Journal of Inflammation Research Dovepress
Taylor & Francis Group

REVIEW

From Brain to Lung: Emerging Insights into
Mesenchymal Stem Cell-Derived Extracellular
Vesicle-Associated Cargos in
Ischemia-Reperfusion Injury

Yiging Zhang', Xiaodong Shi?, Shuang Li?, Shi Yan®, Lyu Mei*, Yuchen Zou®*, Chunhua Yan®

'Department of Integrated Traditional Chinese and Western Medicine (Geriatrics Department), The People’s Hospital Medical Group of Xiangzhou,
Zhuhai, Guangdong, People’s Republic of China; 2Shenzhen Cadre and Talent Health Institute, Shenzhen Talent Institute, Shenzhen, Guangdong,
People’s Republic of China; *Department of Respiratory Medicine, The Third People’s Hospital of Longgang District, Shenzhen, Guangdong, People’s
Republic of China; “Pingshan District Central Hospital of Shenzhen, Shenzhen, Guangdong, People’s Republic of China; *Department of General
Medicine, Geriatric Medicine; Pingshan District Central Hospital of Shenzhen, Shenzhen, Guangdong, People’s Republic of China

Correspondence: Chunhua Yan, Department of General Medicine, Geriatric Medicine; Pingshan District Central Hospital of Shenzhen, Pingshan
District, Shenzhen, Guangdong, People’s Republic of China, Email yy13824379197@163.com

Abstract: Ischemic stroke represent major global health challenges due to their high incidence and debilitating consequences.
Similarly, lung ischemia-reperfusion injury has gained increasing attention in the medical research community. The emerging concept
of the lung-brain axis has shed new light on the complex interplay between these two organ systems during pathological injury,
demonstrating that their interaction can significantly exacerbate ischemia- reperfusion damage. Although these conditions exhibit
distinct pathophysiological characteristics, they share remarkable similarities in their genetic responses to tissue injury. Recent
advancements in regenerative medicine have highlighted the therapeutic potential of mesenchymal stem cells (MSCs) in addressing
both ischemic stroke and lung ischemia-reperfusion injury. Particularly, extracellular vesicles (EVs) derived from MSCs have emerged
as a promising therapeutic avenue. These MSC-derived EVs exert their protective effects through multiple mechanisms, including
immunomodulation, anti-inflammatory actions, anti-apoptotic effects, oxidative stress regulation, and promotion of angiogenesis. This
comprehensive review aims to systematically examine the therapeutic roles of MSC-derived EVs in both cerebral and pulmonary
ischemia-reperfusion injuries, while emphasizing their shared pathological mechanisms. By elucidating these common pathways, we
hope to provide novel perspectives and research directions for both clinical and basic investigations into lung-brain ischemia-
reperfusion injury.
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Introduction

Ischemia-reperfusion injury involves a series of intricate and interconnected pathophysiological events that play a key
role in various human diseases, including major health concerns like stroke, myocardial infarction, organ transplantation,
acute kidney injury and lung injury.' The cessation of blood flow leads to ischemia, causing rapid damage to
metabolically active tissues. In the absence of organ cooling, irreversible injury can occur within minutes, with the
extent of damage varying depending on the specific organ involved.® Paradoxically, restoring blood flow initiates
a cascade of events that can exacerbate cellular injury. Upon reperfusion, the biochemical and molecular alterations
create conditions conducive to free radical-mediated damage. During reperfusion, when oxygen is introduced into
ischemic and hypoxic tissues, it reacts with substances such as NADPH oxidase to produce a large amount of free
radicals, which further exacerbates the damage to the ischemic and hypoxic tissues.”® The vascular endothelium plays
a crucial role in inflammation by regulating the adhesion and infiltration of harmful leukocytes.'® Cerebral and lung
ischemia-reperfusion injuries are major contributors to debilitating diseases and mortality in medicine, remaining among
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the most common causes of these outcomes.* Cerebral ischemia-reperfusion injury typically results from conditions like
stroke. Lung ischemia-reperfusion injury often occurs during procedures such as lung transplantation or certain types of
surgery.'' The damage results from inflammatory responses, oxidative stress, and endothelial dysfunction, leading to
pulmonary edema, impaired gas exchange, and potential organ failure. Although lung and brain ischemia-reperfusion
injuries have significant differences in etiology, they share a high degree of homogeneity in pathology. Recent research
has been exploring new methods to reduce the damage caused to organs by ischemia-reperfusion injury. Among these,
extracellular vesicles (EVs) have become a hot topic in research due to their abilities to regulate intercellular commu-
nication and promote tissue repair.'>'?

EVs, are vesicles enclosed by a lipid bilayer membrane, released by all cell types under both normal and pathological
conditions.'* EVs are generally classified into three types based on their size and biogenesis: exosomes (less than 150 nm
in diameter), microvesicles (MVs) (ranging from 100 to 1000 nm in diameter), and apoptotic bodies (ranging from 0.8 to
5.0 um in diameter).]5 16 These EVs sourced from almost all biological fluids, such as blood, urine, saliva, cerebrospinal
fluid, and lavage fluid.'"”"'® EVs are increasingly recognized as an important mode of intercellular communication,
facilitating the transfer of proteins, lipids, bioactive metabolites, RNA and DNA between cells.”® Cargo RNAs of
extracellular vesicles consists of various biotypes, which represent a specific subset of the RNA content from the
originating cell. In a few cases, DNA has been identified.?' But overall, EVs are primarily enriched with small RNAs,
and other species such as mRNAs, miRNAs, non-coding RNAs, and circular RNAs.?” These nucleic acids are shuttled
between cells and can regulate key aspects of the onset and progression of ischemia-reperfusion injury.”> Due to their
altered expression following ischemia, these nucleic acids have emerged as potential biomarkers and novel therapeutic
targets.”*2° This review provides a comprehensive overview of recent literature on the role of EVs-associated cargos, in
the progression between cerebral and lung ischemia-reperfusion injuries. It examines the cellular and subcellular origins
of EVs-associated cargos, their cellular targets, and their biological effects, with a focus on their potential as biomarkers
and therapeutic targets.

Brain and Lung are Eminent Players for Ischemia-Reperfusion Injury with

a Tight Interaction

Ischemia-reperfusion injury is a systemic condition characterized by a complex interplay of interrelated pathophysiolo-
gical processes.”” These include acute heart failure, cerebral dysfunction, lung injury, gastrointestinal impairment,
systemic inflammatory response syndrome, and the progression to multiple organ dysfunction syndrome.>’** Due to
the unique characteristics of the brain-lung axis, the brain and lungs are prominent and interrelated players in various
diseases, including ischemia-reperfusion injury.”” ' For instance, Dong et al identified a U-shaped association between
low-density lipoprotein cholesterol levels and the risk of futile reperfusion in acute ischemic stroke following endovas-
cular thrombectomy. Notably, stroke-associated pneumonia was recognized as a significant mediating mechanism in this
study.’® Research indicates that following cerebral ischemia-reperfusion injury, inflammatory cells and factors from the
affected area can penetrate the blood-brain barrier and enter systemic circulation, leading to secondary lung injury.>
Moreover, stroke may impact the stability of the immune system, suppressing immune responses and consequently
resulting in the development of immune-related pneumonia.®>* Correspondingly, diseases associated with pulmonary
ischemia-reperfusion can also adversely affect the brain.>> For instance, pulmonary embolism may cause respiratory
failure, leading to systemic hypoxia and subsequently causing cerebral hypoxic damage.*® Additionally, after pulmonary
ischemia-reperfusion injury, a multitude of inflammatory cells (such as macrophages) are activated, and a significant
release of inflammatory factors (like TNF-a, proteases, etc.) occurs.’”*® Once these inflammatory cells and factors enter
the bloodstream, they may disrupt the blood-brain barrier and damage the endothelial cells of cerebral blood vessels,
ultimately causing harm to brain tissue.”’ In the context of brain abnormalities caused by hypoxia, the relationship
between respiratory diseases, particularly chronic respiratory conditions, and brain dysfunction has been extensively
studied.**' Lung ischemia-reperfusion and its impact in nervous system is still a popular research field especially in the
context that lung transplantation has been established worldwide as the last treatment for end-stage respiratory failure.’
Furthermore, the nervous system is highly sensitive to oxygen supply, and despite the introduction of therapeutic
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hypothermia, meaningful neurological recovery remains poor in over 80% of the 500,000 cardiac arrest cases occurring
annually in the United States.** ** Therefore, the brain-lung axis highlights the widely studied interaction between the
brain and lungs in pathophysiology, making it essential to consider brain and lung injury separately from other systems
when researching ischemia-reperfusion injury. This is not only because they are crucial and sensitive participants in
ischemia-reperfusion injury, but also due to their complex interaction, which will be discussed in detail.

Pulmonary complications are common after severe brain injury, it includes pneumonia, pleural effusion, acute lung
injury, acute respiratory distress syndrome, and neurogenic pulmonary edema.*’ First, brain injury can lead to lung
dysfunction through mobility impairment, such as aspiration-associated pneumonia, hypostatic pneumonia, and neuro-
muscular respiratory failure.**” In detail, in the acute phase following brain injury, neuroinflammatory responses trigger
many inflammatory cell infiltrations and the release of inflammatory factors. These inflammatory cells and factors not
only exacerbate neural damage in the brain but also compromise the integrity of the blood—brain barrier. Once these
inflammatory cells and factors enter the bloodstream, they can induce systemic inflammatory responses and may further
aggravate lung injury.***° Following ischemic injury of brain, patients are prone to developing pulmonary infections due
to factors such as dysphagia and stroke-related immune suppression.”’®>! Studies have shown that approximately 8.5% to
14.3% of stroke patients will develop secondary pneumonia. In the intensive care unit, this proportion rises to as high as
28%.7% Although the recovery of neurological function following ischemia-reperfusion may improve stroke-associated
pneumonia, the brain injury that occurs after reperfusion could also potentially worsen pulmonary infections.''?
Secondly, in the context of neurological regulation, brain injury can induce acute pulmonary edema by increasing
intracranial pressure, which elevates sympathetic activity, resulting in heightened vascular resistance and changes in
blood vessel tone.*® In summary, following brain injury, particularly ischemic brain injury, a variety of mechanisms come
into play to profoundly affect the lungs. These mechanisms interact and work in concert, ultimately not only significantly
increasing the risk of pulmonary injury and infection but also exerting highly adverse effects on patient prognosis.

Conversely, pulmonary dysfunction can also worsen cerebral hypoxia, creating a vicious cycle that further exacer-
bates intracranial pressure through the role of inflammation and reactive oxygen species.’* The situation might worsens if
lung ischemia-reperfusion participates in this cycle, not only by aggravating hypoxia after ischemia-reperfusion through
non-specific alveolar damage and pulmonary edema,?® but also by directly releasing numerous harmful factors, such as
endotoxemia, ROS, cell death-related molecules, and inflammatory factors into circulation, thereby enhancing brain

dysfunction.> >’

MSCs and MSC-EVs

Mesenchymal stem cells (MSCs) are a type of multipotent, self-renewing, adult stem cells with multidirectional
differentiation potential and immune-regulating functions.”® MSCs are known for their unique immunomodulatory
properties, which allow them to evade immune recognition and suppress immune responses.’” Due to their regenerative
potential, MSCs have emerged as a promising therapeutic strategy in regenerative medicine.®® MSCs with different
origins have been reported to be used in the treatment of ischemic stroke and lung ischemia injury.’*®'~%® However,
challenges such as donor heterogeneity, immunogenicity, potential carcinogenic risks, effective delivery, and ethical
challenges of MSCs must be addressed. As a result, the further advancement of stem cell therapy faces significant
obstacles. Recent evidence suggests that the beneficial effects of stem cell therapy are likely driven by the paracrine
mechanisms of MSCs, particularly through the secretion of EVs.®”*® MSC-EVs participate in intercellular communica-
tion and modulate the functions of cells and tissues by carrying and releasing a variety of bioactive substances, including
proteins, DNA, and RNA.% Compared with MSCs, MSC-EVs offer higher safety, lower immunogenicity, and easier
accessibility. Leveraging these advantages, MSC-EVs have been widely applied in the treatment of various diseases, such
as cerebral ischemic injury, pulmonary injury, renal injury, tumor progression, osteoarthritis, fracture healing, and
degenerative bone diseases, demonstrating great potential for clinical applications.”

MSC-EVs are typically classified into two groups based on their biogenesis: EVs formed by inward budding of the
endolysosomal membrane during the maturation of multivesicular endosomes and EVs formed by direct shedding
from the plasma membrane.”"’> MSC-EVs not only carry MSC-specific markers, including CD29, CD73, CD90,
CD44, and CDI105, but also display typical EVs markers such as CD63, CD9, and CD81, which facilitate their
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migration to injured and inflamed tissues.”> For example, Zhao et al reported that inhalation of MSC-EVs can
attenuate acute lung injury in mice through anti-inflammatory and anti-oxidant activity primarily by modulating
Nrf2.”* Besides, the membrane of MSC-EVs is rich in cholesterol, sphingomyelin, ceramide, and lipid raft proteins,
which facilitate membrane fusion with target cells and allow MSC-EVs to travel through the body, overcoming
biological barriers.”” After being taken up by target cells, MSC-EVs can release their cargo of bioactive substances,
such as proteins and cytokines, thereby modulating immune responses and promoting tissue regeneration and repair.’®
Around 40 functional proteins have been identified as responsible for the protective effects of MSC-EVs.”* In a mouse
model of acute myocardial infarction, MSC-EVs overexpressing AKT exhibited elevated levels of platelet-derived
growth factor D (PDGF-D), enhancing the angiogenic effect of MSC-EVs and thereby improving cardiac function.”’
Huang et al demonstrated that MSC-EVs alleviated cerebral ischemia/reperfusion injury by preventing neural cell
death through the inhibition of caspase-9 and caspase-3.”""® By delivering miRNAs and other biological active
molecules, MSC-EVs can influence immunomodulation, tissue regeneration, apoptosis inhibition, and tumor progres-
sion to promote their survival and regeneration.”’ Thus, MSC-EVs could serve as a promising alternative to MSC
therapy.

MSC-EVs Therapy in Brain Ischemia-Reperfusion Injury
Inhibition of Inflammatory Responses

The onset of neuroinflammation is both beneficial for the clearance of necrotic tissue and can lead to the destruction of
the nervous system. MSCs and MSC-EVs can act on different components in the CNS (Central nervous system) to inhibit
inflammatory responses and protecting the CNS from damage. Microglia are the resident immune cells of the CNS, and
play essential roles in neuroinflammation.*® MSCs can suppress the activation of pro-inflammatory microglia and reduce
the release of inflammatory factors, thereby inhibiting neuroinflammation.®' " Cui et al administered the isolated
umbilical cord mesenchymal stem cell-derived extracellular vesicles (UC-MSCs-EVs) into the ventricles of a rat
model. The result indicated that MSC-EVs can suppress the activation of microglia and promote the recovery of
neurological function.® By administering Bone Marrow Mesenchymal Stem Cell-derived EVs (BMSC-EVs) into the
MCAO (Middle Cerebral Artery Occlusion) model, Liu et al discovered that BMSC-EVs can suppress the NLRP3
inflammasome in neurons, thereby inhibiting inflammatory responses.*® Furthermore, their research indicates that MSC-
EVs can induce the transition of pro-inflammatory microglia (M1) to anti-inflammatory phenotypes (M2), thereby
suppressing neuro-inflammation.®® Specific research findings by Dong et al indicated that miR-23a-3p, derived from
human umbilical cord mesenchymal stem cells exosomes (hUCMSCs-EVs), inhibit the activation of microglia and M1
polarization.®” In addition to the aforementioned information, the intracellular signaling pathway mechanisms by which
MSC-EVs regulate the activity of microglia are also gradually being unveiled. Zhang et al discovered that the
administration of hUMSC-EVs into a mouse model of ischemic injury reduced the volume of the infarct and suppressed
the activation of microglia.*® Furthermore, \UMSC-EVs derived miR-146a-5p can inhibit the NF-kB signaling pathway,
reducing the production of inflammatory factors in glial cells.*® MSC-EVs inhibit the microglial NRF2/NF-kB/NLRP3
signaling pathway to reduce the expression of inflammatory factors (IL-6 and TNF-a) and the activity of inflammatory
cells, thereby alleviating inflammatory responses and oxidative stress.*” MSC-EVs not only regulate the activation status
and functions of microglia and neurons but also modulate astrocytes. Astrocytes, another crucial type of immune cell in
neuro-inflammation, are also regulated by MSC-EVs. Xian et al found that MSC-EVs can alleviate the inflammatory
response of activated astrocytes, and their mechanism of action may involve the modulation of the Nrf2-NF-«B signaling
pathway.”® By using BMSCs-miR-138-5p to treat MCAO, Deng et al found that BMSCs-miR-138-5p could be integrated
into astrocytes and reduce the expression of their inflammatory factors.”’ Further research indicates that MSC-EVs-miR
-138-5p promote astrocytes proliferation and inhibit inflammatory responses by regulating LCN2.”" Therefore, MSC-EV's
inhibit inflammatory responses by protecting neuronal cells, regulating the polarization of microglia, suppressing the
release of inflammatory factors, modulating the activity of astrocytes, and regulating intracellular signaling pathways in
neurons, thereby promoting the repair of damage.
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Inhibition of Apoptosis

Apoptosis, a form of programmed cell death, is induced by damage and inflammatory responses that occur subsequent to
ischemia-reperfusion. Such cell death, a consequence of injury and inflammation, results in the loss of cells within the
CNS, notably neurons. Consequently, the inhibition of cellular apoptosis can reduce the detrimental effects of post-
ischemic reperfusion injury.”? Over recent years, a multitude of studies have documented the suppressive effects of MSC-
EVs on apoptosis, as well as their protective impact against ischemic damage. Ye et al demonstrated that MSC-EVs
reduce apoptosis and enhance the migratory ability of neural cells.”® Similarly, by intranasal administration of MSC-EVs,
Ikeda et al found that MSC-EVs can reduce cellular apoptosis and promote neuronal survival.”* MSC-EVs can also
inhibit apoptosis in neural cells by regulating intracellular signaling pathways. In this context, caspase family proteins
play a crucial role in regulating cellular apoptosis.”® Liu et al found that MSC-EVs can inhibit apoptosis in neural cells
by suppressing caspase family proteins.’® Xiao et al found that miR-134 derived from BMSC-EVs can inhibit the
expression of caspase-8 and suppress oligodendrocyte apoptosis.”’ Kang et al found that BMSCs-miR-23b-3p could
inhibit the expression of NEK7 on microglia and suppress microglial pyroptosis.”® Further experiments demonstrated that
MSC-EVs-miR-23b-3p can inhibit pyroptosis in microglia by suppressing NEK7.”® Moreover, MSC-EVs reduce
pyroptosis in neural cells by targeting Absent in Melanoma 2(AIM2) through miR-193b-5p.® Similarly, MSC-EVs-
miR-22-3p can inhibit the KDM6B/BMP2/BMF axis to reduce neuronal apoptosis and infarction volume.'*® Besides,
MSC-EVs-miR-145 can significantly inhibit the expression of FOXO1 therefor inhibiting apoptosis in OGD/R-treated
BV2 cells.'®! MSC-EVs-miR-26a-5p also inhibit microglia apoptosis by suppressing the expression of CDK6, thereby
alleviating cerebral ischemia-reperfusion injury.'? In summary, these studies have unveiled the crucial roles of MSC-
EVs and their secreted miRNAs in modulating neuroinflammation and promoting neuronal survival. The findings
demonstrate that MSC-EVs can effectively regulate microglia and neurons, and significantly alleviate ischemia-
reperfusion injury. These discoveries offer novel insights and potential therapeutic strategies for the treatment of cellular
damage in neurological diseases (Figure 1 and Table 1).

Promotion of Angiogenesis

In brain ischemia-reperfusion injury, angiogenesis enables the formation of new blood vessels and regulates neovascu-
larization, thereby reducing the necrosis of ischemic and hypoxic tissues and promoting the recovery of neurological
functions. Hu et al found that in MCAO, BMSC-EVs could reduce infarct volume, increase microvascular density, and
upregulate the expression of miR-21-5p.'% In vitro study, the demonstrated that BMSCs-EVs-miR-21-5p upregulate
microvascular density and enhance the expression levels of VEGF, VEGFR2, Ang-1, and Tie-2, thereby promoting
angiogenesis.'* Similarly, human-induced pluripotent stem cell-derived MSC-EVs (hiPS-MSC-EVs) enhance angiogen-
esis in the ischemic region by expressing VEGF and CXCR4 proteins.'”® Various signaling pathways and axis also play
important roles in angiogenesis. Such as Feng et al discovered that hUC-MSCs-Exos-circDLGAP4 can elevate the
expression levels of circDLGAP4 and, moreover, hUC-MSCs-Exos-circDLGAP4 can suppress the miR-320/KLF5
signaling pathway.'®” Therefore, the hUC-MSCs-EVs promote angiogenesis after cerebral ischemia-reperfusion by
regulating the miR-320/KLF5 axis.'”” Bao et al found that BMSC-EVs can improve functional recovery of the brain
after ischemia and promote vascular regeneration.'®” Further experiments have demonstrated that BMSC-EVs promote
angiogenesis after cerebral ischemic injury by releasing miR-486 and modulating the PTEN/Akt signaling pathway.'®’
Besides, Yang et al discovered that exosomes derived from adipose-derived stem cells (ADSCs-EVs) promote the
generation of brain microvascular endothelial cells (BMECs) in rats after OGD through the miR-181b-5p/TRPM7
axis.''” The aforementioned studies have revealed that various types of MSC-EVs promote angiogenesis following
cerebral ischemia-reperfusion injury by carrying multiple miRNAs to modulate intracellular signaling pathways.

Protective Capability Against Oxidative Damage

Oxidative stress is a crucial factor contributing to cellular and tissue damage following ischemic stroke. After ischemic
stroke, cells and tissues are disrupted, leading to a significant increase and accumulation of ROS and other oxidative
substances.'?’ The accumulation of these oxidative substances can cause damage to cellular organelles, cell death, and
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Figure | The mechanisms of action of extracellular vesicles (EVs) derived from different types of mesenchymal stem cells (MSCs) in cerebral ischemia-reperfusion injury.
MSCs from various sources, including hUC-MSCs, BMSCs, OM-MSCs, (hiPS-MSCs, AD-MSCs, and hNSCs, secrete EVs. These EVs contain various factors, such as miR-
193b-5p, miR-22-3p, miR-145, miR-26a-5p, IncRNA ZFASI, miR-23a-3p, miR-146a-5p, circDLGAP4, miR-138-5p, miR-134, miR-23b-3p, miR-21-5p, VEGF, CXCR4, miR-
181b-5p, miR-25, and others. These factors can exert the following effects: The factors can influence apoptosis in neural cells by acting on pathways involving AIM2, FOXO,
KDMé6B/BMP2/BMF, CDK®6, Caspase8, and NEK7. The factors can affect angiogenesis by acting on VEGF, VEGFR2, ANG |, the PTEN/Akt axis, TRPM7 axis, STAT3, CXCR4,
and the miR-320/KLF5 pathway. They can influence autophagy by acting on miR-25, Nrf2, STAT3, and Cav-1. miR-15a-5p can influence oxidative stress. E. They can affect
inflammation by acting on pathways involving IL-6 and TNF.

Abbreviations: MSCs, Mesenchymal stem cells; hUC-MSCs, human umbilical cord-derived MSCs; BMSCs, bone marrow-derived MSCs; OM-MSCs, oral mucosa-derived
MSCs; AD-MSCs, adipose tissue-derived stem cells; hNSCs, human neural stem cells; EVs, extracellular vesicles; hiPS-MSC, Human Induced Pluripotent Stem Cell-derived
Mesenchymal Stromal Cells.

tissue destruction, thereby leading to adverse outcomes.'?' Therefore, regulating the oxidative stress response and
reducing the harmful effects of oxidative stress can improve the prognosis of ischemic stroke.'?! In recent years,
MSC- EVs have been shown to modulate oxidative stress following ischemic stroke, attenuate the detrimental effects
of oxidative stress, and protect cells and tissues.'*> NcRNAs derived from MSC-EVs also exhibit antioxidant and anti-
inflammatory effects. Yang et al have shown that IncRNA ZFAS1 from MSC-EVs can bind to miRNA-15a-5p in
damaged cells and regulate its downstream signaling pathways, thereby effectively alleviating cell and tissue damage
caused by oxidative stress.'"

ADMSC-EVs have emerged as a promising therapeutic direction for ischemic stroke due to their antioxidant
properties.''! Chen et al injected ADMSC-EVs into MCAO model and assessed the therapeutic prognosis. The study
found that oxidative stress markers, such as malondialdehyde (MDA) and superoxide dismutase (SOD), were signifi-
cantly reduced in the MCAO model treated with ADMSC-EVs.'!! Therefore, Chen et al demonstrated that ADMSC-EVs

have antioxidant effects and can reduce oxidative damage.''' Additionally, Leu et al administered ADMSCs
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Table 1 MSC-EVs Therapy in Brain Ischemia-Reperfusion Injury

Author (Ref) Year | Country Species Route The Main Effects of MSC-EVs

The emerging effect of MSC-EVs on inflammation regulation following ischemic stroke

Liu et al®*® 2021 China Rats v Regulate the M1/M2 phenotype switch of microglia.
Cheng et al'®? | 2021 China Mice v MSCs-EV-miR-26a-5p inhibit microglia apoptosis.
Dong et al'® | 2022 | China Rats v Reduce M| -microglia activation via miR-223-3p.

Cui et al®® 2022 China Rats v Inhibit microglia activation.

Zhang et al®® 2021 China Cells NA miR-146a-5p reduces microglial-mediated neuroinflammation.
Wang et al’® | 2023 China NA NA miR-23b-3p inhibits pyroptosis in microglia.

Xian et al® 2019 China Mice NA Reduce reactive astrogliosis and inflammatory responses.
Deng et al’' 2019 China Mice 1A Promote astrocytes proliferation and inhibit inflammation.
Che et al*’ 2024 China Mice NA Inhibit NRF2/NF-kB/NLRP3 signaling pathway in microglia.

The emerging effect of MSC-EVs on apoptosis regulation following ischemic stroke

Ikeda et al’* 2024 China Mice Intranasal | Alleviate brain injury, cell apoptosis and reduce neuroinflammation.
Ye et al” 2022 China Rats I\ Decreased apoptosis and enhanced migration ability.

Liu et al’® 2022 China Mice NA Reduce neuronal apoptosis via activating TGRS signaling pathway.
Wang et al'® | 2023 | China Mice NA Alleviate cell apoptosis through INcRNA-ZFASI/FTO/Drp| axis.
Xiao et al”’ 2019 China Cell NA Inhibits oligodendrocyte apoptosis through miR-134.
Wang et al”’ 2023 China Mice/Cell NA miR-193b-5 inhibit AIM2 signaling pathway mediated pyroptosis.
Hung et al'® 2023 China Cell NA Inhibiting caspase-9 and caspase-3 to suppress cell apoptosis.
Kang et al”® 2021 China Cell NA Inhibition of NLRP3 inflammasome-mediated pyroptosis.
Zhou et al'®' | 2022 | China Cell NA Inhibit apoptosis in BV2 cells through miR-145.

Zhang et al'® | 202| China Mice/Cell NA Reduce apoptosis via KDMéB-mediated BMP2/BMF axis.

The emerging effect of MSC-EVs on angiogenesis regulation following ischemic stroke

Hu et al'® 2022 | China Mice NA Enhance the expression of VEGF and VEGFR2 via miR-21-5p.
Feng et al'”’ 2023 China Mice NA Regulate the miR-320/KLF5 axis to promote angiogenesis.
Lu et al'® 2023 China Mice NA Promote angiogenesis by enhancing VEGF and CXCR4 proteins.
Bao et al'®® 2024 China Mice NA Promote the generation of vascular endothelial cells.
Yang et al''® 2018 China Mice NA Promote angiogenesis in BMECs via miR-181b-5p/TRPM7 axis.

The emerging effect of MSC-EVs on protective capability against oxidative damage following ischemic stroke

Chen et al'"! 2016 Korea Mice v ADMSC-EVs up-regulate SOD and CAT to reduce oxidative stress.
Liu et al''? 2024 China Mice v Release HGF, BDNF and TNFRI to reduce oxidative stress.
Yang et al'"? 2022 China Cell v LncRNA ZFAS| combine with miR-15a-5p to reduce oxidation.
Leu et al''* 2020 Korea Mice v AD-MSCs upregulate of antioxidant enzyme expression.

He etal''® 2020 China Mice v Reduce oxidative stress damage by reducing the production of ROS.
Liu et al''® 2020 China Mice NA hNSCs-EVs enhance the expression of antioxidant enzymes.

The emerging effect of MSC-EVs on autophagy regulation following ischemic stroke

Xia et al''? 2020 | China | Mice/MCAO NA iMSC-EVs inhibit autophagy.
Lietal''® 2025 China Mice NA BMSC-EVs regulate excessive autophagy.
Kuang et al''? | 2020 China Mice/MCAO NA AD-MSCs-EVs-miR-25 inhibit autophagy.

Abbreviations: 1V, intravenous; Sub, subcutaneous; MSCs, Mesenchymal stem cells; hUC-MSCs, human umbilical cord-derived MSCs; BMSCs, bone marrow-
derived MSCs; AD-MSCs, adipose tissue-derived stem cells; hNSCs, human neural stem cells; EVs, extracellular vesicles; MCAO, Middle Cerebral Artery
Occlusion; OGD, Oxygen Glucose Deprivation; iMSC-EVs, induced Pluripotent Stem Cell-derived Mesenchymal Stem Cell Extracellular Vesicles.

intravenously into the MCAO model. Their results indicated that both ADMSCs and ADMSC-EVs could reduce
oxidative stress markers in brain tissue following ischemic stroke.''

hUC-MSCs also have the ability to regulate oxidative responses, and hUC-MSC-EVs are the main components
through which they exert this regulatory effect.''? Liu et al injected hUC-MSCs into MCAO model to investigate their

effects on oxidative stress.''? The results showed that hUC-MSC-EVs reduced MDA levels and increased SOD levels,
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thereby enhancing antioxidant capacity.''? Additionally, tumor necrosis factor receptor 1 (TNFR1) further upregulated
the expression of quinone oxidoreductase 1 (NQO1) and heme oxygenase-1 (HO-1) to achieve antioxidant effects.!'? The
mechanisms underlying the effects of hUC-MSC-EVs on ischemic stroke remain to be further explored.

Olfactory Mucosa Mesenchymal Stem Cells (OM-MSCs) and their OM-MSCs-EVs also exhibit antioxidant proper-
ties. He et al injected OM-MSCs and OM-MSCs-EVs into the MCAO model and assessed their effects.''> The results
demonstrated that oxidative stress markers (such as SOD and MDA) were reduced in the MCAO model, along with
decreased cell death and tissue damage.''> The experiments by He et al confirmed the protective effects of OM-MSCs
and OM-MSCs-EVs on brain cells and tissues following ischemic stroke, laying the foundation for further exploration of
the underlying mechanisms."'"?

Human neural stem cells (hNSCs) and hNSCs-EVs exhibit neuroprotective properties and play a protective role
following ischemic stroke. Liu et al treated an OGD model with hNSCs-EVs and investigated their effects.''® The
experiments demonstrated that hNSCs-EVs can activate the Nrf2 signaling pathway, thereby promoting the expression of
antioxidant genes.''® Following OGD treatment, levels of oxidative stress markers such as SOD and MDA were
significantly reduced in cells treated with hNSCs-EVs."'® Through these mechanisms, hNSCs-EVs mitigate oxidative
stress following ischemic stroke, thereby protecting neural tissue and improving the prognosis of ischemic stroke.

Regulation on Autophagy

After ischemic stroke, ischemia and hypoxia cause damage to cells and tissues. Damaged cells use autophagy to remove
necrotic and damaged organelles and clear toxic substances within the cells.'®® This protects cells from destruction by
harmful substances, safeguards neurons, and improves the prognosis of ischemic stroke.'”® Autophagy is a self-
regulatory mechanism within cells that degrades damaged organelles and clears harmful substances via lysosomes.'**
Following ischemic stroke, hypoxia leads to the damage of cellular organelles and the accumulation of harmful
substances within cells.'?*'?> Moderate autophagy is protective for cells. However, excessive autophagy can lead to
cell death and exacerbate damage to the nervous system.'?® Kuang et al demonstrated that ADMSC-EVs administration
in MCAO models alleviated ischemic injury by reducing autophagy markers (LC3-II/LC3-I ratio and p62 levels) through
miR-25-mediated regulation of ATG7 expression.''” Similarly, Liu et al reported that ANSC-EV's exerted neuroprotective
effects post-ischemic stroke through dual mechanisms: Nrf2 pathway activation and autophagy modulation (upregulation
of LC3 and p62 expression).''® These findings collectively indicate that EV-mediated autophagy regulation represents
a crucial therapeutic mechanism against ischemic injury, with different EV sources employing distinct molecular
pathways to enhance cellular clearance and neuronal protection.

Xia et al administered MSC-EVs in MCAO models to explore their effects on autophagy and neurological outcomes,
revealing that iMSC-EVs activated the STAT3 signaling pathway.''” This activation promoted angiogenesis, indicating
iIMSC-EVs exert neuroprotective effects and improve ischemic stroke prognosis through autophagy inhibition-mediated
angiogenesis enhancement. Beyond vascular regeneration and repair, the BBB is a vital component of the nervous system
and plays a crucial role in the prognosis of ischemic stroke.'?® After stroke, the blood-brain barrier can maintain the
stability of the brain’s internal environment, suppressing inflammatory responses, and facilitating tissue repair. Following
ischemic stroke, lysosomes in damaged cells degrade tight-junction proteins in endothelial cells, such as ZO-1 and
Occludin.'"® This leads to the disruption of the BBB, thereby worsening the prognosis of ischemic stroke.'*'?” Li et al
injected BMSCs-EVs into OGD and MCAO models and observed the expression of tight-junction proteins and Caveolin-
1 (Cav-1).""® The results indicated that BMSCs-EVs could promote the expression of tight-junction proteins and reduce
the impact of cellular autophagy on these proteins, thereby preserving the integrity of the BBB.''® Additionally, BMSCs-
EVs were able to directly target Cav-1 and inhibit autophagy mediated by Cav-1.""® Figure 1 and the accompanying
Table 1 provide comprehensive data on MSC-EVs’ therapeutic effects in ischemic stroke.

MSC-EVs Therapy in Lung Ischemia-Reperfusion Injury

A growing body of research highlights the pivotal role of MSC-EVs in influencing the outcomes of lung ischemia-
reperfusion injury. To comprehensively assess this area, a systematic search was conducted to identify relevant studies
examining the therapeutic effects of MSC-EVs, including exosomes, on lung ischemia-reperfusion injury. Key databases
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such as PubMed, the Cochrane Library (accessed up to November 2024), Web of Science, and EMBASE (covering

LE N3

studies from 1990 to November 2024) were utilized. Search terms included combinations of “lung”, “extracellular
vesicles”, “exosomes”, “MSCs”, and “ischemia-reperfusion injury”, employing Boolean operators to optimize results.
The review adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.
To ensure thoroughness, reference lists of the retrieved articles were manually screened for additional eligible studies.
This iterative process was repeated until no new publications were identified. Ultimately, eight studies met the inclusion
criteria, originating from the United States, Italy, and China, and published between 2017 and 2024.1287136 These studies
identified various cargos carried by MSC-derived EVs in different functional states, which exhibited distinct effects on
the prognosis of lung ischemia-reperfusion injury. Specific ncRNAs identified as cargos included miR-21-5p, miR-381,
miR-335, IncRNA-ZFAS1, miR-202-5p. These cargos demonstrated either beneficial or detrimental influences on injury
outcomes, as detailed in Figure 2 and Table 2.

EVs Derived from BM-Derived Mesenchymal Stem Cells

BM-MSCs are multipotent stromal cells with immense potential in regenerative medicine.'*” These cells, derived from
bone marrow, possess multilineage differentiation potential and can differentiate into various cell types, including
osteoblasts, chondrocytes, adipocytes, and myocytes.'*® Moreover, BM-MSCs exhibit robust secretory functions, capable
of secreting a variety of cytokines, such as vascular endothelial growth factor (VEGF) and insulin-like growth factor
(IGF)."*® Therefore, BM-MSCs hold great potential for applications in tissue repair and regeneration.'*® Renowned for
their strong immunomodulatory and anti-inflammatory properties, BM-MSCs exhibit low immunogenicity, enabling their

Lung Ischemia-Reperfusion Injury
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Figure 2 In lung ischemia-reperfusion injury, MSC-EVs exert protective effects on lung tissue. BM-MSC-EVs suppress inflammatory responses by releasing miR-38, miR-335,
TNF-a, IL-1B, and miR-21-5p. AD-MSCs-EVs inhibit inflammatory responses by releasing miR-206 to suppress the NF-«kB pathway. hUC-MSCs-EVs reduce inflammation by
inhibiting IL-17, TNF-a, CXCLI, HMGBI, and TNF-o. BM-MSCs-EVs inhibit pyroptosis by releasing miR-202-5p to regulate CMPK2. BM-MSC-EVs suppress apoptosis by
releasing miR-335, miR-21-5p, and LncRNA-ZFAS|. AD-MSCs-EVs inhibit apoptosis by releasing miR-206 to suppress CXCLI.

Abbreviations: MSCs, Mesenchymal stem cells; EVs, extracellular vesicles; BMSCs, bone marrow-derived MSCs; AD-MSCs, adipose tissue-derived stem cells; hNSCs,
human neural stem cells.
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Table 2 Preclinical Studies Evaluating the Impact of MSC-Derived Extracellular Vesicles on Lung Ischemia-Reperfusion Injury

Author (Ref) Year | Country Species EVs Route MSCs The Main Effects on Lung
Source Ischemia-Reperfusion Injury
Li et al'®' 2019 China Mice Exosome v BM Reduced lung edema and dysfunction
and inhibit M| polarization of alveolar
macrophages.
Gao et al'® 2024 | China Mice Exosome v BM Inhibit the ubiquitination-driven

degradation of Foxp3 in CD4+ T cells
facilitate the development of regulatory
T cells.

Zhang et al'?* 2024 | China Rat Exosome v BM Regulate the NF-kB pathway, maintain
mitochondrial structural stability, and
inhibit inflammatory responses,
oxidative stress, and apoptosis.

Stone et al'** 2017 USA Wharton’s jelly rat EVs v Umbilical cord | Promote anti-inflammation via
attenuation of immune cell activation
and prevention of endothelial barrier
integrity to prevent lung edema.

Liu et al'? 2019 China Rat Exosome v BM Decrease apoptosis and inflammation
accompanied by down-regulation of
TLR4 and NF-kB expression.

Lonati et al'* 2019 Italy Human EVs v BM Decrease vascular resistance, a rise of
perfusate NO metabolites,
inflammation, and oxidative stress.

Cai et al'”® 2020 USA Human EVs % Adipose Show protective immunomodulation by
enriching antagomiR-206, to mitigate
epithelial cell activation and neutrophil
infiltration in lungs.

Gao et al'*® 2023 China Mice Exosome v BM Exosomal ZFAS| suppress proliferation,
migration inhibition, apoptosis, and
inflammation in hypoxia/reoxygenation-
exposed epithelial cells.

Sun et al'*® 2022 China Mice Exosome v BM Enhanced cell viability and reduced
pyroptosis were observed in hypoxia/
reoxygenation-treated mouse lung
epithelial cells.

Abbreviations: 1V, intravenous; Sub, subcutaneous; BM, bone marrow; UC, umbilical cord; MSCs, mesenchymal stem cell.

use in both autologous and allogeneic treatments. They produce various bioactive molecules, such as cytokines and
growth factors, which regulate immune responses, enhance angiogenesis, and support tissue healing.'** BM-MSCs can
modulate immune responses to suppress inflammation, while also promoting the repair of endothelial cells, improving
tissue blood supply, and thereby reducing the degree of fibrosis."**'*! Their therapeutic effects are mediated through
mechanisms like direct differentiation, paracrine signaling, and immune modulation. Despite their advantages, challenges
like donor-dependent variability, limited proliferation capacity, and risks of unintended differentiation pose obstacles to
their clinical application.'** To overcome these limitations, EVs derived from BM-MSCs are being developed as a cell-
free therapeutic alternative, offering comparable benefits without the complications associated with cell-based therapies.
BM-MSCs continue to be a foundational element of regenerative medicine, with ongoing advancements aimed at refining
their clinical efficacy and broadening their therapeutic applications.

Increasing evidence suggests that EVs derived from BM-MSCs can suppress inflammatory responses, inhibit
apoptosis and pyroptosis, and promote the differentiation of regulatory T cells.'*®* '*® In terms of anti-inflammatory
effects, EVs derived from BM-MSCs not only suppress inflammation in lung microvascular endothelial cells in vitro but
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also effectively reduce inflammatory responses in lung tissue in vivo. Li et al and Gao et al indicated that EVs derived
from BM-MSCs carrying miR-21-5p and IncRNA-ZFAS1 can inhibit the inflammation in the pulmonary endothelial
cells, respectively.**'?! Additionally, EVs derived from BM-MSCs carrying miR-21-5p can inhibit M1 polarization of
alveolar macrophages and reduce the secretion of inflammatory cytokines such as HMGBI, IL-8, IL-1p, IL-6, IL-17, and
TNF-a."*" When BM-MSCs are pre-challenged by hypoxia/reoxygenation, the expression level of miR-21-5p in the
exosomes they secrete is significantly increased, thereby enhancing the anti-inflammation effects of these MSC-derived
exosomes."*! Conversely, pre-treatment of BM-MSCs with miR-21-5p antagomir results in an opposing effect, reducing
the therapeutic benefits of the exosomes.'>' From a tissue perspective, BMSC-derived EVs can help alleviate lung
inflammation after ischemia-reperfusion injury by upregulating miR-335 expression.'*® This mechanism activates the
NF-«B signaling pathway. Additionally, both IncRNA-ZFAS1 and miR-21-5p are involved in the inflammatory suppres-
sion at the lung tissue level, further contributing to the therapeutic effects of BMSC-derived EVs.'?%!3!

Pyroptosis is a form of programmed cell death that is triggered by intracellular pathogen infections and is associated
with an inflammatory response. The excessive activation of pyroptosis promotes the release of inflammatory factors and
intracellular oxidative substances, thereby exacerbating the inflammatory response.'®® Therefore, it is one of the key
factors contributing to lung ischemia-reperfusion injury. In their study, Sun et al demonstrated that BM-MSC-derived
EVs containing miR-202-5p can inhibit pyroptosis and mitigate lung injury caused by ischemia-reperfusion.'*> They
identified that miR-202-5p targets CMPK2, a critical regulator of pyroptosis.'>> Mechanistically, the interaction between
miR-202-5p and CMPK2 was validated using dual-luciferase reporter assays and RNA immunoprecipitation. The results
confirm that BMSC-derived EVs containing miR-202-5p effectively suppress pyroptosis and prevent the progression of
lung ischemia-reperfusion injury by targeting CMPK2'*® (Figure 2 and Table 2).

Apoptosis is a form of programmed cell death that plays a crucial role in maintaining cellular homeostasis and
eliminating damaged or dysfunctional cells. Pyroptosis and apoptosis are both forms of programmed cell death. The main
difference between them is that apoptosis is typically an orderly and relatively mild process, in which cells maintain their
basic structure during death and do not trigger a strong inflammatory response.'** In contrast, pyroptosis is an
inflammatory form of cell death, characterized by cell rupture and the release of inflammatory factors, thereby inducing
an inflammatory response.'*> In ischemia-reperfusion injury, both apoptosis and pyroptosis can be activated, but their
impacts on tissues differ. Therefore, intervening in the distinct mechanisms of apoptosis and pyroptosis can help alleviate
ischemia-reperfusion injury.'® In studies examining cell death, the TUNEL assay is commonly used to detect apoptosis,
and the apoptosis index is calculated to quantify the level of cell death.'*> Additionally, the protein levels of apoptosis-
related proteins, such as caspase-3, cleaved-caspase-3, caspase-9, and cleaved-caspase-9, are often assessed to further
evaluate the extent of apoptosis.'*® Zhang et al demonstrated that EVs BM-MSCs regulate the NF-kB signaling pathway
and significantly reduce the level of apoptosis in lung tissues after ischemia-reperfusion injury in rats. This protective
effect is mediated by miR-335, which plays a critical role in reducing lung damage and apoptosis. These findings
highlight the therapeutic potential of BM-MSC-derived EVs in mitigating apoptosis and promoting tissue repair in
ischemia-reperfusion injury.'*® Li et al'*' further showed that MSC-derived EVs alleviated ischemia-reperfusion injury-
induced apoptosis in primary murine pulmonary endothelial cells by suppressing both intrinsic and extrinsic apoptotic
pathways. This effect was mediated through miR-21-5p, which targets PTEN and PDCD4. Additionally, artificially
overexpressing PTEN or PDCD4 in vitro significantly reduced the anti-apoptotic effect of MSC-EVs, highlighting the
crucial role of these targets in the protective action of MSC-EVs against apoptosis.'*' The regulation of cell apoptosis by
MSC-EVs extends beyond these findings. Liu et al'*? demonstrated that exosomes derived from MSCs downregulate
TLR4 and NF-kB signaling pathways, thereby reducing ischemia-reperfusion injury-induced lung damage and apoptosis.
Additionally, Gao et al'*® revealed that BMSC-EVs, enriched with IncRNA-ZFASI, alleviate apoptosis in lung micro-
vascular endothelial cells following pulmonary ischemia-reperfusion injury. This effect is mediated through the UPF1-
dependent mRNA decay of FOXDI, highlighting a novel mechanism by which MSC-derived exosomes protect against
lung injury and cell death.
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EVs Derived from Adipose-Derived Mesenchymal Stem Cells

AD-MSCs have emerged as a highly promising option for treating lung diseases, thanks to their robust regenerative
abilities and potent anti-inflammatory and immunomodulatory properties.'*”'*® Sourced from adipose tissue, AD-MSCs
are not only easy to obtain but also exhibit a higher proliferative capacity compared to BM-MSCs, making them
a practical and efficient choice for therapeutic applications.'*’ Studies have demonstrated that AD-MSCs may surpass
BM-MSCs in effectiveness for cell-based therapies targeting ischemia-reperfusion injury. A comparative study assessing
the outcomes of intravenously administered allogenic AD-MSCs and BM-MSCs in IRI models highlighted the superior
therapeutic potential of AD-MSCs. '

AD-MSCs have shown efficacy across a range of lung conditions, including acute lung injury, acute respiratory
distress syndrome, chronic obstructive pulmonary disease, pulmonary fibrosis, and bronchopulmonary dysplasia.'>''>*
These cells mitigate lung damage by reducing inflammation, preventing fibrosis, and enhancing alveolar repair,
demonstrating a particularly critical role in treating IRI-related lung injury.'>® Despite their promise, challenges remain,
such as inconsistencies in treatment protocols, safety concerns, and the need for clear evidence of clinical efficacy.'™
Innovative approaches using AD-MSC-EVs offer a compelling alternative to direct cell therapy. These EVs deliver
bioactive molecules, such as miRNAs, cytokines, and growth factors, through paracrine mechanisms, driving tissue
repair, alleviating oxidative stress, and modulating immune responses.'”> '*® As ongoing research and clinical trials
refine these therapies, AD-MSCs and their derivatives are poised to become central to the future of regenerative
medicine, particularly for lung ischemia-reperfusion injury and related disorders.

EVs derived from AD-MSCs act as biomimetic nanocarriers for therapeutic immunomodulation, effectively attenuat-
ing epithelial cell activation and neutrophil infiltration in the lungs following ischemia-reperfusion injury. Cai et al'*®
proposed that the immunomodulatory potential of AD-MSC-derived EVs could be further enhanced by incorporating
specific cargos, offering a more efficient approach to mitigating post-transplant lung ischemia-reperfusion injury. The
authors emphasize the therapeutic potential of targeting miR-206 alongside the immunomodulatory properties of EVs to
reduce pulmonary inflammation, edema, and injury after IR injury.'*® Elevated miR-206 expression was identified as an
early marker and potential biomarker for lung IR injury, with confirmation from human bronchoalveolar lavage samples
of post-lung transplant patients and experimental murine models.'*® Enriching EVs with miR-206 inhibitors provided
significant protection against lung inflammation and injury in two murine models of ischemia-reperfusion injury. The
protective effects of miR-206 inhibition were primarily driven by the modulation of alveolar type II epithelial cell

activation and the reduction of CXCL1 production.'*®

EVs Derived from Human Umbilical Cord-Derived Mesenchymal Stem Cells
hUC-MSCs are multipotent stem cells extracted from the umbilical cord tissue, particularly from Wharton’s jelly.'>*'
These cells have garnered significant interest in regenerative medicine due to their remarkable properties, including high
proliferation capacity, multipotency, and low immunogenicity.'®" hUC-MSCs are capable of differentiating into various
cell types, such as osteoblasts, adipocytes, and chondrocytes, making them highly suitable for tissue repair and
regeneration.'®'"'® Additionally, they possess powerful immunomodulatory abilities that can help treat autoimmune
diseases, reduce inflammation, and prevent transplant rejection.'®*'%> Their low expression of major histocompatibility
complex antigens also minimizes the risk of immune rejection.'® hUC-MSCs are easily obtained from discarded
umbilical cord tissue, providing an ethically viable and abundant source of stem cells. EVs derived from hUC-MSCs
are increasingly recognized for their therapeutic potential in regenerative medicine. One of the key advantages of these
EVs is their ability to deliver the regenerative benefits of the parent stem cells without requiring direct cell transplanta-
tion. As a cell-free therapy, hUC-MSC-EVs offer significant benefits, including reduced immune rejection risks and
simpler administration.

Studies have shown that EVs derived from hUC-MSCs can effectively mitigate lung inflammation and injury caused
by ischemia-reperfusion and enhance the reconditioning of donor lungs during ex vivo lung perfusion.'** As indicated by
Stone et al,'** treatment with EVs derived from hUC-MSCs significantly mitigated lung dysfunction and injury in mice,
as evidenced by reduced edema, neutrophil infiltration, and myeloperoxidase levels compared to the ischemia-reperfusion
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group alone. Additionally, EV treatment led to a notable reduction in pro-inflammatory cytokines, including IL-17, TNF-
a, CXCLI1, and HMGBI, while enhancing the expression of keratinocyte growth factor, prostaglandin E2, and IL-10 in
the bronchoalveolar lavage fluid after ischemia-reperfusion.'** Moreover, EVs effectively downregulated IL-17 produc-
tion by invariant natural killer T cells and HMGB1 and TNF-a production by macrophages following ischemia-

reperfusion.'*

EV-Associated Cargos Involved in Both Conditions Demonstrate
Significant Overlaps in Their Modes of Action

Despite the diverse pathophysiological processes occurring in different tissues and organs associated with these two
disorders, a common feature is the role of EVs as carriers for regulating ischemia-reperfusion injury progress via various
cargos mechanisms. Interestingly, certain EV-associated cargos seem to participate in both conditions by modulating
respective signaling pathways. These overlapping cargos demonstrate different protective effects on disease outcomes.
Giving significant attention to uncovering potential shared cargos may offer new insights into tissue remodeling
processes and help identify therapeutic targets for lung and brain ischemia-reperfusion injury. Based on the aforemen-
tioned intervention studies involving EV-associated cargos, a total of 2 IncRNAs (miR-21-5p and IncRNA-ZFAS1) have

also been identified, with strong evidence suggesting their involvement in both pathophysiological conditions.'®®

BM-MSC-Derived ZFAS| Plays a Role in Both Pathological Conditions

ZFAS]1, a long noncoding RNA, highlights the intricate and multifaceted roles of IncRNAs in disease biology, including
168 -
1t

suggested a tumor-suppressive role in specific contexts. However, subsequent research has revealed a more complex

cancer and other pathological conditions.'®” Initially characterized as downregulated in human breast cancer,

expression pattern for ZFAS1. For instance, it has been found overexpressed in various other cell types, including BM-
MSCs, where it has distinct functional implications.''*'3%1%% In ischemia-reperfusion injury, ZFAS1 might contribute to
cellular protection, potentially by modulating stress response pathways or regulating mitochondrial function. In the
context of ischemic stroke, Yang et al''® demonstrated that BMSC-secreted EVs carrying ZFAS1 played a protective role
in neural injury. Specifically, EV-ZFAS1 promoted cell proliferation while simultaneously mitigating oxidative stress,
apoptosis, and inflammation in BV-2 cells subjected to oxygen-glucose deprivation/reoxygenation conditions.'"
However, these protective effects were abolished when miR-15a-5p was overexpressed, indicating a regulatory interac-
tion between ZFAS1 and miR-15a-5p. Furthermore, in vivo experiments revealed that BMSC-derived EV-ZFASI1
effectively reduced oxidative stress, cerebral infarct size, and inflammatory responses in a mouse model of MCAO.'"?
Moreover, ZFAS1 also alleviates inflammatory responses by inhibiting the p65/IkBa inflammatory pathway. These
findings underscore the therapeutic potential of BMSC-released EV-ZFAS1 in mitigating ischemic stroke-induced
damage by modulating oxidative stress and inflammation. Beyond this, a study further highlighted ZFAS1 as a pivotal
mediator in the mechanisms by which BM-MSCs promote neural functional recovery after stroke. Wang et al'®*
demonstrated that BM-MSC-derived EVs containing KLF4 alleviated infarct size, neuronal damage, and apoptosis in
a mouse model of MCAO. This neuroprotective effect was achieved via the IncRNA-ZFAS1/FTO/Drpl axis, under-
scoring the critical role of ZFAS1 in the therapeutic actions of BM-MSCs against stroke-induced injury. Similarly, in the
context of lung ischemia-reperfusion injury, Gao et al'*® demonstrated that ZFAS1 delivered by BMSC-EVs promotes
the decay of FOXD1 mRNA, leading to the subsequent inactivation of Galectin-3 through direct interaction with UPF1.
This mechanism effectively attenuates pulmonary ischemia-reperfusion injury. These findings collectively indicate that
BMSC-derived EVs carrying ZFAS1 can facilitate improved prognosis in ischemia-reperfusion injury-related diseases, as
evidenced by their protective effects in both cerebral and pulmonary ischemia-reperfusion injuries. Under these two
pathological conditions, ZFAS1 exerts a protective role in both cases. However, the mechanisms underlying this
protective effect are not the same. In cerebral ischemia-reperfusion injury, ZFAS1 mainly functions by inhibiting cell
apoptosis, reducing infarct size, and suppressing inflammatory responses, thereby exerting its protective effect. In

pulmonary ischemia-reperfusion injury, ZFAS!1 primarily protects cells in the damaged areas and reduces cell apoptosis
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and injury by regulating the FOXD1/Galectin-3 axis. Future research needs to further explore the specific mechanisms of
action of ZFAS1 under different pathological conditions in order to develop targeted therapeutic strategies.

BM-MSC-Derived miR-21-5p Plays a Role in Both Pathological Conditions

miR-21-5p is a well-established microRNA that regulates numerous biological processes, including cell growth,
apoptosis, and inflammation. It is a member of the miR-21 family, which has been closely linked to the progression of
various diseases, particularly ischemia-reperfusion injuries.'”® In the context of ischemia-reperfusion injury, miR-21-5p
plays a vital role in modulating the cellular response to ischemic stress.'’' Its expression is often increased during
ischemia-reperfusion injury, where it provides protective benefits by preventing cell death, mitigating oxidative damage,
and regulating inflammatory responses.'>' miR-21-5p exerts these effects by targeting key molecules such as PTEN and
PDCD4, and activating cell survival pathways like PI3K/Akt."*"'7>!7 It also supports tissue recovery and angiogenesis,
aiding in the repair process following ischemia-reperfusion injury. However, excessive levels of miR-21-5p can have
negative consequences, such as promoting fibrosis and abnormal tissue remodeling, especially in organs like the
heart.'”*'”> Thus, while miR-21-5p holds promise as a therapeutic target for ischemia-reperfusion injury, its complex
role necessitates careful evaluation to balance its beneficial and potentially harmful effects in clinical treatments.

After ischemic stroke, the high expression of miR-21-5p in AD-MSCs and BM-MSCs provides significant protection
against ischemia-reperfusion injuries in the brain and lungs. For example, based on a previous study, Hu et al' showed
that systemic administration of BM-MSC-derived EVs could reduce cerebral ischemia injury and promote angiogenesis
in mice. This treatment resulted in the upregulation of proangiogenic proteins, including VEGF, VEGFR2, Ang-1, and
Tie-2, as well as increased expression of miR-21-5p in the ischemic boundary regions. To further investigate the role of
miR-21-5p, the researchers transfected BM-MSCs with a miR-21-5p inhibitor. The results confirmed that BM-MSC-
derived EVs enhanced angiogenesis in HUVECs in vitro by transferring miR-21-5p. In addition, Liu et al demonstrated
that miR-21-5p in EVs derived from AD-MSCs alleviates the inflammatory response following cerebral ischemia by
modulating the PIK3R1/PI3K/AKT signaling pathway.'”> Meanwhile, Li et al'’® investigated the impact of AD-MSC
administration on blood-brain barrier integrity, apoptosis, inflammation, and the activity of the miR-21-3p/MAT2B axis
in ischemic stroke. Additionally, it provided neuroprotection after ischemic stroke by promoting the polarization of M2
microglia. miR-21-5p derived from AD-MSCs improved BBB condition, inhibited apoptosis, and suppressed
inflammation.'’® In the context of lung ischemia-reperfusion injury, as shown by Li et al,'*! murine BM-MSC were
subjected to hypoxia or treated with a miR-21-5p antagomir to either enhance or suppress miR-21-5p levels in MSC-
derive EVs. The results demonstrated that MSC-EVs significantly alleviated lung ischemia-reperfusion injury in mice,
and this protective effect was closely linked to miR-21-5p. Further evidence has confirmed that MSC-Exo-miR-21-5p can
target PTEN and PDCD4, thereby inhibiting cell apoptosis and alleviating ischemia-reperfusion injury. In primary
cultures of murine pulmonary endothelial cells, both MSC-Exo and miR-21-5p agomir effectively reduced apoptosis
caused by oxidative stress. Additionally, they partially mitigated the pro-inflammatory “M1” polarization of alveolar
macrophages triggered by hypoxia-reoxygenation procedure, highlighting their anti-inflammatory and cytoprotective

properties.'*!

Conclusion

In ischemic stroke, MSC-EVs can inhibit inflammatory responses, oxidative stress, and cellular autophagy and pyroptosis
by releasing extracellular vesicles, while also promoting angiogenesis in damaged tissues. Similarly, in pulmonary
ischemia-reperfusion injury, MSC-EVs can suppress inflammatory responses, autophagy, and pyroptosis. Thus, MSC-
EVs have demonstrated significant protective effects in both cerebral and pulmonary ischemia-reperfusion injuries.
Through comparison, analysis, and summary, this review identifies two non-coding RNAs derived from MSC-EVs (miR-
21-5p and IncRNA-ZFAS1), indicating their involvement in both pathological conditions and their similar mechanisms of
action. This finding offers new insights and directions for research on ischemia-reperfusion injury and the lung-brain

axis, providing a foundation for further exploration of their specific mechanisms.
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