanism
driving both neurodegenerative and vascular pathologies in MD. Reactive oxygen species
(ROS) contribute to amyloid-β aggregation, tau hyperphosphorylation, endothelial dys-
function, and blood–brain barrier disruption, creating a self-perpetuating cycle of neuronal
and vascular injury. Mechanistic models demonstrate how chronic hypoperfusion and mito-
chondrial dysfunction exacerbate ROS generation and neuroinflammation, while impaired
Nrf2-mediated antioxidant defense further amplifies damage. Therapeutically, classical
antioxidants show inconsistent efficacy, shifting focus toward mitochondrial protection,
Nrf2 activation, and lifestyle-based oxidative load reduction. Therefore, we sought to
outline therapeutic approaches capable of broadly targeting these mechanisms, through
focused narrative analysis of recent studies employing delivery systems for antioxidant
proteins and/or redox-regulating miRNAs. In particular, experimental interventions using
mesenchymal stem cell-derived extracellular vesicles (MSC-EVs) demonstrate neuroprotec-
tive and anti-inflammatory effects via the Nrf2 pathway, suggesting promising avenues for
multimodal treatment. Integrating oxidative, vascular, and neurodegenerative paradigms is
essential for advancing diagnostic precision and developing targeted interventions capable
of addressing the complex pathophysiology of mixed dementia.
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1. Introduction
1.1. Alzheimer and Vascular Dementia Combine in Mixed Dementia

Dementia is a leading cause of disability and dependency among older adults world-
wide, with Alzheimer’s disease (AD) and vascular dementia (VaD) representing the two
most prevalent forms. Increasing evidence indicates that these conditions often coexist
as mixed dementia (MD), particularly in the elderly population, where overlapping neu-
rodegenerative and cerebrovascular pathologies contribute synergistically to cognitive
decline [1,2]. This coexistence complicates diagnosis and treatment, as the clinical manifes-
tations reflect both amyloid-driven neurodegeneration and ischemic white matter injury.
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The risk factors for cerebrovascular diseases and AD are diverse, often co-occur,
and raise the question of whether dementias involving vascular processes are profoundly
distinct from those caused by the accumulation of amyloid-β 42 and tau proteins or whether
both pathological mechanisms have an additive impact on cognitive activity [3]. Individuals
with AD dementia often exhibit autopsy evidence of mixed brain pathologies, including
a myriad of vascular changes, cerebrovascular injuries, complex brain inflammation, and
mixed protein inclusions in addition to hallmark neuropathologic lesions of AD, namely
insoluble amyloid-β (Aβ) plaques and neurofibrillary tangles (NFTs). Epidemiological data
demonstrate that the coexistence of these lesions lowers the Aβ plaque and NFT threshold
necessary to precipitate clinical dementia [4].

A major pathological contributor to vascular cognitive impairment (VCI) and MD
is chronic cerebral hypoperfusion, which leads to white matter lesions, neuronal loss,
and microvascular dysfunction. Vascular risk factors cause blood–brain barrier (BBB)
impairment and a decreased cerebral blood flow, leading to a reduced brain tissue per-
fusion. Disruption of the BBB—as evidenced by increased permeability measured via
dynamic contrast-enhanced MRI—has been directly associated with white matter injury
and cognitive impairment in both aging and neurodegenerative diseases [5]. Primarily,
BBB dysfunction induces the accumulation of neurotoxic compounds, which are linked to
the production of numerous focal ischemic infarcts and microinjuries caused by hypoxia,
resulting in neuronal damage. Vascular injury increases amyloid precursor protein (APP)
expression and its processing along the amyloidogenic pathway, raising the Aβ-peptide
level. Additionally, BBB injury impairs Aβ peptide clearance, further contributing to
amyloid accumulation. Such deposition in the brain exacerbates neuronal malfunctioning,
hastening the progression of neurodegeneration. Moreover, the Tau protein is hyperphos-
phorylated due to both ATP imbalance and hypoperfusion, which helps generate NFT.
Supporting this, elevated serum zonulin, a regulator of tight junction integrity, has been
observed in patients with AD and MD but not in VaD, indicating early barrier dysfunction
specific to amyloid-related pathology [6].

Despite different points of view, through both amyloidogenic and non-amyloidogenic
routes, events of BBB dysfunction cause neural destruction.

Beyond vascular factors, oxidative stress and neuroinflammation are emerging as
central pathogenic mechanisms bridging AD, VaD, and MD.

1.2. Oxidative and Inflammatory Dysregulation in Dementia

Clinical analyses have demonstrated elevated levels of reactive oxygen metabolites
and reduced antioxidant capacity in patients with AD and MD compared to non-demented
controls, suggesting an imbalance between pro-oxidant and antioxidant systems [7].

A schematic representation of causes and consequences of oxidative stress in the brain
is shown in Figure 1. ROS can be produced by mitochondria, or by the reactions catalyzed
by NADPH oxidases or nitric oxide synthase (NOS). Oxidative stress can also be induced
by reactive nitrogen species (RNS), by the fast reaction of O2•− with nitric oxide (NO),
resulting in the generation of peroxynitrite (ONOO−) that can trigger DNA fragmentation
and lipid peroxidation. Cells respond to oxidative stress by inducing antioxidant enzymes
that can neutralize ROS counteracting cell damage. Nuclear factor erythroid 2-related
factor 2 (Nrf2) enhances the expression of these antioxidant enzymes thanks to its binding
to a specific sequence in the promoter region of these genes called antioxidant response
element (ARE). In normal physiological condition, Nrf2 is sequestered in the cytoplasm
by Kelch-Like ECH-Associated Protein 1 (Keap1) that promotes ubiquitination and degra-
dation of Nrf2 in the proteasome. Nevertheless, when ROS or electrophiles modify the
nucleophilic cysteine sulfhydryl groups on Keap1, Nrf2 is released and it moves to the
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nucleus. Furthermore, Nrf2 also exerts anti-inflammatory activity and modulates both
biogenesis and mitochondrial function. On these bases, Nrf2 is considered an interesting
therapeutic target in counteracting neurodegeneration [8].

 

Figure 1. Scheme of neuropathological features occurring in Alzheimer Disease and in Vascular
Dementia, driving mixed dementia. The focus is on the redox imbalance shared by these diseases
and that potentiates the pathogenetic pathway affecting neuron viability. The blue color was used to
better differentiate the context of brain barrier and the interstitial space between neurons and glial
cells (black color). Modified from Angeloni et al., 2020 [8].
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The newest evidence continues to support oxidative stress as a shared, central mecha-
nism connecting the vascular and neurodegenerative components of mixed dementia—with
one human study explicitly flagging a higher mixed dementia risk tied to a genotype that
impairs resilience to oxidative stress [9]. Lyu in 2024 [10] highlighted mitochondrial
dysfunction and impaired mitophagy as upstream sources of ROS implicated across neu-
rodegenerative and vascular cognitive disorders—again fitting mixed dementia’s dual
pathology. Another work of 2024 [11] synthesizes how chronic hypoperfusion/hypoxia
triggers a vicious cycle of oxidative stress and neuroinflammation that propagates vascu-
lar injury and neurodegeneration—exactly the bidirectional feed-forward loop expected
in mixed dementia. The extent of oxidative stress-related damage may differ across the
subtypes of dementia by being greater in the MD group than in other types of dementia.
Synergic effects of the AD degenerative pathology and white matter lesions might be
associated with oxidative stress damage in the MD group [7]. Both amyloid/tau pathology
(AD) and chronic cerebral hypoperfusion/small-vessel disease (vascular component) in-
crease ROS, neuroinflammation and proteotoxic stress—all canonical activators/clients of
the Nrf2 system. However, aging and disease processes often produce Nrf2 dysfunction,
impairing the endogenous antioxidant response and permitting accumulation of oxidative
damage [12,13]. This is a core reason Nrf2 is centrally relevant in mixed dementia. Here we
summarize oxidative stress markers that are elevated in these pathologies (Table 1).

Table 1. Comparative Table summarizing the shared and distinct oxidative stress biomarkers that are
elevated in Alzheimer’s disease, Vascular dementia, and Mixed dementia. ↑ = increase; ↓ = decrease.

Biomarker
Category

Specific
Markers/Assays Alzheimer Disease Vascular Dementia Mixed Dementia Key Refs

Lipid peroxidation

MDA
(malondialdehyde),

4-HNE
(4-hydroxy-2-nonenal)

adducts,
F2-isoprostanes

↑ MDA, 4-HNE,
isoprostanes in brain
tissue, CSF and blood

↑ MDA/isoprostanes.
measurable
peripherally

Typically ↑, reflecting
additive pathology (AD

neurodegeneration +
vascular oxidative injury).

[14]

Protein oxidation/
nitrosative damage

Protein carbonyls,
3-nitrotyrosine,

methionine sulfoxide

↑ protein carbonyls
and nitrotyrosine in

brain and CSF linked
to tau/Aβ pathology.

↑ protein oxidation
reported in VaD

(secondary to
ischemia).

Mixed cases show markers
of both processes

(neurodegenerative
nitrosative damage +

vascular ischemic
protein oxidation).

[15]

Antioxidant
enzyme levels

(enzymatic activity)

SOD (Cu/Zn and Mn),
Catalase (CAT),

Glutathione peroxidase
(GPx), glutathione

(GSH)

Often ↓ CAT and
↓/variable GPx;

SOD findings variable

Decreased antioxidant
defenses reported (↓
GPx, ↓ SOD/CAT in

some studies),

Reduced antioxidant
capacity generally, pattern

depends on relative burden
of vascular vs. AD
pathology—often
intermediate or

additive deficits.

[16,17]

Non-enzymatic
antioxidants/
redox status

Total antioxidant
capacity, reduced GSH,

thiol levels

↓ GSH/↓ total
antioxidant capacity in

brain and periphery

↓ GSH/↓ antioxidant
capacity reported in

VaD

↓, often reflecting
contributions from
both pathologies.

[18]

Mitochondrial
function—

bioenergetics

ETC complex activities
(I, III, IV), ATP
levels, oxygen

consumption rate

↓ ETC activity (esp.
complex IV), reduced

ATP production,
impaired

mitochondrial
dynamics

and mitophagy.

Mitochondrial
dysfunction in chronic

cerebral hypoperfu-
sion/ischemia

models—decreased
ATP, altered

membrane potential.

Features of both: AD-type
OXPHOS impairment plus

ischemia-driven
mitochondrial deficits—net
worse bioenergetic failure.

[19]

Mitochondrial
genome/markers

mtDNA deletions,
mtDNA copy number,

oxidative mtDNA
damage (8-OHdG)

↑ mtDNA
damage/deletions and
altered copy number
reported in AD brain.

mtDNA damage
reported in brains

exposed to ischemia/
vascular pathology.

Combined mtDNA damage
patterns expected; mixed

dementia may show greater
overall mtDNA damage

due to dual insults.

[19,20]
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Indeed, parallel to oxidative mechanisms, chronic low-grade inflammation (“inflam-
maging”) has been implicated in cognitive decline. In older adults, inflammatory markers
such as interleukin-1β, interleukin-10, and neurofilament light chain show strong associa-
tions with both AD and MD, independent of chronological age and frailty status [21]. These
data suggest that immune dysfunction interacts with vascular and neurodegenerative
processes to determine dementia trajectories. Moreover, genetic studies have revealed that
chemokine receptor 5 (CCR5) deficiency enhances neuronal vulnerability to oxidative stress
and synergizes with the ApoEε4 allele to increase the risk of vascular and mixed forms
of dementia [9]. ApoEε4, the strongest common genetic risk factor for late-onset AD [22],
also promotes cerebrovascular dysfunction, including BBB breakdown, small-vessel injury
and worse outcome after stroke [23]. Together, these mechanisms and epidemiological data
show that APOE4 increases the chance of coexisting AD and vascular pathology, thereby
accelerating cognitive decline in mixed dementia.

Collectively, these findings outline a complex, multifactorial etiology for mixed de-
mentia, in which chronic cerebral hypoperfusion, oxidative and inflammatory stress, and
barrier dysfunction interact to amplify neurodegeneration. Understanding the interplay
between vascular and neurodegenerative mechanisms is thus essential for identifying
effective, multimodal therapeutic strategies capable of addressing the heterogeneity of
late-life dementia.

2. Therapeutic Drugs
Established drug therapies for AD, such as cholinesterase inhibitors and meman-

tine, do not modify the disease course and provide only modest clinical benefits. Two
monoclonal antibodies targeting the Aβ protein (aducanumab and lecanemab) have been
approved in the United States, and two agents (lecanemab and donanemab) have been
recently approved by the Therapeutic Goods Administration in Australia. Clinical trials
have demonstrated that monoclonal antibodies are effective at removing amyloids from
the brain in individuals with early AD. Cognitive benefits are statistically significant, but
do not achieve the minimal clinically important difference [2].

It must be emphasized that amyloid-related imaging abnormalities of vasogenic edema
and microhemorrhages occur more frequently in response to antibody treatment. Although
these events are usually asymptomatic or transient, in some people they are serious or fatal.
Cerebral amyloid angiopathy (CAA) often accompanies dementia-associated pathologies
and is important in the context of anti-amyloid monoclonal therapies due to the associated
risk of hemorrhage [24].

Targeting amyloid as a unimodal strategy is unlikely to be sufficient and future
therapies may need to be multimodal, targeting multiple pathogenic pathways. Since the
burden of dementia is greatest in the older population, where mixed dementia pathology
dominates, identifying effective therapies for this group is a challenge [2]. Cholesterol-
lowering agents, such as statins, which are commonly used in patients with vascular
diseases and dyslipidemia, may affect the progression of VaD. Several previous studies
highlighted the potential therapeutic efficacy of statins in treating VaD [25]. Moreover,
some patients with AD or mixed dementia with indication for lipid-lowering medication
may benefit cognitively from statin treatment; however, further research is needed to clarify
the findings of sensitivity analyses [26].

Since oxidative stress is considered a shared mechanism that accelerates both neu-
rodegeneration (Alzheimer’s pathology) and vascular injury, determining mixed dementia,
antioxidants (e.g., vitamins E and C, polyphenols) have been tested, but large clinical trials
show limited or inconsistent benefits [27,28]. Current research is shifting toward targeting
mitochondrial dysfunction, Nrf2 activation (an antioxidant response pathway), and lifestyle
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interventions (exercise, diet) that reduce oxidative load. Nrf2 is a major transcriptional
factor that controls gene expression under both normal health and pathological conditions.
It regulates and controls key processes related to oxidative stress, neuro-inflammation, au-
tophagy, and mitochondrial bioenergetics in the central and peripheral tissues. Decreased
expression of Nrf2 and its downstream target genes was identified in AD. Recent studies
have shown that Nrf2 interferes with various main pathogenic processes in AD, including
amyloid and tau pathologies [29].

Studies have confirmed that Nrf2/antioxidant response element (ARE) signaling path-
way plays a vital role in antagonizing chronic cerebral hypoperfusion injury. Imperatorin,
a coumarin derivative, has confirmed to exert antioxidant effects in VaD via the Nrf2 sig-
naling pathway. In a VD cell model, this treatment increased the mitochondrial membrane
potential of hippocampal neurons, reduced ROS level and oxidative stress damage and
inhibited hippocampal neuroapoptosis [30].

Other Nrf2 activators have been extensively studied in preclinical settings; how-
ever, it is challenging to determine which compounds should advance to clinical trials in
Vascular Contributions to Cognitive Impairment and Dementia (VCID). Therapeutically,
Nrf2/mitochondrial targets and vascular-first strategies are biologically plausible, but
large, positive clinical trials in mixed dementia are still lacking. Since no Nrf2 activators are
currently being trialed in VCID studies, patient selection, drug dose, delivery modalities,
timing, and administration protocol need to be developed and optimized to maximize
therapeutic effects while avoiding potential side effects [13].

3. Future Direction: New Therapeutic Strategies
Despite advances in understanding neurodegenerative disease mechanisms, effective

treatments remain elusive. Based on the premise that oxidative stress is the mechanism
that, linking AD and VaD, leads to MD, we sought to identify the most relevant molecular
targets involved in the redox state, and therapeutic approaches that could broadly modulate
these mechanisms. Here, we reviewed recent literature (2020–2025) reporting the use of
delivery systems for antioxidant proteins and/or miRNAs that regulate the redox state.
This research revealed that EVs are the delivery tool that can reach the affected brain tissue
carrying a complex cargo characterized by molecules that modulate the redox state.

To this end, new therapeutic targets can be identified through high throughput screen-
ing setups based on preclinical studies, including both in vitro and vivo models.

To mimic AD in vitro, neuron cells may be treated with Aβ oligomers, tau aggregates,
or LPS whereas VaD can be modeled by exposing cells to oxygen/glucose deprivation,
hypoxia–reoxygenation, or hydrogen peroxide treatment [31]. By combining the two, a
model of MD can be produced, allowing assessment of cellular responses to these insults,
and investigations on neuron–glial–astrocyte interaction through co-culture systems [32].

Complementing these in vitro approaches, in in vivo models, such as bilateral carotid
artery stenosis (BCAS) in mice, effectively reproduce VaD pathology [33]. BCAS combined with
AD transgenic lines (e.g., 5xFAD) have successfully established a novel experimental model
of MD, recapitulating both vascular and amyloid pathologies are modeled, providing a valu-
able platform to study mixed dementia mechanisms and potential therapeutic strategies [1].

Within experimental settings, extracellular vesicles (EVs), a range of membrane-
enclosed vesicles encompassing exosomes, apoptotic bodies, and autophagic vesicles,
have emerged as key mediators of intercellular communication in the central nervous
system (CNS), and are increasingly recognized for their involvement in the pathogenesis of
neurodegenerative disorders like Alzheimer’s disease, Parkinson’s disease, amyotrophic
lateral sclerosis, multiple sclerosis and Huntington’s disease. In vivo studies demonstrate
EVs’ crucial role in maintaining CNS homeostasis, modulating neuroinflammatory re-
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sponses, and influencing tissue repair and regeneration following injury, thereby impacting
disease progression and recovery. Among them, neuron-derived exosomes/EVs (NDEs)
exhibit neuroprotective effects by promoting Aβ clearance, modulating tau pathology,
and reducing inflammation. However, exosomes can also contribute to disease propa-
gation, for instance by spreading pathogenic tau or mediating complement-dependent
neurotoxicity [34]. Their unique properties, including small size and ability to cross the BBB,
position them as promising candidates for biomarkers in CNS diseases [35]. Collectively,
EVs play both protective and detrimental roles in neurodegenerative diseases.

Mesenchymal stem cells (MSCs) have become a focal point in medical research. In-
creasing evidence suggests that MSCs do not solely operate through cell differentiation
but also mediate a myriad of biological effects through their secreted extracellular vesi-
cles (MSC-EVs). Moreover, MSC-EVs offer several advantages over MSCs, including
enhanced targeted delivery, reduced immunogenicity, and enhanced reparative potential.
Consequently, they represent a promising alternative for developing novel therapeutic
strategies [36]. MSC-EVs and MSC-derived exosomes (MSC-Exos) are small vesicles packed
with bioactive substances, including proteins and nucleic acids that exhibit potent anti-
inflammatory properties and immunomodulatory effects. These properties make them
highly promising for addressing inflammatory and autoimmune disorders [37] and may
potentially be leveraged in neurodegenerative diseases, where neuroinflammation plays a
central role. Additionally, MSC-EVs can be engineered for targeted drug delivery, enhanc-
ing their potential for clinical application [38].

There is growing evidence that MSC-EVs and MSC-Exos can significantly improve the
curative effect of oxidative stress-related diseases by reducing oxidative and inflammatory
markers in various systemic diseases and mitigating apoptosis and vascular injury induced
by oxidative stress. Numerous experimental studies have shown that both local and
systemic administration of these vesicles effectively inhibits the oxidative stress response in
diseases and promotes the survival and regeneration of damaged parenchymal cells. The
mRNA and miRNAs contained in MSC-EVs and MSC-Exos are the most important bioactive
molecules in disease treatment, as they inhibit the apoptosis, necrosis and oxidative stress
across multiple tissues, such as lung, heart, kidney, liver, bone, and skin, promoting their
survival and regeneration [39].

MSC-EVs have been demonstrated therapeutical too, as shown in Table 2. MSC-Exos,
such as from human umbilical cord MSC (hUC-MSC), significantly decreased the LPS- or
H2O2-induced oxidative stress and the expression of pro-inflammatory cytokines (IL-6
and TNF-α) in vitro, while promoting an anti-inflammatory (classical M2) phenotype in
an LPS-treated mice. Mechanistically, these exosomes upregulated Nrf2 and inhibited the
LPS-induced NF-κB p65 phosphorylation and NLRP3 inflammasome activation. Notably,
inhibition of Nrf2 with ML385 abolished the anti-inflammatory and antioxidative effects of
the exosomes [40].

hUC-MSC-derived EVs (hUC-MSC-EVs) exhibited therapeutic potential in VaD by
activating the PI3K/AKT/Nrf2 pathway. In a VaD rat model, hUC-MSC-EVs administration
mitigated neurological impairment, improved cognitive function, and restored brain tissue
structure. These protective effects were associated with reduced microglial M1 polarization,
inflammation, and oxidative stress. hUC-MSC-EVs activated the PI3K/AKT/Nrf2 pathway
in brain tissues, highlighting its crucial role in mediating the observed neuroprotection.
When the PI3K pathway was inhibited, the beneficial effects of hUC-MSC-EVs on microglial
polarization, inflammation, and oxidative stress were partially reversed, emphasizing the
significance of the Nrf2 pathway in hUC-MSC-EVs-mediated neuroprotection in VaD [41].
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Table 2. Table summarizing studies in vitro and/or in vivo in which oxidative stress was modulated
by mesenchymal stem cell (MSC)-derived EVs. The source of MSC, the context and the mechanism
involved are specified. ↑ = increase; ↓ = decrease.

Study/Source Model (In Vitro/In Vivo) Stem Cell/EV Type Main Effects/Mechanisms

LPS or H2O2 stimulation;
LPS-treated mice

[40]

In vitro (LPS or
H2O2-induced oxidative

stress) and In vivo
(LPS-treated mice)

hUC-MSC-Exos

↓ Oxidative stress; ↓ IL-6,
TNF-α; promotes M2

phenotype; ↑ Nrf2 activation; ↓
NF-κB p65 phosphorylation; ↓
NLRP3 inflammasome; Nrf2
inhibition abolishes effects.

VaD rat model
[41] In vivo hUC-MSC-EVs

Activates PI3K/AKT/Nrf2
pathway; improves cognitive

function; restores brain tissue; ↓
M1 microglia; ↓ inflammation
and oxidative stress; inhibition

of PI3K reduces benefits,
showing Nrf2 dependence.

Traumatic Brain Injury
(TBI) mouse model

[42]
In vivo hUC-MSC-Exos

Engages lncRNA TUBB6/Nrf2
pathway; ↑ Nrf2 nuclear

translocation; ↓ inflammation; ↓
ferroptosis (↓ ACSL4); protects

neurons and reduces
oxidative damage.

Skeletal and cardiac
muscle injury

[43]

In vitro (target cells) and
In vivo (injury models,

as reported)
AF-EVs

Antioxidant effects; protection
of skeletal and cardiac muscle; ↓

oxidative damage.

Cancer disease model
[44] In vitro AFSC-EVs Protection from oxidative stress;

ROS-modulating activity.

Alzheimer’s disease (AD)
model
[45,46]

In vitro AFSC-EVs
ROS modulation; proposed

therapeutic tool to halt
AD progression.

Applications in vascular
diseases and VaD
(general evidence)

[47]

In vivo (reported
across studies)

and In vitro
AF-EVs and AFSC-EVs

Anti-inflammatory, angiogenic,
regenerative properties;

therapeutic potential suggested
though limited data for

VaD specifically.

It has been demonstrated that hUC-MSC-Exos exhibit neuroprotective effects follow-
ing Traumatic Brain Injury (TBI) by engaging the lncRNA TUBB6/Nrf2 pathway. Admin-
istering hUC-MSC-Exos to a TBI mouse model reduces TBI-induced inflammation and
ferroptosis, while enhancing lncRNA TUBB6 expression. This upregulation facilitates Nrf2
nuclear translocation, aiding in the mitigation of TBI-induced neuronal death. Furthermore,
hUC-MSC-Exos suppress ferroptosis-related markers such as ACSL4, and their modulation
of the Nrf2 signaling pathway contributes significantly to alleviating oxidative damage
and inflammation associated with TBI. These findings underscore the therapeutic potential
of hUC-MSC-Exos in managing TBI-related neurological complications [42].

Other perinatal sources of MSCs have demonstrated antioxidant potential: human am-
niotic fluid (AF) and amniotic fluid stem cells (AFSCs) represent a feasible source of EVs to
counteract oxidative damage in target cells, as demonstrated in 2024 by Bollini’s group [43]
and by our lab [44] in skeletal and cardiac muscle injury and cancer disease, respectively.
Moreover, we demonstrated the ROS-modulating effects of these extracellular vesicles in an
AD in vitro model, proposing AFSC-EV as a therapeutic tool to stop AD progression [45,46].
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Although there is limited research on the use of AFSC-EVs for VaD and vascular diseases,
studies have demonstrated the successful application of AF-EVs and AFSC-EVs in therapy,
harnessing their anti-inflammatory, angiogenic and regenerative properties [47].

These studies propose a more targeted therapeutic approach towards the modulation
of the intracellular redox state of nervous tissue to simultaneously target the elements
common to pathologies that lead to neurodegeneration. In particular, Nrf2 impairment
permits both neurodegenerative ROS accumulation (from Aβ/tau) and vascular oxidative
injury to proceed unchecked—producing additive damage to lipids, proteins, mitochondria
and cellular energy metabolism. MSC-derived EVs or engineered EVs carrying Nrf2
mRNA/protein or miRNAs that disinhibit Nrf2 (e.g., targeting KEAP1 or p62-KEAP1
interactions) are attractive because EVs can cross the BBB and deliver complex cargos to
neurons/glia/endothelia [8].

Here, we show a focused, literature-backed table (Table 3) summarizing miRNAs and
proteins reported in mesenchymal stem cell (MSC)-derived EVs that have been linked to
activation/promotion of the Nrf2 antioxidant pathway (either by directly targeting Nrf2
regulators, delivering antioxidant enzymes, or inducing Nrf2/HO-1/NQO1 expression in
recipient cells). The number of well-characterized cargos specifically promoting Nrf2 in
MSC-EVs is limited; some entries are indirect and infer the role via Nrf2 activation.

Notably, certain miRNAs (miR-21, miR-194, miR-200a) have direct mechanistic links
to Nrf2 regulation (PTEN → PI3K/Akt; Bach1 repression; Keap1 targeting). Several studies
demonstrate that MSC-EVs transfer these miRNAs and that knockdown/inhibition of
either the miRNA or Nrf2 reduces the EVs protective effect, supporting causality [48,49].

Antioxidant enzymes (SOD1, GPX1, catalase, thioredoxin) are frequently detected in
MSC-EVs proteomes and can immediately reduce ROS levels upon transfer; this lower ROS
milieu facilitates Nrf2-mediated transcriptional recovery in recipient cells [50,51].

However, evidence levels vary in several aspects. Some papers rely on pro-
teomic/miRNA profiling to show the presence of these cargos, whereas others demonstrate
functional Nrf2 activation in recipient cells using in vitro (OGD/R or H2O2-induced injury)
or animal models. A few studies use engineered EVs to deliver Nrf2 directly.

Table 3. Table summarizing miRNAs and proteins linked to antioxidant effect or/and promotion
of the Nrf2 pathway that have been identified in mesenchymal stem cell (MSC)-derived EVs. The
source of MSC, the context and the mechanism involved are specified. → = produce the effect.

Molecule Type Molecule Source (MSC-EV Context) Mechanism References

miRNA miR-21
(miR-21-5p)

human placenta
MSCs-derived exosomes;

human amniotic fluid cells- EVs
(hAFSC-EVs) → anticancer

Downregulates PTEN → activates
PI3K/Akt signaling → promotes
Nrf2 nuclear translocation and

antioxidant responses

[44,48]

miRNA miR-29b-3p

EVs from IFN-γ-primed mouse
bone marrow cells

MSCs → astrocytes;
hAFSC-EVs → anticancer

miR-29b-3p targets the downstream
inhibitor Bach2 → which thus lifts

repression on Nrf2 axis
[44,52]

miRNA miR-100-5p

EVs from MSCs in Parkinson’s
disease model
Wharton’s jelly

MSC-MVs → anticancer

miR-100-5p from MSC-EVs promotes
dissociation of Nrf2 from Keap1 →

Nrf2 activation, antioxidant enzyme
induction

[49,53–55]

miRNA miR-124 EVs from MSCs → neurons
(spinal cord injury model)

miR-124 delivered in MSC-EVs
stabilizes the p62–Keap1–Nrf2 loop,
promotes Nrf2 nuclear translocation

and reduces ROS

[56]
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Table 3. Cont.

Molecule Type Molecule Source (MSC-EV Context) Mechanism References

miRNA miR-125b-5p

EVs from Wharton’s jelly MSC or
ADSC → traumatic wound

modelMSC-EVs → endothelial
cells ferroptosis in lung sepsis

Promotes endothelial
repair/angiogenesis and reduces

oxidative stress: modulation of NFκB
axis miRNA targets Keap-1, thereby

promoting Nrf2 activation

[49,57,58]

miRNA miR-146a human adipose MSC-EVs → in
senescent endothelial cells mitigate oxidative stress [59]

miRNA miR-194 MSC-Exos → downregulation of
ferroptosis in OGD/R injury

Targets Bach1 (a transcriptional
repressor of HO-1),

thereby··disinhibiting
Nrf2/HO-1 signaling

[60]

miRNA miR-200a-3p
EVs from MSCs in kidney injury

model and in diabetic rats,
hepatic fibrosis

miR-200a-3p from MSC-EVs activates
KEAP1–Nrf2 signaling (decreased

Keap1, increased Nrf2)
[49,61–63]

miRNA miR-210
Wharton jelly-derived MSC-EVs

enriched with miR-210 in
damaged renal cells

Reducing apoptosis and
ROS accumulation [64]

Protein
IGF-1

(insulin-like
growth factor 1)

EVs from human umbilical cord
MSCs (hUC-MSC-EVs) in ovarian

insufficiency model

EV-encapsulated IGF-1 activates
Nrf2/HO-1 signaling in recipient
granulosa cells (nuclear Nrf2 ↑)

[65]

Protein
GPX1

(glutathione
peroxidase 1)

MSC exosomes in Rescuing
Renal Injury

Reduces hydrogen peroxide →
contributes to intracellular redox

re-balancing and supports
Nrf2-dependent restoration of

antioxidant capacity after EV uptake.

[50]

Protein Catalase (CAT) hAFSC-EVs in cardiac injury

Detoxifies H2O2 → lowers oxidative
stress in recipient cells;

presence/function reported in EV
studies and contributes to net Nrf2

pathway benefits.

[43]

Protein Thioredoxin

hUC-MSC-Exos in
doxorubicin-induced

cardiotoxicity and intervertebral
disc degenerationhAFSC-EVs

→ anticancer

anti-ferroptosis process [44,66,67]

Protein
SOD1

(superoxide
dismutase 1)

hAFSC-EVs in different models

EV-delivered SOD1 provides
enzymatic dismutation of superoxide
→ reduces ROS burden and supports
Nrf2-mediated antioxidative recovery

in recipient cells.

[43–45]

Protein Nrf2 protein
itself

EVs from H2S-preconditioned
MSCs (H2S-EVs)

delivered to neurons

Free Nrf2 packaged into EVs (Via
HSP70/LAMP2A recognition)
increasing mitochondrial Nrf2

accumulation and
antioxidant/mito-homeostasis effects

[68]

4. Conclusions
Oxidative stress is a central contributor to both Alzheimer’s and vascular dementia. In

mixed dementia, it acts as a common pathway that worsens both vascular damage and neu-
rodegeneration, making it a key factor in disease progression. Since current therapies are
not sufficient to counteract these pathologies—either individually or in combination—and
classical antioxidant treatments have shown limited efficacy, we sought to identify the most
relevant molecular targets involved in redox regulation, as well as therapeutic strategies
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capable of broadly modulating these mechanisms. Our investigation indicates that extra-
cellular vesicles represent a promising delivery system capable of reaching affected brain
regions while carrying a complex cargo of molecules that modulate the redox state. Collec-
tively, these studies suggest a more targeted therapeutic approach aimed at adjusting the
intracellular redox balance in neural tissue, with the goal of simultaneously addressing the
shared mechanisms underlying various neurodegenerative conditions, and combining Nrf2
activation with vascular protection (blood pressure control, antiplatelet/antithrombotic
where appropriate), anti-amyloid/pro-tau strategies and mitochondrial support to address
both arms of mixed dementia. While direct evidence linking perinatal MSC-EVs to vas-
cular disease therapy is restricted, their properties suggest a promising avenue for future
research. Exploring their potential in preclinical models of combined neuro-vascular and
neurodegenerative diseases could provide valuable insights into their therapeutic applica-
tions and continued research may establish EV/exosomes as a transformative approach in
AD and/or VaD therapy.

Overall, despite these advancements, clinical translation requires a deeper understand-
ing of exosome/EVs biology, improved isolation techniques, and personalized strategies,
as often stated in the literature [69].

Author Contributions: F.B., M.M. and M.G. reviewed and edited the text; T.M. was responsible
for the design of the work and drafting the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Kim, J.H.; Kang, H.Y.; Park, S.Y.; Yang, Y.M.; Jo, S.K.; Geum, D.; Kim, J.H.; Park, D.H. A Novel Mouse Model of Mixed Dementia

Using Chronic Cerebral Hypoperfusion Induced by Bilateral Carotid Artery Stenosis. J. Korean Med. Sci. 2025, 40, e236. [CrossRef]
2. Waite, L.M. New and Emerging Drug Therapies for Alzheimer Disease. Aust. Prescr. 2024, 47, 75–79. [CrossRef]
3. Ratan, Y.; Rajput, A.; Maleysm, S.; Pareek, A.; Jain, V.; Pareek, A.; Kaur, R.; Singh, G. An Insight into Cellular and Molecular

Mechanisms Underlying the Pathogenesis of Neurodegeneration in Alzheimer’s Disease. Biomedicines 2023, 11, 1398. [CrossRef]
[PubMed]

4. Mehta, R.I.; Mehta, R.I. The Vascular-Immune Hypothesis of Alzheimer’s Disease. Biomedicines 2023, 11, 408. [CrossRef]
5. Hergert, D.C.; Gaasedelen, O.; Ryman, S.G.; Caprihan, A.; Rosenberg, G.A.; Prestopnik, J. Blood-Brain Barrier Permeability Is

Associated With Cognitive Functioning in Normal Aging and Neurodegenerative Diseases. J. Am. Heart Assoc. 2024, 13, 34225.
[CrossRef]

6. Boschetti, E.; Caio, G.; Cervellati, C.; Costanzini, A.; Rosta, V.; Caputo, F.; De Giorgio, R.; Zuliani, G. Serum Zonulin Levels Are
Increased in Alzheimer’s Disease but Not in Vascular Dementia. Aging Clin. Exp. Res. 2023, 35, 1835–1843. [CrossRef] [PubMed]

7. Hatanaka, H.; Hanyu, H.; Fukasawa, R.; Hirao, K.; Shimizu, S.; Kanetaka, H.; Iwamoto, T. Differences in Peripheral Oxidative
Stress Markers in Alzheimer’s Disease, Vascular Dementia and Mixed Dementia Patients. Geriatr. Gerontol. Int. 2015, 15, 53–58.
[CrossRef]

8. Angeloni, C.; Gatti, M.; Prata, C.; Hrelia, S.; Maraldi, T. Role of Mesenchymal Stem Cells in Counteracting Oxidative Stress-Related
Neurodegeneration. Int. J. Mol. Sci. 2020, 21, 3299. [CrossRef]

9. Tournier, B.B.; Sorce, S.; Marteyn, A.; Ghidoni, R.; Benussi, L.; Binetti, G.; Herrmann, F.R.; Krause, K.H.; Zekry, D. CCR5 Deficiency:
Decreased Neuronal Resilience to Oxidative Stress and Increased Risk of Vascular Dementia. Alzheimers Dement. 2024, 20, 124–135.
[CrossRef] [PubMed]

10. Lyu, Y.; Meng, Z.; Hu, Y.; Jiang, B.; Yang, J.; Chen, Y.; Zhou, J.; Li, M.; Wang, H. Mechanisms of Mitophagy and Oxidative Stress in
Cerebral Ischemia-Reperfusion, Vascular Dementia, and Alzheimer’s Disease. Front. Mol. Neurosci. 2024, 17, 1394932. [CrossRef]

11. Dmytriv, T.R.; Duve, K.V.; Storey, K.B.; Lushchak, V.I. Vicious Cycle of Oxidative Stress and Neuroinflammation in Pathophysiol-
ogy of Chronic Vascular Encephalopathy. Front. Physiol. 2024, 15, 1443604. [CrossRef] [PubMed]

12. Chu, C.T.; Uruno, A.; Katsuoka, F.; Yamamoto, M. Role of Nrf2 in Pathogenesis of Alzheimer’s Disease. Antioxidants 2024, 13, 1529.
[CrossRef]

https://doi.org/10.3390/biomedicines14010059

https://doi.org/10.3346/jkms.2025.40.e236
https://doi.org/10.18773/austprescr.2024.021
https://doi.org/10.3390/biomedicines11051398
https://www.ncbi.nlm.nih.gov/pubmed/37239068
https://doi.org/10.3390/biomedicines11020408
https://doi.org/10.1161/JAHA.124.034225
https://doi.org/10.1007/s40520-023-02463-2
https://www.ncbi.nlm.nih.gov/pubmed/37337075
https://doi.org/10.1111/ggi.12659
https://doi.org/10.3390/ijms21093299
https://doi.org/10.1002/alz.13392
https://www.ncbi.nlm.nih.gov/pubmed/37489764
https://doi.org/10.3389/fnmol.2024.1394932
https://doi.org/10.3389/fphys.2024.1443604
https://www.ncbi.nlm.nih.gov/pubmed/39161701
https://doi.org/10.3390/antiox13121529
https://doi.org/10.3390/biomedicines14010059


Biomedicines 2026, 14, 59 12 of 14

13. Hu, Y.; Zhang, F.; Ikonomovic, M.; Yang, T. The Role of Nrf2 in Cerebrovascular Protection: Implications for Vascular Cognitive
Impairment and Dementia (VCID). Int. J. Mol. Sci. 2024, 25, 3833. [CrossRef]

14. Li, Y.; Zhao, T.; Li, J.; Xia, M.; Li, Y.; Wang, X.; Liu, C.; Zheng, T.; Chen, R.; Kan, D.; et al. Oxidative Stress and 4-hydroxy-2-nonenal
(4-HNE): Implications in the Pathogenesis and Treatment of Aging-related Diseases. Immunol. Res. 2022, 2022, 2233906. [CrossRef]

15. Skoumalová, A.; Hort, J. Blood markers of oxidative stress in Alzheimer’s disease. J. Cell Mol. Med. 2012, 16, 2291–2300. [CrossRef]
16. Casado, A.; López-Fernández, M.E.; Casado, M.C.; de La Torre, R. Lipid peroxidation and antioxidant enzyme activities in

vascular and Alzheimer dementias. Neurochem. Res. 2008, 33, 450–458. [CrossRef]
17. Ansari, M.A.; Scheff, S.W. Oxidative Stress in the Progression of Alzheimer Disease in the Frontal Cortex. J. Neuropathol. Exp.

Neurol. 2010, 69, 155–167. [CrossRef]
18. Luca, M.; Luca, A.; Calandra, C. The Role of Oxidative Damage in the Pathogenesis and Progression of Alzheimer’s Disease and

Vascular Dementia. Oxidative Med. Cell. Longev. 2015, 2015, 504678. [CrossRef] [PubMed]
19. Wang, W.; Zhao, F.; Ma, X.; Perry, G.; Zhu, X. Mitochondria dysfunction in the pathogenesis of Alzheimer’s disease: Recent

advances. Mol. Neurodegener. 2020, 15, 30. [CrossRef] [PubMed]
20. Bustamante-Barrientos, F.A.; Luque-Campos, N.; Araya, M.J.; Lara-Barba, E.; de Solminihac, J.; Pradenas, C.; Molina, L.; Herrera-

Luna, Y.; Utreras-Mendoza, Y.; Elizondo-Vega, R.; et al. Mitochondrial dysfunction in neurodegenerative disorders: Potential
therapeutic application of mitochondrial transfer to central nervous system-residing cells. J. Transl. Med. 2023, 21, 613. [CrossRef]

21. Arosio, B.; Rossi, P.D.; Ferri, E.; Consorti, E.; Ciccone, S.; Lucchi, T.A.; Montano, N. The Inflammatory Profiling in a Cohort of
Older Patients Suffering from Cognitive Decline and Dementia. Exp. Gerontol. 2025, 201, 112692. [CrossRef]

22. Yamazaki, Y.; Zhao, N.; Caulfield, T.R.; Liu, C.C.; Bu, G. Apolipoprotein E and Alzheimer Disease: Pathobiology and Targeting
Strategies. Nat. Rev. Neurol. 2019, 15, 501–518. [CrossRef]

23. Tai, L.M.; Thomas, R.; Marottoli, F.M.; Koster, K.P.; Kanekiyo, T.; Morris, A.W.J.; Bu, G. The Role of APOE in Cerebrovascular
Dysfunction. Acta Neuropathol. 2016, 131, 709–723. [CrossRef]

24. Pillai, J.A.; Bena, J.; Tousi, B.; Rothenberg, K.; Keene, C.D.; Leverenz, J.B. Lewy Body Pathology Modifies Risk Factors for Cerebral
Amyloid Angiopathy When Comorbid with Alzheimer’s Disease Pathology. Alzheimers Dement. 2024, 20, 2564–2574. [CrossRef]

25. Rajab, H.A.; Al-Kuraishy, H.M.; Shokr, M.M.; Al-Gareeb, A.I.; Al-Harchan, N.A.; Alruwaili, M.; Papadakis, M.; Alexiou, A.;
Batiha, G.E.S. Statins for Vascular Dementia: A Hype or Hope. Neuroscience 2025, 567, 45–55. [CrossRef]

26. Petek, B.; Häbel, H.; Xu, H.; Villa-Lopez, M.; Kalar, I.; Hoang, M.T.; Maioli, S.; Pereira, J.B.; Mostafaei, S.; Winblad, B.; et al.
Statins and Cognitive Decline in Patients with Alzheimer’s and Mixed Dementia: A Longitudinal Registry-Based Cohort Study.
Alzheimers. Res. Ther. 2023, 15, 220. [CrossRef]

27. Chong, J.R.; de Lucia, C.; Tovar-Rios, D.A.; Castellanos-Perilla, N.; Collins, C.; Kvernberg, S.M.; Ballard, C.; Siow, R.C.; Aarsland,
D. A Randomised, Double-Blind, Placebo-Controlled, Cross-Over Clinical Trial to Evaluate the Biological Effects and Safety of a
Polyphenol Supplement on Healthy Ageing. Antioxidants 2024, 13, 995. [CrossRef] [PubMed]

28. Zhao, R.; Han, X.; Zhang, H.; Liu, J.; Zhang, M.; Zhao, W.; Jiang, S.; Li, R.; Cai, H.; You, H. Association of Vitamin E Intake in Diet
and Supplements with Risk of Dementia: A Meta-Analysis. Front. Aging Neurosci. 2022, 14, 955878. [CrossRef]

29. Bitra, V.R.; Moshapa, F.; Adiukwu, P.C.; Rapaka, D. Nrf2-Mediated Signaling as a Therapeutic Target in Alzheimer’s Disease.
Open Neurol. J. 2024, 18, E1874205X319474. [CrossRef]

30. Liao, X.; Zhang, Z.; Ming, M.; Zhong, S.; Chen, J.; Huang, Y. Imperatorin Exerts Antioxidant Effects in Vascular Dementia via the
Nrf2 Signaling Pathway. Sci. Rep. 2023, 13, 5595. [CrossRef] [PubMed]

31. Sarhan, M.; Wohlfeld, C.; Perry-Mills, A.; Meyers, J.; Fadel, J.; Murphy, E.A.; Bonilha, L.; Fan, D. The Pathophysiology of Mixed
Alzheimer’s Disease and Vascular Dementia. Theranostics 2025, 15, 9793–9818. [CrossRef]

32. Luchena, C.; Zuazo-Ibarra, J.; Valero, J.; Matute, C.; Alberdi, E.; Capetillo-Zarate, E. A Neuron, Microglia, and Astrocyte Triple
Co-Culture Model to Study Alzheimer’s Disease. Front. Aging Neurosci. 2022, 14, 844534. [CrossRef]

33. Ishikawa, H.; Shindo, A.; Mizutani, A.; Tomimoto, H.; Lo, E.H.; Arai, K. A Brief Overview of a Mouse Model of Cerebral
Hypoperfusion by Bilateral Carotid Artery Stenosis. J. Cereb. Blood Flow Metab. 2023, 43, 18–36. [CrossRef] [PubMed]

34. Yang, Y.; Deng, C.; Aldali, F.; Huang, Y.; Luo, H.; Liu, Y.; Huang, D.; Cao, X.; Zhou, Q.; Xu, J.; et al. Therapeutic Approaches and
Potential Mechanisms of Small Extracellular Vesicles in Treating Vascular Dementia. Cells 2025, 14, 409. [CrossRef]

35. Deng, Z.; Chen, H.; Chen, J.; Du, Z.; Zhou, W.; Yuan, Z. Multifaceted Roles of Extracellular Vesicles in the Interplay of
Neuroinflammation and Neurodegenerative Diseases. Biochim. Biophys. Acta—Mol. Basis Dis. 2025, 1871, 167960. [CrossRef]
[PubMed]

36. Liu, Z.; Cheng, L.; Zhang, L.; Shen, C.; Wei, S.; Wang, L.; Qiu, Y.; Li, C.; Xiong, Y.; Zhang, X. Emerging Role of Mesenchymal Stem
Cells-Derived Extracellular Vesicles in Vascular Dementia. Front. Aging Neurosci. 2024, 16, 1329357. [CrossRef]

37. Su, H.; Wang, Z.; Zhou, L.; Liu, D.; Zhang, N. Regulation of the Nrf2/HO-1 Axis by Mesenchymal Stem Cells-Derived Extracellular
Vesicles: Implications for Disease Treatment. Front. Cell Dev. Biol. 2024, 12, 1397954. [CrossRef] [PubMed]

38. Van Hoecke, L.; Lucci, C.; Vandenbroucke, R.E. Mesenchymal Stromal Cell Extracellular Vesicles as Immune Modulators and
Drug Carriers in Neurodegenerative Disorders. Trends Neurosci. 2025, 48, 919–934. [CrossRef]

https://doi.org/10.3390/biomedicines14010059

https://doi.org/10.3390/ijms25073833
https://doi.org/10.1155/2022/2233906
https://doi.org/10.1111/j.1582-4934.2012.01585.x
https://doi.org/10.1007/s11064-007-9453-3
https://doi.org/10.1097/NEN.0b013e3181cb5af4
https://doi.org/10.1155/2015/504678
https://www.ncbi.nlm.nih.gov/pubmed/26301043
https://doi.org/10.1186/s13024-020-00376-6
https://www.ncbi.nlm.nih.gov/pubmed/32471464
https://doi.org/10.1186/s12967-023-04493-w
https://doi.org/10.1016/j.exger.2025.112692
https://doi.org/10.1038/s41582-019-0228-7
https://doi.org/10.1007/s00401-016-1547-z
https://doi.org/10.1002/alz.13704
https://doi.org/10.1016/j.neuroscience.2024.12.059
https://doi.org/10.1186/s13195-023-01360-0
https://doi.org/10.3390/antiox13080995
https://www.ncbi.nlm.nih.gov/pubmed/39199240
https://doi.org/10.3389/fnagi.2022.955878
https://doi.org/10.2174/011874205X319474240611070113
https://doi.org/10.1038/s41598-022-21298-x
https://www.ncbi.nlm.nih.gov/pubmed/37019901
https://doi.org/10.7150/thno.118737
https://doi.org/10.3389/fnagi.2022.844534
https://doi.org/10.1177/0271678X231154597
https://www.ncbi.nlm.nih.gov/pubmed/36883344
https://doi.org/10.3390/cells14060409
https://doi.org/10.1016/j.bbadis.2025.167960
https://www.ncbi.nlm.nih.gov/pubmed/40580685
https://doi.org/10.3389/fnagi.2024.1329357
https://doi.org/10.3389/fcell.2024.1397954
https://www.ncbi.nlm.nih.gov/pubmed/38915448
https://doi.org/10.1016/j.tins.2025.09.008
https://doi.org/10.3390/biomedicines14010059


Biomedicines 2026, 14, 59 13 of 14

39. Zhang, W.; Wang, T.; Xue, Y.; Zhan, B.; Lai, Z.; Huang, W.; Peng, X.; Zhou, Y. Research Progress of Extracellular Vesicles and
Exosomes Derived from Mesenchymal Stem Cells in the Treatment of Oxidative Stress-Related Diseases. Front. Immunol. 2023,
14, 1238789. [CrossRef]

40. Che, J.; Wang, H.; Dong, J.; Wu, Y.; Zhang, H.; Fu, L.; Zhang, J. Human Umbilical Cord Mesenchymal Stem Cell-Derived
Exosomes Attenuate Neuroinflammation and Oxidative Stress through the Nrf2/NF-KB/NLRP3 Pathway. CNS Neurosci. Ther.
2024, 30, e14454. [CrossRef]

41. Wang, P.; Yi, T.; Mao, S.; Li, M. Neuroprotective Mechanism of Human Umbilical Cord Mesenchymal Stem Cell-Derived
Extracellular Vesicles Improving the Phenotype Polarization of Microglia via the PI3K/AKT/Nrf2 Pathway in Vascular Dementia.
Synapse 2023, 77, e22268. [CrossRef] [PubMed]

42. Zhang, L.; Bai, W.; Peng, Y.; Lin, Y.; Tian, M. Human Umbilical Cord Mesenchymal Stem Cell-Derived Exosomes Provide
Neuroprotection in Traumatic Brain Injury through the LncRNA TUBB6/Nrf2 Pathway. Brain Res. 2024, 1824, 148689. [CrossRef]

43. Senesi, G.; Guerricchio, L.; Ghelardoni, M.; Bertola, N.; Rebellato, S.; Grinovero, N.; Bartolucci, M.; Costa, A.; Raimondi, A.;
Grange, C.; et al. Extracellular Vesicles from II Trimester Human Amniotic Fluid as Paracrine Conveyors Counteracting Oxidative
Stress. Redox Biol. 2024, 75, 103241. [CrossRef] [PubMed]

44. Gatti, M.; Beretti, F.; Ravegnini, G.; Gorini, F.; Ceneri, E.; Bertucci, E.; Follo, M.Y.; Maraldi, T. Evaluation of the Anti-Cancer
Potential of Extracellular Vesicles Derived from Human Amniotic Fluid Stem Cells: Focus on Effective MiRNAs in the Treatment
of Melanoma Progression. Int. J. Mol. Sci. 2024, 25, 12502. [CrossRef] [PubMed]

45. Gatti, M.; Zavatti, M.; Beretti, F.; Giuliani, D.; Vandini, E.; Ottani, A.; Bertucci, E.; Maraldi, T. Oxidative Stress in Alzheimer’s
Disease: In Vitro Therapeutic Effect of Amniotic Fluid Stem Cells Extracellular Vesicles. Oxid. Med. Cell. Longev. 2020,
2020, 2785343. [CrossRef]

46. Zavatti, M.; Gatti, M.; Beretti, F.; Palumbo, C.; Maraldi, T. Exosomes Derived from Human Amniotic Fluid Mesenchymal Stem
Cells Preserve Microglia and Neuron Cells from Aβ. Int. J. Mol. Sci. 2022, 23, 4967. [CrossRef]

47. Atukorala, I.; Hannan, N.; Hui, L. Immersed in a Reservoir of Potential: Amniotic Fluid-Derived Extracellular Vesicles. J. Transl.
Med. 2024, 22, 348. [CrossRef]

48. Xiong, Y.; Xiong, Y.; Zhang, H.; Zhao, Y.; Han, K.; Zhang, J.; Zhao, D.; Yu, Z.; Geng, Z.; Wang, L.; et al. HPMSCs-Derived Exosomal
MiRNA-21 Protects Against Aging-Related Oxidative Damage of CD4

+ T Cells by Targeting the PTEN/PI3K-Nrf2 Axis. Front.
Immunol. 2021, 12, 780897. [CrossRef]

49. Vahidinia, Z.; Azami Tameh, A.; Barati, S.; Izadpanah, M.; Seyed Hosseini, E. Nrf2 Activation: A Key Mechanism in Stem Cell
Exosomes-Mediated Therapies. Cell. Mol. Biol. Lett. 2024, 29, 30. [CrossRef]

50. Birtwistle, L.; Chen, X.M.; Pollock, C. Mesenchymal Stem Cell-Derived Extracellular Vesicles to the Rescue of Renal Injury. Int. J.
Mol. Sci. 2021, 22, 6596. [CrossRef]

51. Fu, H.; Sen, L.; Zhang, F.; Liu, S.; Wang, M.; Mi, H.; Liu, M.; Li, B.; Peng, S.; Hu, Z.; et al. Mesenchymal Stem Cells-Derived
Extracellular Vesicles Protect against Oxidative Stress-Induced Xenogeneic Biological Root Injury via Adaptive Regulation of the
PI3K/Akt/Nrf2 Pathway. J. Nanobiotechnology 2023, 21, 466. [CrossRef] [PubMed]

52. Provenzano, F.; Nyberg, S.; Giunti, D.; Torazza, C.; Parodi, B.; Bonifacino, T.; Usai, C.; Kerlero de Rosbo, N.; Milanese, M.; Uccelli,
A.; et al. Micro-RNAs Shuttled by Extracellular Vesicles Secreted from Mesenchymal Stem Cells Dampen Astrocyte Pathological
Activation and Support Neuroprotection in In-Vitro Models of ALS. Cells 2022, 11, 3923. [CrossRef]

53. Volarevic, A.; Harrell, C.R.; Arsenijevic, A.; Djonov, V.; Volarevic, V. Therapeutic Potential of Mesenchymal Stem Cell-Derived
Extracellular Vesicles in the Treatment of Parkinson’s Disease. Cells 2025, 14, 600. [CrossRef]

54. Chen, W.X.; Zhou, J.; Zhou, S.S.; Zhang, Y.D.; Ji, T.Y.; Zhang, X.L.; Wang, S.M.; Du, T.; Ding, D.G. Microvesicles Derived from
Human Wharton’s Jelly Mesenchymal Stem Cells Enhance Autophagy and Ameliorate Acute Lung Injury via Delivery of MiR-100.
Stem Cell Res. Ther. 2020, 11, 113. [CrossRef] [PubMed]

55. He, S.; Wang, Q.; Chen, L.; He, Y.J.; Wang, X.; Qu, S. MiR-100a-5p-Enriched Exosomes Derived from Mesenchymal Stem Cells
Enhance the Anti-Oxidant Effect in a Parkinson’s Disease Model via Regulation of Nox4/ROS/Nrf2 Signaling. J. Transl. Med.
2023, 21, 747. [CrossRef] [PubMed]

56. Fang, C.; Qian, J.; Tu, B.Z.; Xia, X.; Jia, C.Y.; Shen, C.L. MiR-124 Delivered by Extracellular Vesicles from Mesenchymal Stem Cell
Exerts Neuroprotective Effects by Stabilizing the P62-Keap1-Nrf2 Pathway after Spinal Cord Injury in Rats. Mol. Neurobiol. 2025,
62, 8328–8340. [CrossRef]

57. Sharma, Y.; Kashyap, S.; Singh, A.; Kulshreshtha, R.; Bhakuni, S.; Mohanty, S. MiR-125b-5p and MiR-145a-5p Modulation Drives
Functional Enhancement of Wharton’s Jelly-MSCs Derived Small Extracellular Vesicles in Response to Hypoxia Preconditioning.
Cell Commun. Signal. 2025, 23, 407. [CrossRef]

58. Shen, K.; Wang, X.; Wang, Y.; Jia, Y.; Zhang, Y.; Wang, K.; Luo, L.; Cai, W.; Li, J.; Li, S.; et al. MiR-125b-5p in Adipose Derived Stem
Cells Exosome Alleviates Pulmonary Microvascular Endothelial Cells Ferroptosis via Keap1/Nrf2/GPX4 in Sepsis Lung Injury.
Redox Biol. 2023, 62, 102655. [CrossRef]

https://doi.org/10.3390/biomedicines14010059

https://doi.org/10.3389/fimmu.2023.1238789
https://doi.org/10.1111/cns.14454
https://doi.org/10.1002/syn.22268
https://www.ncbi.nlm.nih.gov/pubmed/36941024
https://doi.org/10.1016/j.brainres.2023.148689
https://doi.org/10.1016/j.redox.2024.103241
https://www.ncbi.nlm.nih.gov/pubmed/38901103
https://doi.org/10.3390/ijms252312502
https://www.ncbi.nlm.nih.gov/pubmed/39684214
https://doi.org/10.1155/2020/2785343
https://doi.org/10.3390/ijms23094967
https://doi.org/10.1186/s12967-024-05154-2
https://doi.org/10.3389/fimmu.2021.780897
https://doi.org/10.1186/s11658-024-00551-3
https://doi.org/10.3390/ijms22126596
https://doi.org/10.1186/s12951-023-02214-5
https://www.ncbi.nlm.nih.gov/pubmed/38049845
https://doi.org/10.3390/cells11233923
https://doi.org/10.3390/cells14080600
https://doi.org/10.1186/s13287-020-01617-7
https://www.ncbi.nlm.nih.gov/pubmed/32169098
https://doi.org/10.1186/s12967-023-04638-x
https://www.ncbi.nlm.nih.gov/pubmed/37875930
https://doi.org/10.1007/s12035-025-04755-2
https://doi.org/10.1186/s12964-025-02300-1
https://doi.org/10.1016/j.redox.2023.102655
https://doi.org/10.3390/biomedicines14010059


Biomedicines 2026, 14, 59 14 of 14

59. Xiao, X.; Xu, M.; Yu, H.; Wang, L.; Li, X.; Rak, J.; Wang, S.; Zhao, R.C. Mesenchymal Stem Cell-Derived Small Extracellular Vesicles
Mitigate Oxidative Stress-Induced Senescence in Endothelial Cells via Regulation of MiR-146a/Src. Signal Transduct. Target. Ther.
2021, 6, 354. [CrossRef]

60. Li, X.; Zhang, X.; Liu, Y.; Pan, R.; Liang, X.; Huang, L.; Yang, C. Exosomes Derived from Mesenchyml Stem Cells Ameliorate
Oxygen-Glucose Deprivation/Reoxygenation-Induced Neuronal Injury via Transferring MicroRNA-194 and Targeting Bach1.
Tissue Cell 2021, 73, 101651. [CrossRef]

61. Loussouarn, C.; Pers, Y.M.; Bony, C.; Jorgensen, C.; Noël, D. Mesenchymal Stromal Cell-Derived Extracellular Vesicles Regulate
the Mitochondrial Metabolism via Transfer of MiRNAs. Front. Immunol. 2021, 12, 623973. [CrossRef] [PubMed]

62. Zhang, J.; Zhao, D.; Zang, Z.; Ruan, Z.; Fu, Q.; Zhang, K. MiR-200a-3p-Enriched MSC-Derived Extracellular Vesicles Reverse
Erectile Function in Diabetic Rats by Targeting Keap1. Biomed. Pharmacother. 2024, 177, 116964. [CrossRef]

63. Xu, A.L.; Han, L.; Yan, J.; Liu, D.; Wang, W. Effects of Mesenchymal Stem Cells-Derived Extracellular Vesicles on Inhibition of
Hepatic Fibrosis by Delivering MiR-200a. Tissue Eng. Regen. Med. 2024, 21, 609. [CrossRef]

64. Toghiani, R.; Azimian Zavareh, V.; Najafi, H.; Mirian, M.; Azarpira, N.; Abolmaali, S.S.; Varshosaz, J.; Tamaddon, A.M. Hypoxia-
Preconditioned WJ-MSC Spheroid-Derived Exosomes Delivering MiR-210 for Renal Cell Restoration in Hypoxia-Reoxygenation
Injury. Stem Cell Res. Ther. 2024, 15, 240. [CrossRef]

65. Miao, H.; Miao, C.; Li, N.; Han, J. Human Umbilical Cord Mesenchymal Stem Cell-Derived Extracellular Vesicles Harboring
IGF-1 Improve Ovarian Function of Mice with Premature Ovarian Insufficiency through the Nrf2/HO-1 Pathway. J. Ovarian Res.
2024, 17, 224. [CrossRef]

66. Yu, Y.; Wu, T.; Lu, Y.; Zhao, W.; Zhang, J.; Chen, Q.; Ge, G.; Hua, Y.; Chen, K.; Ullah, I.; et al. Exosomal Thioredoxin-1 from Hypoxic
Human Umbilical Cord Mesenchymal Stem Cells Inhibits Ferroptosis in Doxorubicin-Induced Cardiotoxicity via MTORC1
Signaling. Free Radic. Biol. Med. 2022, 193, 108–121. [CrossRef]

67. Chen, X.; Liu, S.; Wang, H.; Liu, Y.; Xiao, Y.; Li, K.; Ni, F.; Wu, W.; Lin, H.; Qing, X.; et al. Extracellular Vesicles Deliver Thioredoxin
to Rescue Stem Cells from Senescence and Intervertebral Disc Degeneration via a Feed-Forward Circuit of the Nrf2/AP-1
Composite Pathway. Acta Pharm. Sin. B 2025, 15, 1007–1022. [CrossRef] [PubMed]

68. Gai, C.; Li, T.; Zhao, Y.; Cheng, Y.; Song, Y.; Luo, Q.; Liu, D.; Wang, Z. Mesenchymal Stromal Cells Deliver H2S-Enhanced Nrf2 via
Extracellular Vesicles to Mediate Mitochondrial Homeostasis for Repairing Hypoxia-Ischemia Brain Damage. Free Radic. Biol.
Med. 2024, 225, 528–545. [CrossRef]

69. Ebadpour, N.; Abavisani, M.; Karav, S.; Kesharwani, P.; Sahebkar, A. Exosome/Extracellular Vesicles-Based Therapeutics in
Alzheimer’s Disease: Neuroprotective Roles and Future Perspectives. J. Mol. Neurosci. 2025, 75, 137. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biomedicines14010059

https://doi.org/10.1038/s41392-021-00765-3
https://doi.org/10.1016/j.tice.2021.101651
https://doi.org/10.3389/fimmu.2021.623973
https://www.ncbi.nlm.nih.gov/pubmed/33796099
https://doi.org/10.1016/j.biopha.2024.116964
https://doi.org/10.1007/s13770-024-00631-7
https://doi.org/10.1186/s13287-024-03845-7
https://doi.org/10.1186/s13048-024-01536-8
https://doi.org/10.1016/j.freeradbiomed.2022.10.268
https://doi.org/10.1016/j.apsb.2024.12.013
https://www.ncbi.nlm.nih.gov/pubmed/40177564
https://doi.org/10.1016/j.freeradbiomed.2024.10.292
https://doi.org/10.1007/s12031-025-02432-6
https://www.ncbi.nlm.nih.gov/pubmed/41076604
https://doi.org/10.3390/biomedicines14010059

	Introduction 
	Alzheimer and Vascular Dementia Combine in Mixed Dementia 
	Oxidative and Inflammatory Dysregulation in Dementia 

	Therapeutic Drugs 
	Future Direction: New Therapeutic Strategies 
	Conclusions 
	References

