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Abstract: Ischemia reperfusion (I/R) is a common pathological process which occurs mostly in organs
like the heart, brain, kidney, and lung. The injury caused by I/R gradually becomes one of the main
causes of fatal diseases, which is an urgent clinical problem to be solved. Although great progress has
been made in therapeutic methods, including surgical, drug, gene therapy, and transplant therapy for
I/R injury, the development of effective methods to cure the injury remains a worldwide challenge. In
recent years, exosomes have attracted much attention for their important roles in immune response,
antigen presentation, cell migration, cell differentiation, and tumor invasion. Meanwhile, exosomes
have been shown to have great potential in the treatment of I/R injury in organs. The study of the
exosome-mediated signaling pathway can not only help to reveal the mechanism behind exosomes
promoting reperfusion injury recovery, but also provide a theoretical basis for the clinical application
of exosomes. Here, we review the research progress in utilizing various exosomes from different
cell types to promote the healing of I/R injury, focusing on the classical signaling pathways such as
PI3K/Akt, NF-κB, Nrf2, PTEN, Wnt, MAPK, toll-like receptor, and AMPK. The results suggest that
exosomes regulate these signaling pathways to reduce oxidative stress, regulate immune responses,
decrease the expression of inflammatory cytokines, and promote tissue repair, making exosomes a
competitive emerging vector for treating I/R damage in organs.

Keywords: ischemia-reperfusion; exosomes; signaling pathway; reperfusion injury

1. Introduction
1.1. Overview of Ischemia-Reperfusion Injury

Ischemia-reperfusion (I/R) injury is a pathological process that can occur in many
organs of the human body, accompanied by severe cell damage and inflammatory reac-
tions [1]. In recent years, it has become one of the most common causes of disability and
death worldwide [2]. There is a lot of evidence that tissue damage is caused not by ischemia
itself, but by the sudden resumption of blood supply after a period of ischemia [3]. Organ
ischemia-reperfusion injury often occurs in traumatic shock, surgery, organ transplantation,
burns, and other blood circulation disorders [4]. The main organs involved in vascular
reperfusion injury are the heart, brain, liver, and kidney, and it can also induce systemic
inflammation and eventually lead to multiple organ failure [5]. However, not all organs
with ischemia will have I/R injury after blood flow recovery, and many factors can affect its
occurrence and severity. For example, if the ischemia time is short, or collateral circulation
is easy to form after ischemia, there may be no significant reperfusion injury after the
restoration of blood supply. Because oxygen readily accepts electrons and forms oxygen
free radicals, organs with a high oxygen demand are more prone to reperfusion injury [6].
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In addition, appropriately reducing the temperature and pH value of the perfusion solu-
tion and reducing the content of Ca2+ and Na+ in the perfusion solution are conducive to
alleviating the reperfusion injury [7]. The pathogenesis of organ I/R injury is summarized
in Figure 1.
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Figure 1. Pathogenesis of organ I/R injury. I/R damages organs like the heart, lungs, kidneys, and
intestines, mainly by affecting autoimmunity, transcriptional recoding, immune activation, apoptosis,
blocking blood return, and vascular leakage.

1.2. Occurrence and Mechanism of Ischemia-Reperfusion Injury

The mechanism of ischemia-reperfusion injury is complex, and the following four
aspects are mainly responsible according to the current studies. First of all, the damage
to microvessels and parenchymal organs caused by ischemic tissue reperfusion is mainly
caused by oxidative stress [8]. Ischemia leads to an inadequate supply of oxygen and
nutrients, and cells are unable to produce enough energy. When reperfusion occurs, the
sudden supply of oxygen and nutrients increases the degree of oxidative stress within the
cell, resulting in the production of excessive reactive oxygen species and other oxidizing
substances [9]. The mechanism of cell apoptosis accelerated by massive reactive oxygen is
summarized in Figure 2. The synthesis ability of antioxidant enzymes that can scavenge
free radicals in ischemic tissue is greatly weakened, and the strong oxidation effect directly
damages vascular endothelial cells and tissue cells, thus exacerbating the damage of free
radicals to the tissue after I/R [10].

The homeostasis and regulation of the calcium ion concentration in and outside cells
are important conditions for maintaining cell function [11]. Calcium overload is the phe-
nomenon of an abnormal intracellular calcium ion concentration leading to structural
damage and dysfunction in the functional metabolism [12]. The mechanism of calcium
overload is summarized in Figure 3. When I/R injury occurs, the local intracellular cal-
cium ion concentration increases significantly, resulting in the disturbance of calcium ion
homeostasis and an insufficient mitochondrial oxidation capacity [13], thus activating phos-
pholipase to damage other organelles or activating calcium-dependent protease activity, as
well as increasing the production of oxygen free radicals [14].
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reactive oxygen caused by I/R and conversion to NADPH oxidase, nitric oxide synthase inhibitor,
and xanthine oxidase resulting in cell apoptosis.
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Figure 3. Calcium overload.

In addition, inflammatory responses and immune cell activation also play important
roles in the occurrence of ischemia-reperfusion injury [15]. During reperfusion, under
the influence of excessive oxidizing substances, immune cells release a large number of
inflammatory mediators, causing cell damage in the surrounding tissue [16]. Meanwhile, a
large number of free radicals and lysosomal enzymes released by white blood cells make
the vascular endothelial cells swell, the microvascular diameter narrow, and permeability
increase, meaning that reperfusion blood flow cannot be re-routed [17]. In addition, I/R
injury can result in mitochondrial dysfunction, including a reduced mitochondrial perme-
ability, DNA damage, and impaired respiratory chain function. These pathological changes
lead to reduced intracellular ATP production, limited mitochondrial respiratory function,
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and increased oxidative stress [18]. As a result, if I/R injury is not treated properly, it can
progress to irreversible loss of organ function and eventually threaten life.

1.3. Current Therapeutic Strategies for Ischemia-Reperfusion Injury

Therefore, reducing inflammation, scavenging free radicals, maintaining calcium
homeostasis, and antioxidant therapy are the keys to reducing ischemia-reperfusion injury.
In recent years, more and more medical interventions and strategies have been actively
applied to minimize I/R injury. However, due to the complex pathologic factors of I/R
injury, traditional treatment strategies such as blood pressure control, detumescence, and
dehydration are of limited effectiveness [19,20]. Recently, advanced therapies such as
ischemic preconditioning, ischemic post-treatment, antioxidant, hypothermia, and stem
cell therapy have emerged as potential treatments for I/R injury [21]. Ischemic precondi-
tioning (IPC) is considered as an effective treatment strategy for central nervous system
diseases. It causes transient ischemia and the reperfusion of organs or tissues through
drugs, intermittent blood flow blockade, and other methods, with the aim of inducing adap-
tive changes in cells and improving tolerance to subsequent, more severe I/R events [22].
Similar to preconditioning, ischemic posttreatment aims to reduce the harmful effects
of reperfusion by activating protective signaling pathways and reducing apoptosis [23].
Several drugs and compounds have shown promise in reducing I/R injury. These include
antioxidants (vitamin C), anti-inflammatory agents (corticosteroids), and mitochondrial
protectors (CoQ10), which are used to reduce oxidative stress and maintain mitochondrial
function [24]. Cooling damaged tissues or organs can slow metabolic processes and reduce
oxygen and energy consumption, thus reducing tissue damage. Hypothermia therapy has
been shown to be beneficial in reducing I/R injury, especially in the brain and heart [25].

Cell therapy is a new approach to the treatment of ischemia-reperfusion injury, and its
effects are constantly being studied and explored. Stem cells can promote the healing of
I/R injury by repairing tissue cell damage and stimulating the body’s own cell regenera-
tion, secreting vascular growth factors to improve blood supply and releasing apoptosis
inhibitors to reduce the occurrence of apoptosis [26]. However, its short survival time and
low antigen expression in the body can not be underestimated. In recent years, researchers
have found that exosomes from different stem cells can not only overcome the limitations
of stem cells, but also retain the therapeutic effect of stem cells [27]. Therefore, they have
become one of the research focuses in the treatment of I/R injury.

1.4. Exosomes Mediate Organ Ischemia-Reperfusion Injury through Different Signaling Pathways

Exosomes are vesicles between 40 nm and 160 nm in diameter that are released into
the blood from cells. Exosomes released into cells can participate in immune response, cell
migration, cell differentiation, antigen presentation, and other processes [28]. Exosomes
play an important role in cell communication, transporting proteins, mRNA, lipids, and
other exogenous substances to recipient cells and even crossing the blood–brain barrier
(BBB) [29]. On the other hand, exosomes play a compelling role in immune response.
Exosomes can induce different signaling pathways through microRNAs (miRNAs) carried
by them or ligands existing on the surface to play a role in promoting tissue repair and
regeneration, alleviating inflammation, and alleviating organ damage [30]. More and more
evidence shows that the bioactive substances carried by exosomes reflect the state of the
disease, making them a marker for the diagnosis of hypoxic diseases [31]. For example,
miRNA-328-3p carried by serum exosomes in brain I/R injury plays a key predictive
role in the short-term prognosis of stroke [32]. Hu et al. showed that, in the presence of
reactive oxygen species, the release of exosomes derived from mesenchymal stem cells can
enhance vascular healing and promote the formation and proliferation of endothelial cells
in rats with renal ischemia-reperfusion injury [33]. Furthermore, exosome bioengineering
has attracted more and more attention in purification, biological characterization, and
pharmacological applications, and it can be considered that exosomes have great potential
in the diagnosis and treatment of I/R injury [34]. Different cell-derived exosomes, whose
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functions are affected by various physical, chemical, and biological processes, also play
different roles in the repair of ischemia-reperfusion injury [35].

The signaling pathway refers to a series of enzymatic reaction pathways that can
transmit extracellular molecular signals through the cell membrane to exert effects in
cells. Hormones, neurotransmitters, and other extracellular biological signals are perceived
by their receptors and transformed into intracellular signals, which are then amplified
and regulated by signal cascades, and finally produce a series of comprehensive cellular
responses [36]. Once released, exosomes send signals to other cells to mediate intercellular
communication in three ways: First, exosome membrane proteins can bind to receptors
on their target cell membranes, activating signaling pathways in their target cells. Second,
exosome membrane proteins are cleaved by proteases in the extracellular matrix and then
bind to receptors on the target cell membrane, thereby activating intracellular signaling
pathways. Third, exosomes can directly fuse with target cell membranes to regulate cell
signaling through the non-selective release of proteins and miRNAs [37]. There is increasing
evidence that exosomes regulate ischemia-reperfusion injury healing in organs through
different signaling pathways.

Therefore, this paper aims to provide an update on the use of exosomes in the treatment
of ischemia-reperfusion injury in organs based on various signaling pathways [38], and to
elucidate the importance of these pathways in the mechanism of reperfusion injury healing
and how exosomes are involved in these processes.

2. The Signaling Pathway of Exosomes in Promoting Organ Ischemia-Reperfusion
Injury Recovery

The signaling pathways mediated by exosomes that are conducive to the healing of
ischemia reperfusion injury mainly include PI3K/Akt, NF-κB, Nrf2, PTEN, Wnt, MAPK,
toll-like receptor, and AMPK, etc. Examples of exosomes from different sources and their
roles, mechanisms, and signaling pathways associated with ischemia-reperfusion injury
repair are presented in Table 1.

Table 1. The effect of different exosomes on the treatment of organ ischemia-reperfusion injury
through different signaling pathways.

The Cellular Origin of
Exosomes

Experimental Models
Mechanism/Results

Signaling
Pathway Ref.

In Vivo In Vitro

Stem-cell-derived Focal cerebral I/R
model Neurons

Reduce the expression of
inflammatory cytokines;

inhibit neuronal apoptosis
PI3K/Akt [39]

Human bone marrow
mesenchymal stem cells

Myocardial I/R
model Cardiomyocytes Reduce HCP5 expression PI3K/Akt [40]

Human bone marrow
mesenchymal stem cells

Myocardial I/R
model H9C2s

Promote the proliferation of
H9C2 cells; inhibit the

apoptosis myocardial cells
PI3K/Akt [41]

Plasma Myocardial I/R
model -

Up-regulate the expression
of Bcl-2; reduce the

expression of inflammatory
cytokines

PI3K/Akt [42]

Bone-marrow-derived
dendritic cells

Hepatocyte H/R
model T cells

Enhance anti-inflammatory
cytokine secretion; regulate

the balance between
different T cells

PI3K/Akt [43]

Adipose-derived stromal
cells - Spermatogenic

cells

Induce spermatocyte
proliferation and migration;
reduce oxidative stress and

inflammatory factors

PI3K/Akt [44]
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Table 1. Cont.

The Cellular Origin of
Exosomes

Experimental Models
Mechanism/Results

Signaling
Pathway Ref.

In Vivo In Vitro

Human umbilical cord
mesenchymal cells

Myocardial H/R
model H9C2s

Inhibit the activation of
caspase-3 and ER stress

markers expression;
reduce cell apoptosis

PI3K/Akt [45]

M2-macrophage-derived Myocardial I/R
model Cardiomyocytes

Carry miRNA-148a and
bind to TXNIP;

relieve inflammation
NF-κB [46]

Plasma Focal cerebral I/R
model Neurons

Reduce the pyrodeath of
microglia and neurons;

reduce the size of cerebral
infarction

NF-κB [47]

Astrocyte Brain I/R model -

Inhibit the uptake of
miR-200a-3p by exosomes;
enhance the expression of
sirtuin1 in cerebral cortex

NF-κB [48]

Mesenteric lymph - Mesenteric
lymphocytes

Increase the concentration
of LPC in PUFs NF-κB [49]

Human urine-derived stem
cells Renal I/R model Renal tubular cells Carry miRNA-146a-5p to act

on the mRNA of IRAK1 NF-κB [50]

Serum - Renal tubular
epithelial cells

Inhibit inflammatory
response and reduce

apoptosis
NF-κB [51]

Neuron

Middle cerebral
artery occlu-

sion/reperfusion
(MCAO/R) model

Neurons Remove superoxide radicals Nrf2 [52]

Human neural stem cells Brain I/R model Neurons

Up-regulate the expression
of vasotropic factors;

promote the proliferation
and migration of vascular

endothelial cells

Nrf2 [53]

M2-polarized macrophages
Glucose depriva-
tion/reperfusion

(GD/R) cell model
Neurons

Improve the level of
superoxide dismutase;

inhibit the production of
reactive oxygen

Nrf2 [54]

Mesenchymal stem cells Renal I/R model Renal tubular
epithelial cells

Up-regulate the expression
of miRNA-200a-3p;

restore mitochondrial
antioxidant function

Nrf2 [55]

Mesenchymal stem cells Renal I/R model Renal tubular
epithelial cells

Reduce creatinine and urea
nitrogen levels;

inhibit the expression of
inflammatory factors

Nrf2 [56]

Human bone marrow
mesenchymal stem cells

Myocardial I/R
model - Attenuate autophagy of

cells; inhibit oxidative stress PTEN [57]

Mesenchymal stem cells - Cardiomyocytes Inhibit cell apoptosis;
relieve inflammation PTEN [58]

Human urine-derived stem
cells Renal I/R model Renal tubular

epithelial cells

Stimulate phosphorylation
of Akt; inhibit inflammatory

response
PTEN [59]
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Table 1. Cont.

The Cellular Origin of
Exosomes

Experimental Models
Mechanism/Results

Signaling
Pathway Ref.

In Vivo In Vitro

Mesenchymal stem cells Lung I/R model Lung endothelial
cells

Reduce the occurrence of
pulmonary edema and
pulmonary dysfunction

PTEN [60]

Human bone marrow
mesenchymal stem cells GD/R cell model Intestinal cells

Carry miRNA-144-3p;
reduce the apoptosis of

intestinal cells
PTEN [61]

Human bone marrow
mesenchymal stem cells Liver I/R model - Reduce apoptosis, oxidative

stress, and DNA damage PTEN [62]

Human bone marrow
mesenchymal stem cells MCAO/R model Cerebral

endothelial cells

Induce the proliferation and
migration of bend.3 cells;

enhance the expression level
of anti-apoptotic proteins

Wnt [63]

Adipose-derived stromal
cells

Myocardial I/R
model H9C2s

Exert anti-apoptotic effects;
reduce LD and cardiac

troponin I levels
Wnt [64]

Human bone marrow
mesenchymal stem cells - H9C2s

Regulate Faslg expression;
reduce cell production of
reactive oxygen species

Wnt [65]

Mesenchymal stem cells Myocardial I/R
model Cardiomyocytes

Inhibit the expression of
GSK-3; reduce the degree of

infarction expansion
Wnt [66]

Stem-cell-derived MCAO/R model Neural progenitor
cells

Package seven miRNAs;
reduce inflammation MAPK [67]

Astrocytes Brain I/R model Neurons Carry miRNA-34c to act on
toll-like receptors MAPK [68]

Adipose-derived stromal
cells Lung I/R model -

Play an anti-apoptotic role;
reduces liver tissue necrosis

and apoptosis
MAPK [69]

Adipose-derived stromal
cells Liver I/R model Human

hepatocytes

Induce proliferation of
human hepatocytes and

inhibit apoptosis
MAPK [70]

Human amniotic epithelial
cells Renal I/R model -

Inhibit the expression of
caspase; reduce renal

dysfunction
MAPK [71]

Brown adipose tissue Myocardial I/R
model Cardiomyocytes

Transport miRNA-125b-5p
and miRNA-128-3p to

myocardial tissue
MAPK [72]

Plasma Brain I/R model -

Deliver HSP70 to the brain;
inhibit ROS production;
reduce mitochondrial

apoptosis

Toll-like
receptor

mediated
[73]

Human umbilical cord
mesenchymal cells Brain I/R model Microglial cells

Carry miRNA-26b-5p;
attenuate the M1

polarization of microglia

Toll-like
receptor

mediated
[74]

Human bone marrow
mesenchymal stem cells MCAO/R model -

Silence TLR5 expression;
inhibit the level of

inflammatory factors

Toll-like
receptor

mediated
[75]
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Table 1. Cont.

The Cellular Origin of
Exosomes

Experimental Models
Mechanism/Results

Signaling
Pathway Ref.

In Vivo In Vitro

Human bone marrow
mesenchymal stem cells

Myocardial I/R
model Cardiomyocytes

Inhibit the myocardial
enzyme level and oxidative

stress response

Toll-like
receptor

mediated
[76]

Human umbilical vascular
endothelial cells

Myocardial I/R
model Cardiomyocytes

Enhance the expression of
miRNA-129; degrade the
pro-inflammatory factors;
relieve myocardial fibrosis

Toll-like
receptor

mediated
[77]

Human bone marrow
mesenchymal stem cells Brain I/R model -

Decrease caspase 1 and
interleukin-1β levels;

alleviate neuronal apoptosis
AMPK [78]

Mesenchymal stem cells Myocardial I/R
model H9C2s

Reduce ROS production and
apoptosis;

enhance autophagy
AMPK [79]

Aortic endothelial cells Myocardial I/R
model Cardiomyocytes

Down-regulate myocardin
expression; promote

autophagy and apoptosis
AMPK [80]

Mesenchymal stem cells MCAO/R model -

Reduce the level of
oxidative stress;

decrease the release of
inflammatory factors

AMPK [81]

Human bone marrow
mesenchymal stem cells Brain I/R model Neuron

Down-regulate
phosphodiesterase levels in

primary neurons
AMPK [82]

2.1. PI3K/Akt Signaling Pathway

The PI3K/Akt pathway consists of phosphatidylinositol-3-kinase (PI3K) and the
serine/threonine kinase Akt (also known as protein kinase B or PKB), activated by receptor
tyrosine kinase and cytokine receptors [83]. The pathway can reduce the degree of cell
damage and promote cell survival by reducing the expression of inflammatory factors [84].
In addition, PI3K/Akt can activate nitric oxide synthase to push the production and
removal of oxygen free radicals in the body into a dynamic equilibrium state [85].

Recent studies have shown that some factors involved in the PI3K/Akt signaling
pathway also contribute to the treatment of ischemia-reperfusion injury. It can reduce apop-
tosis by regulating apoptosis-related proteins and inhibiting the activation of apoptosis
pathways. In addition, Akt activation can inhibit inflammatory responses and oxidative
stress and reduce cell damage [86]. Chen et al. showed that Danhong Injection can protect
the nerves of rats with I/R injury by activating the PI3K/Akt signaling pathway [87].
Moreover, methyleugenol mediates the PI3K/Akt pathway, which acts on injured hepa-
tocytes in vitro and in vivo to promote cell survival and relieve LiRI-induced liver injury
and inflammation [88]. Exosomes from different types of cells play an important role in
the treatment of ischemia-reperfusion injury in different organs through the PI3K/Akt
regulatory pathway.

2.1.1. Brain

Exosomes play an important role in protecting the nervous system from ischemia-
reperfusion injury. In the study by Zhang et al., it was shown that stem-cell-derived
exosomes can reduce the expression of inflammatory cytokines and inhibit neuronal apop-
tosis in focal cerebral ischemia-reperfusion models by activating the PI3K/Akt signaling
pathway, thus ameliorating brain injury caused by cerebral ischemia-reperfusion [39].
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2.1.2. Heart

The PI3K/Akt pathway mediated by exosomes has a good therapeutic effect on my-
ocardial ischemia-reperfusion injury. In addition, researchers have declared that the highly
expressed exosome miRNA-497 isolated from human bone marrow mesenchymal stem cells
(HBMSCs) attenuates myocardial ischemia-reperfusion injury by reducing HLA complex
P5 (HCP5) expression in cardiomyocytes’ PI3K/Akt pathway [40]. Similarly, exosomes
derived from HBMSCs with a high expression of miRNA-486-5p promote the proliferation
of H9C2 cells by regulating the PI3K/Akt signaling pathway in vitro, inhibiting the apop-
tosis of injured myocardial cells in a rat myocardial ischemia-reperfusion injury (MIRI)
model under hypoxia/reoxygenation (H/R) conditions [41]. It provides a new therapeutic
target for protecting myocardial injury. Moreover, plasma exosomes (P-exos) treated with
ischemic preconditioning have improved cardiac function by activating the PI3K/Akt path-
way to up-regulate the expression of Bcl-2 (B-cell lymphoma-2) and reduce the expression
of inflammatory cytokines [42].

2.1.3. Liver

Studies have confirmed that the PI3K/Akt pathway has a positive effect in the treat-
ment of hepatic ischemia-reperfusion injury. The paper by Zheng et al. proved exosomes
produced by bone-marrow-derived dendritic cells (BMDCs) can enhance anti-inflammatory
cytokine secretion and regulate the balance between different types of T cells by activating
the PI3K/Akt pathway, representing a novel strategy for the treatment of liver ischemia-
reperfusion injury [43].

2.1.4. Genital System

Exosomes are of great significance to the reproductive system through the PI3K/AKT
pathway. In studies by Liu et al., adipose-derived stromal cells (ADSCs) induced spermato-
cyte proliferation and migration by releasing exosomes, reducing malondialdehyde (MDA)
levels and increasing superoxide dismutase (SOD) levels. Meanwhile, exosomes reduce
the expression of oxidative stress and inflammatory factors through PI3K/Akt signaling,
thereby improving testicular torsion injury [44].

The extracellular vesicles derived from human umbilical cord mesenchymal cells
(HUCMCs) inhibit the activation of caspase-3 and endoplasmic reticulum (ER) stress
markers expression by regulating the PI3K/Akt pathway in H/R models cultured by H9C2.
Thus, it can reduce cell apoptosis and play a role in improving ischemia-reperfusion injury
both in vivo and in vitro [45].

However, excessive activation of the PI3K/Akt signaling pathway may also have
a negative impact on I/R injury. Excessive Akt activation may lead to mitochondrial
dysfunction and calcium ion homeostasis imbalance, promote inflammatory response
and cytokine release, and lead to increased tissue damage and cell death [85]. Therefore,
balancing and regulating the activity of the PI3K/Akt signaling pathway is important for
the treatment of I/R injury.

2.2. NF-κB Signaling Pathway

Nuclear factor kappa-B (NF-κB) protein is an important nuclear transcription factor,
which plays an important role in physiological and pathological processes such as inflam-
mation and immunity [89]. In ischemia-reperfusion injury, the role of different signaling
pathways may vary depending on specific conditions and tissue types. However, the
NF-κB signaling pathway is generally considered to be one of the most important.

As a typical pro-inflammatory signaling pathway, NF-κB is involved in the release
of pro-inflammatory cytokines, chemokines, and adhesion molecules [90], and its activa-
tion has been widely observed in the pathological processes associated with I/R injury.
For instance, physcion protects neuronal cells from I/R damage by reducing oxidative
stress and inflammation levels in vitro and in vivo by inhibiting the NF-kB pathway [91].
However, too mild or too severe of an inflammatory response is not conducive to injury
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recovery [92]. Therefore, binding exosomes to regulate the function of the NF-κB pathway
and inhibit or promote inflammatory responses may be a novel approach to ameliorate
organ ischemia-reperfusion injury.

2.2.1. Heart

When separating rat myocardial tissue to establish an I/R injury model in vivo, re-
searchers found that M2-macrophage-derived exosomes (M2-exos) carry miRNA-148a into
myocardial cells and bind to thioredoxin-interacting protein (TXNIP), which can inhibit the
NF-κB signaling pathway and reduce myocardial damage caused by inflammation [46].

2.2.2. Brain

The exosome-mediated NF-κB signaling pathway has significant advantages in im-
proving cerebral infarction and inhibiting neuronal pyroptosis. Studies have shown that
melatonin-treated P-exos have a significant effect on the treatment of inflammation after
ischemia, which can reduce the pyrodeath of microglia and neurons by regulating the
NF-κB signaling pathway, thus reducing the size of cerebral infarction [47]. On the other
hand, extracellular vesicles derived from mesenchymal stem cells (MSCs) have shown
broad potential for treating brain dysfunction and protecting nerves through nerve re-
modeling and angiogenesis [93]. MSCs-EVs can reduce cortical neuron apoptosis and
improve cerebral infarction by down-regulating the phosphorylation level of the NF-κB
signaling pathway [81]. Chinese herbal decoction can also affect the NF-κB pathway and
improve cerebral ischemia-reperfusion injury. For example, atractylodes macrocephala
inhibits the uptake of miRNA-200a-3p by astrocyte-derived exosomes, thereby enhancing
the expression of sirtuin1 (SIRT1) in the cerebral cortex, binding to the p65 subunit of NF-κB
and attenuating the inflammatory response in brain I/R injury [48].

2.2.3. Intestines

Mesenteric lymph (ML) plays a crucial role in relieving intestinal inflammation. Dur-
ing intestinal ischemia, ML exosomes increase the concentration of lysophosphatidylcholine
(LPC) in polyunsaturated fatty acids (PUFs), thereby activating the NF-κB signaling path-
way and working with the active mediators in ML exosomes to regulate the ischaemic
inflammatory response [49].

2.2.4. Kidney

A number of studies have reported that exosomes have a vital function in renal
ischemia-reperfusion injury, all of which provides new ideas for the treatment of renal
ischemia-reperfusion injury [94]. Kim et al. compared several mice injected with exosome
inhibitors or exosomes, showing decreased NF-κB activity and reduced apoptosis in the
kidney after ischemia in the exosome-injected group [95]. In the established rat model of
renal ischemia-reperfusion injury, exosomes derived from human urine-derived stem cells
(HUSCs) carry miRNA-146a-5p to act on the mRNA of interleukin-1 receptor-associated ki-
nase 1 (IRAK1), thereby inhibiting the activation of NF-κB signaling to maintain basic renal
function [50]. In addition, Pan et al.’s study proved that remote ischemic preconditioning
(rIPC) can up-regulate miRNA-21 expression at the injured site in a hypoxia-induced factor
1α (HIF-1α)-dependent manner and reduce the accumulation of systemic inflammatory
cytokines. Serum exosomes can transport miRNA-21 to renal tubular epithelial cells (RTEC)
to regulate the NF-κB pathway for anti-inflammatory and anti-apoptotic effects [51].

2.3. Nrf2 Signaling Pathway

The nuclear factor erythroid 2-related factor 2 (Nrf2) belongs to the Cap-n-Coll family
of basic leucine zipper proteins. It is an important transcription factor regulating the cellular
oxidative stress response as well as a central regulator of cellular redox homeostasis [96].
The imbalance between free radicals and antioxidants in the body may lead to excessive
production of reactive oxygen species (ROS), which, in turn, aggravates cell damage and
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inflammation in patients with ischemia-reperfusion injury [97]. This pathway can regulate
the expression of antioxidant proteins, reduce the damage of reactive oxygen species and
electrophilic reagents to cells, and maintain the body’s REDOX homeostasis, which is
considered to be the most promising signaling pathway in the clinical improvement of
ischemia-reperfusion injury [98].

2.3.1. Brain

Exosomes can protect and nourish neurons by activating the Nrf2 signaling pathway
to alleviate cerebral ischemia-reperfusion injury. Bai et al. found that uric acid may play
a neuroprotective role by activating the Nrf2 pathway to regulate neurotrophic factors in
the cerebral cortex after focal cerebral I/R in rats [99]. Therefore, reducing the level of
reactive oxygen species and down-regulating the expression of inflammatory factors by
the antioxidant Nrf2 can reduce oxidative-stress-induced injury, which can be used for the
treatment of organ ischemia-reperfusion injury [100]. Increasing the nuclear translocation
of Nrf2 provides a new idea for the treatment of I/R injury. Exosomes targeted by neurons
pass the BBB to initiate the Nrf2/Heme oxygenase 1 (HO-1) pathway, which induces an
increase in nuclear Nrf2 level while activating SOD to remove superoxide radicals. Thus,
the infarct size can be reduced and targeted therapy can be provided for cerebral ischemia-
reperfusion injury [52]. Similarly, Evs secreted by human neural stem cells (HNSCs)
overexpressing miRNA-133b enhance the nuclear translocation of Nrf2 by up-regulating the
expression of antioxidant-related enzymes, while promoting the activation of downstream
antioxidant enzymes to scavenge excessive free radicals, resulting in neuroregeneration and
endogenous angiogenesis [53]. The establishment of a glucose deprivation/reperfusion
(GD/R) cell model has important research significance for ischemia-reperfusion injury. In
an in vitro oxygen/GD and reoxygenation/GD model, M2-polarized macrophages activate
the Nrf2/HO-1 signaling pathway by releasing exosomes, improve the level of superoxide
dismutase, and inhibit the production of reactive oxygen species, so as to alleviate the
neuronal damage caused by oxidative stress, providing a new idea for the treatment of
ischemic stroke [54].

2.3.2. Spinal Cord

Restoring mitochondrial function is essential for the treatment of I/R injury. Extra-
cellular vesicles (EVs) derived from melatonin-pretreated MSCs promote motor behavior
recovery by inducing M1 to M2 polarization through the Nrf2 pathway. At the same
time, the mitochondrial regulatory function of MSCs mRNA is enhanced to ameliorate
spinal cord injury, which represents a promising strategy for the treatment of spinal cord
injury [101].

2.3.3. Kidney

The MSCs-Evs mediated Nrf2 signaling pathway has bright prospects for the treatment
of renal ischemia-reperfusion injury. MSCs-Evs up-regulate the expression of miRNA-200a-
3p through the Keap1-Nrf2 signaling pathway in animal models of acute renal injury
with I/R, effectively alleviating mitochondrial damage in proximal RTECs and restoring
mitochondrial antioxidant function to protect the kidney [55]. On the other hand, MSCs-
EVs protect the kidney from ischemia-reperfusion injury in vivo and in vitro by activating
the Nrf2/HO-1 signaling pathway to reduce creatinine and urea nitrogen levels and inhibit
the expression of inflammatory factors and superoxides [56].

2.4. PTEN Signaling Pathway

Phosphatase and Tensin Homolog deleted on Chromosome 10 (PTEN) is a tumor
suppressor with growth and survival regulatory functions. In recent years, it has been
found that PTEN can participate in cell proliferation, energy metabolism, and other cellular
activities as a metabolic regulator [102]. PTEN can inhibit the activation of downstream
proteins of the PI3K pathway by reducing the level of phosphatidylinositol 3-phosphate
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(PIP3) in cells. It plays an important role in inhibiting many biological processes such
as inflammation and apoptosis caused by I/R injury [103]. Studies have shown that
mitochondria play an important role between the PTEN signaling pathway and I/R injury.
The increase in mitochondrial autophagy mediated by PTEN-induced enzymes can reduce
I/R injury and induce an inflammatory response to a certain extent, providing a new idea
for the treatment of organ ischemia-reperfusion injury [104]. A variety of miRNAs carried
by different exosomes derived from various stem cells can target the expression of the
PTEN signaling pathway, which provides a variety of methods for the treatment of organ
ischemia-reperfusion injury.

2.4.1. Heart

Cardiac ischemia-reperfusion injury often leads to the apoptosis of a large num-
ber of cardiomyocytes and many cascade reactions, including apoptosis, mitochondrial
dysfunction, and excessive autophagy [105]. The miRNA carried by exosomes plays an
important role in inhibiting cardiomyocyte apoptosis and improving myocardial ischemia-
reperfusion injury. Under the action of miRNA-29c carried by HBMSCs-exos, the effect
of the PTEN/Akt/mTOR pathway on the excessive autophagy of cells is attenuated and
the heart is protected from excessive oxidative stress damage [57]. The fluorescent-labeled
in vitro injection of MSCs-EVs showed that exogenous miRNA-21 carried by MSCs-EVs
was efficiently internalized into myocardial cells and silenced the expression of PTEN,
inhibiting cell apoptosis, relieving inflammation, and improving cardiac function [58].

2.4.2. Kidney

HUSCs-exos play an important role in exposed H/R-induced human tubular endothe-
lial cells. HUSCs-exos are rich in miRNA-216a-5p, which can target the regulation of
PTEN level and stimulate the phosphorylation of Akt, so as to protect cells and inhibit
inflammatory response [59].

2.4.3. Lung

Exosomes secreted by MSCs have a protective effect on oxidative-stress-induced cells.
In the established mouse I/R model and in vitro H/R model using primary mouse lung
endothelial cells, it is found that the occurrence of pulmonary edema and pulmonary
dysfunction is significantly reduced in the model treated with MSCs-exos, and MSCs-
exos inhibit the PTEN signaling pathway via miRNA-21-5p, thereby improving apoptosis
induced by ischemia-reperfusion [60].

2.4.4. Intestines

The PTEN pathway related to exosomes is also widely used in intestinal ischemia-
reperfusion injury. Zhang et al. showed that HBMSCs-exos can also regulate the expression
of the PTEN signaling pathway through miRNA-144-3p, reduce intestinal apoptosis, and
effectively alleviate intestinal oxidative stress and intestinal pathological damage [61].

2.4.5. Liver

HBMSCs-exos also play an important role in liver I/R injury. After injecting HBMSCs-
exos and miRNA-25b-3p into the tail vein of mice with liver injury, the expression of PTEN
was significantly decreased and the symptoms of liver cell necrosis were alleviated [62].

2.5. Wnt Signaling Pathway

The wingless/Integrated (Wnt) signaling pathway is highly conserved in invertebrates
and vertebrates [106]. It plays a vital role in cell growth, proliferation, differentiation, and
homeostasis [107]. The Wnt signaling pathway is a complex regulatory system that consists
of three branches: the classical Wnt signaling pathway, the Wnt/planar cell polarity (PCP)
pathway, and the Wnt/Ca2+ pathway. Among them, the classical Wnt signaling pathway
activated by β-catenin is most closely related to the treatment of ischemia-reperfusion
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injury [108]. Lithium has been shown to alleviate BBB destruction after cerebral I/R in
mice by up-regulating endothelial Wnt/β-catenin signaling [109]. Clearly, this pathway
plays a significant role in the inhibition of apoptosis, which is involved in the regulation of
protein levels, cell migration, and other processes closely related to the treatment of organ
I/R injury [110].

2.5.1. Brain

The Wnt signaling pathway plays an important role in the regeneration of cerebral
endothelial blood vessels and the inhibition of inflammatory response. The Wnt pathway
mediated by various exosomes provides new therapeutic ideas for ischemia-reperfusion
injury. A high expression of chemokine receptor type 4 (CXCR4) in HBMSCs-exos induces
the proliferation and migration of bend.3 cells through the Wnt pathway. At the same
time, the expression level of anti-apoptotic proteins is enhanced, which promotes vascular
formation and re-epithelialization, providing promising strategies for the treatment of
stroke diseases [63]. On the other hand, the Wnt signaling pathway can effectively reduce
the expression of pro-inflammatory cytokines and play an anti-apoptotic role [111].

2.5.2. Heart

In cardiomyocytes, exosomes derived from ADSCs exert anti-apoptotic effects in
H/R-induced H9C2 cell models by activating the Wnt/β-catenin signaling pathway and
reducing lactate dehydrogenase (LD) and cardiac troponin I levels, which effectively
ameliorates myocardial infarction caused by I/R injury [64]. In addition, HBMSCs-exo
can effectively prevent the ischemia-reperfusion injury of myocardial cells. They carry
miRNA-149 into myocardial tissue to regulate Faslg expression, activate Wnt/β-catenin
signaling, and reduce the cell production of reactive oxygen species, thus achieving the
purpose of heart protection [65]. Evs derived from anoxic human MSCs overexpressed
miR-26a, significantly inhibiting the expression of glycogen synthetase kinase-3 (GSK-3)
by the Wnt pathway and promoting myocardial cell survival. This can effectively reduce
the degree of infarction expansion and provide a new beneficial strategy for protecting
myocardial injury [66].

2.5.3. Liver

In rats with hepatic I/R injury, ADSCs-exos induce M1–M2 microglia polarization by
activating the Wnt signaling pathway, alleviate hepatic ischemia-reperfusion injury, inhibit
the expression of pro-inflammatory cytokines, and eliminate inflammation [112].

2.6. MAPK Signaling Pathway

Mitogen-activated protein kinase (MAPK) is a group of serine/threonine protein
kinases that can be activated by different extracellular stimulation. It is involved in many
biological processes such as apoptosis, hormone signal transduction, and the regulation
of inflammatory factors [113]. It has been confirmed that MAPK genes can be divided
into three major subfamilies, namely extracellular-signal-regulated kinases (ERKs), the p38
MAPKs, and Jun N-terminal kinases (JNKs) [114].

The MAPK pathway is involved in a variety of biological processes, such as protecting
nerve cells and inhibiting inflammatory response, which is of great significance for amelio-
rating brain I/R injury [115]. Huang et al. found that curcumin can inhibit the MAPK/p38
pathway, effectively reduce NLR family pyrin domain containing 1 (NLRP1)-dependent
neuronal pyroptosis, and thus play a neuroprotective role in cerebral I/R injury [116]. In
addition, studies have shown that the inflammation of ischemia-reperfusion injury can be
alleviated by reducing the expression levels of phosphorylated p38, ERK, and JNK [117].

2.6.1. Brain

Exosomes and certain miRNAs are also critical for mitigating I/R injury. In mouse
models of middle cerebral artery occlusion (MCAO), stem-cell-derived EVs demonstrated
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remarkable anti-inflammatory effects, with seven miRNAs packaged within them capable
of inhibiting the MAPK pathways to reduce inflammation [67]. In addition, Wu et al. found
that astrocyte-derived exosomes can carry miRNA-34c to act on toll-like receptors, inhibit
the MAPK pathway, and relieve nerve damage caused by I/R, which provides a new idea
for the treatment of brain I/R injury [68].

2.6.2. Liver

ADSCs-exos have a high application value in liver ischemia-reperfusion injury. ADSCs-
exos are used to pretreat the liver ischemia-reperfusion injury model, playing an anti-
apoptotic role by up-regulating the ERK1/2 pathway. This approach significantly reduces
liver tissue necrosis and apoptosis caused by ischemia-reperfusion injury [69]. ADSCs-
exos can also alleviate liver I/R injury. They carry miRNA-183 to act on arachidonic acid
5-lipoxygenase (ALOX5), inhibit the MAPK pathway through the miRNA-183/ALOX5
axis, induce the proliferation of human hepatocytes, and inhibit apoptosis [70].

2.6.3. Kidney

Studies have confirmed that human amniotic epithelial cells (HAECs) and their de-
rived exosomes can effectively prevent ischemia-reperfusion-induced acute kidney injury.
HAECs and exosomes can reduce renal dysfunction and pathological injury by inhibiting
the MAPK and caspase signaling pathways [71].

2.6.4. Heart

Zhao et al. found through experiments that small EVs secreted by basic brown adipose
tissue (BAT), which mediates cardiac protection, inhibit the activation of related MAPK
pathways by transporting the basic components of cardiac protection, such as miRNA-
125b-5p and miRNA-128-3p, to myocardial tissue, thus achieving the purpose of protecting
the heart [72].

2.7. Toll-Like Receptor-Mediated Signaling Pathway

Toll-like receptors (TLRs) are well known for their general effects in non-specific immu-
nity. Initially, TLRs were discovered in developmental studies, and as research progressed,
TLRS were known to regulate cellular communication and signaling in synapses [118].
Expressed TLRs can be released by host cells and activate various intracellular pathways,
leading to the production of pro-inflammatory cytokines and the expression of costimula-
tory molecules, so as to prevent pathogen invasion and damage to the human body [119].

The Toll-like receptor-mediated signaling pathway has been identified as one of
the signaling pathways involved in the inflammatory response in ischemia-reperfusion
injury [120]. In the treatment of I/R injury, various active substances carried by exosomes
from various cell sources can be combined with TLR to alleviate I/R injury. TLR2 has been
reported to promote the release of interleukin-10 from macrophages to regulate the levels
of inflammatory cytokines in I/R injury [121]. Furthermore, TLR9, as a key receptor for
unmethylated CpG motifs in mitochondrial DNA, regulates the occurrence of inflammatory
responses [122]. Blocking the TLR-mediated signaling pathway can improve myocardial
I/R injury and reduce infarct size, which may be a new target for the treatment of organ
ischemia-reperfusion injury [123].

2.7.1. Brain

The presence of the BBB makes it difficult for drugs to act on the site of cerebral
ischemia reperfusion injury, and Shireen et al. found that P-exos have certain advantages in
this respect [124]. P-exo is an effective carrier for carrying heat shock protein 70 (HSP70) and
delivering it to the brain. It interacts with TLR4 to inhibit ROS production, thereby reducing
mitochondrial apoptosis and reducing ischemic brain damage [73]. In the established I/R
mouse model, miRNA-26b-5p carried by HUCMC-exos can effectively inhibit the TLR
pathway and attenuate the M1 polarization of microglia to alleviate brain nerve crush [74].
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Studies have shown that a low expression of miRNA-150-5p is one of the causes of high
mortality in patients with ischemic stroke. In the establishment of a middle cerebral artery
occlusion rat model, miRNA-150-5p transported by the exosomes of HBMSCs can bind
to TLR5 and silence its expression, so as to prevent nerve apoptosis, inhibit the level of
inflammatory factors, and improve the neurological function of MCAO rats [75].

2.7.2. Heart

The Toll-like receptor-mediated signaling pathway can reverse myocardial ischemia-
reperfusion injury by reducing the content of TLR4. HBMSC-derived exosomes can also act
on TLR4 through miRNA-98-5p. In the myocardial tissue of mice with I/R injury, miRNA-
98-5p targeted binding with TLR4 promotes the protective function of the heart, inhibits
the myocardial enzyme level and oxidative stress response in the myocardial tissue, and
improves myocardial ischemia reperfusion injury [76]. In addition, Zheng’s team showed
that EVs derived from human umbilical vascular endothelial cells (HUVECs) can enhance
the expression of miRNA-129, allowing it to bind to the 3’ untranslated region of TLR4
more rapidly and down-regulate the expression level of TLR4. Thus, it can degrade the
pro-inflammatory factors produced in cells and relieve myocardial fibrosis, which provides
potential for the treatment of cardiac I/R injury [77].

2.7.3. Intestines

A research team used the extracellular vesicles of Akkermansia muciniphila bacteria to
improve both intestinal and blood–brain barrier functions, alleviating cognitive dysfunction
in mice with intestinal ischemia-reperfusion, which provides new ideas for the treatment
of I/R injury [125].

2.8. AMPK Signaling Pathway

AMPK (Adenosine 5′-monophosphate activated protein kinase) is a key molecule in
the regulation of biological energy metabolism. It is expressed in a variety of metabolically
related organs and can be activated by various types of stimulation, including cell move-
ment, hormones, and substances that affect cell metabolism [126]. The AMPK pathway
is a pleiotropic signaling pathway involved in many processes, such as regulating lipid
metabolism and glucose metabolism, maintaining mitochondrial function stability, and
cell energy homeostasis [127]. In addition, it positively regulates intracellular ATP supply,
reduces energy consumption, and enhances autophagy, which is considered to be a key
therapeutic target for the treatment of organ ischemia-reperfusion injury [128].

AMPK activation reduces oxidant-induced injury in I/R Injury by promoting au-
tophagy, inhibiting apoptosis, and up-regulating the antioxidant enzyme system [129].
HBMSC-derived exosomes decrease caspase 1 and interleukin-1β levels and increase the
number of autophagosomes and autolysosomes by activating the AMPK pathway. At
the same time, the pyrodeath process mediated by leucine-rich NLRP3 inflammasome is
weakened, thereby protecting PC12 cells from ischemia-reperfusion injury [78].

2.8.1. Heart

Exosomes from different sources play an active role in the remodeling of cardiomy-
ocytes by activating the AMPK pathway. Studies have demonstrated the beneficial effects
of MSC-derived exosomes on myocardial remodeling. Liu et al. demonstrated that ex-
osomes derived from MSCs reduced H2O2-induced ROS production and apoptosis by
regulating the AMPK pathway, enhancing autophagy while significantly reducing the size
of myocardial infarction, thereby improving cardiac function [79]. In I/R mice, LINC00174,
which is highly expressed in exosomes from aortic endothelial cells, activates the AMPK
pathway to improve cardiomyocyte function, down-regulates myocardin expression, and
ameliorates myocardial injury by promoting autophagy and apoptosis [80].
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2.8.2. Brain

MSCs-Evs have shown broad potential for treating brain dysfunction through neuroan-
giogenesis. MSCs-EVs can reduce the level of oxidative stress after middle cerebral artery
occlusion MCAO in rats and reduce the release of inflammatory factors and energy con-
sumption after cerebral ischemia by significantly up-regulating the phosphorylation level
of the AMPK signaling pathway, which provides an effective strategy for the treatment of
cerebral infarction [81]. By inducing the overexpression of miRNA-369-3p in the exosomes
of HBMSCs, human growth differentiation factor 7 down-regulates the phosphodiesterase
levels in primary neurons, thereby activating the AMPK pathway, effectively antagonizing
I/R-induced inflammation, oxidative stress, and nerve damage [82].

In summary, the main mechanism of exosomes mediating the above eight signaling
pathways in the treatment of ischemia-reperfusion injured organs is shown in Figure 4.
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Figure 4. This figure shows the mechanism of action of the exosomes described in the manuscript on
the heart, brain, kidney, liver, and other major organs with ischemia-reperfusion injury by mediating
PI3K/Akt, PTEN, Nrf2, MAPK, Wnt, and other signaling pathways.

2.9. Cross-Talk between Different Signaling Pathways

In addition to treating organ I/R damage through the above exosome-mediated
signaling pathways, exosomes can also act on I/R damage by regulating the cross-talk
between different signaling pathways.

2.9.1. Heart

The P-exos isolated after rIPC are rich in miRNA-126a-3p, which a show significant
cardiac protective effect. By enhancing Akt and Erk1/2 phosphorylation, the reperfu-
sion injury salvage kinase (RISK) pathway is activated and the activation of apoptotic
protein Caspase-3 is inhibited, thereby reducing myocardial I/R injury [130]. In the I/R
injury model established in rats, the abundant miRNA-455-3p in HBMSCs-exo inhibits
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the expression of the Mitogen/Extracellular regulatory protein kinase 1(MEKK1)-Mitogen
activated protein kinase kinase 4 (MKK4)-JNK signaling pathway, reduces cell apoptosis,
and increases myocardial cell vitality, which has a protective effect on myocardial injury
by I/R and also provides a new idea for the treatment of myocardial infarction [131]. In
addition, Yang et al. demonstrated that miRNA-140-3p carried by exosomes derived from
endothelial colony-forming cells can indirectly inhibit the expression of inflammatory fac-
tors by inhibiting the activation of the PTEN pathway and promoting the phosphorylation
of the PI3K/Akt signaling pathway, thereby mediating angiogenesis and myocardial injury
repair [132].

2.9.2. Brain

Exosomes mediate the interaction between different signaling pathways, which also
brings certain hope for the treatment of brain ischemia-reperfusion injury. Astrocyte-
derived exosomes promote the proliferation of N2a cells and transport miRNA-34c to
TLR7 by targeting them. This down-regulates the NF-κB/MAPK pathway and prevents
the overactivation of pro-inflammatory cytokines, thereby reducing I/R-induced nerve
damage [68].

2.9.3. Kidney

On the other hand, Douvris’ team found that, under the influence of exosomes carried
miRNA-486-5p, cross-talk between PTEN and PI3K/Akt not only reduces myocardial cell
apoptosis and heart infarct size, but also lessens the amount of cell necrosis caused by renal
I/R injury and can alleviate renal failure [133]. In addition, the hypoxia-induced release
of EVs from RTECs has a more significant protective effect against renal I/R injury in the
interaction of the HIF-1α/Rab22 pathway [134].

2.9.4. Liver

HUCMCs show the potential of modulating the immune response and promoting cell
regeneration, which can precisely be used as a treatment for the inflammatory response
and apoptosis caused by I/R injury. HUCMCs-EVs can regulate the T cell level in the liver
through Ca2+/calcineurin/nuclear factor activating the T cell 1(NFAT1) signaling pathway,
and interfere with the initiation of inflammatory response in liver I/R injury so as to treat
liver I/R injury [135].

The combined action of different signaling pathways regulated by exosomes can
effectively treat organ I/R injury to a certain extent, and also provide ideas and directions
for the future treatment of I/R injury.

3. Conclusions and Future Aspects

In this review, the effects of exosomes from different sources and the mechanisms
of their mediated signaling pathways were elucidated. It was shown that exosomes can
regulate signaling pathways such as PI3K/Akt, NF-κB, Nrf2, PTEN, Wnt, MAPK, toll-like
receptor, and AMPK to remove free radicals, reduce inflammation and intracellular calcium
ion load, and relieve oxidative stress to treat I/R injury. Among them, the most promising
signaling pathway might be Nrf2, as it is the most important transcription factor regulating
cellular oxidative stress response and can regulate the balance between free radicals and
antioxidants in the body [96]. In particular, MSC-derived exosomes have shown an im-
proved therapeutic efficacy compared to MSCs, suggesting that exosomes may be a more
effective cell-free therapy. However, not all types of exosomes are beneficial for physiologi-
cal activities. For example, the secretion of non-degraded autophagosomes in the form of
exosomes leads to an inflammatory cascade that further destroys mitochondria, overpro-
ducing ROS and exacerbating inflammation during cerebral ischemia-reperfusion [136]. In
addition, tumor-derived exosomes are emerging mediators of cancer cachexia, while exo-
somes from visceral adipose tissue increase the severity of colitis through pro-inflammatory
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miRNAs [137,138]. Hence, the types and sources of exosomes should be carefully selected
for the application of exosomes to treat I/R injury and other diseases.

Despite the numerous evidence that exosomes can be used to treat organ I/R injury,
the application of exosomes clinically has been hindered by many aspects, including the
lack of uniform methods for exosome isolation and characterization, missing knowledge
of the exact interactions between exosomes with target cells and organs, difficulties in
the mass production and storage of exosomes, and so on [139]. In the study by Qiu
et al., the clinical use of MSC-exos in alleviating myocardial I/R damage was hindered
by low cell implantation rates and uncontrolled exosome content [30]. The different
separation protocols may result in different subpopulations of exosomes with different
miRNAs, proteins, functions, and non-vesicular macromolecules [140], making it difficult to
recognize which molecules in exosomes are responsible for the observed effects. In addition,
the complexity of signal transduction and the cross-talk between different pathways also
increase the difficulty in understanding the precise mechanism of exosomes in treating
diseases [141]. Therefore, prospective studies should focus on the standardization of these
isolation and purification processes and a detailed exploration of different subgroups of
exosomes, so as to clarify their exact mechanism and pave the way for the efficient clinical
application.
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Abbreviations

ADSCs Adipose-derived stromal cells
AKT Serine/threonine kinase or protein kinase B (PKB)
AMPK Adenosine 5′-monophosphate activated protein kinase
BAT Brown adipose tissue
BBB Blood-brain barrier
Bcl-2 B-cell lymphoma-2
BMDCs Bone-marrow-derived dendritic cells
CXCR4 Chemokine receptor type 4
ER Endoplasmic reticulum
ERKs Extracellular signal regulated kinases
EVs Extracellular vesicles
GD/R Glucose deprivation/reperfusion
GSK-3 Glycogen synthetase kinase-3
HAECs Human amniotic epithelial cells
HBMSCs Human bone marrow mesenchymal stem cells
HCP5 HLA complex P5
HDPSCs Human dental pulp stem cells
HIF-1α Hypoxia-induced factor 1α
HNSCs Human neural stem cells
HO-1 Heme oxygenase 1
H/R Hypoxia/Reoxygenation
HSP70 Heat shock protein 70
HUCMCs Human umbilical cord mesenchymal cell
HUSCs Human urine-derived stem cells
HUVECs Human umbilical vascular endothelial cells
IPC Ischemic preconditioning
I/R Ischemia-reperfusion
IRAK1 Interleukin-1 receptor-associated kinase 1



Biomedicines 2024, 12, 353 19 of 25

JNKs Jun N-terminal kinases
LD Lactate dehydrogenase
LPC Lysophosphatidylcholine
MAPK Mitogen-activated protein kinase
MCAO Middle cerebral artery occlusion
MDA Malondialdehyde
MEKK1 Mitogen/Extracellular regulatory protein kinase 1
MIRI Myocardial ischemia-reperfusion injury
MKK4 Mitogen activated protein kinase kinase 4
ML Mesenteric lymph
MSCs Mesenchymal stem cells
MSCs-EVs Extracellular vesicles derived from MSCs
M2-exos M2 macrophage derived exosomes
NFAT1 Nuclear factor of activating T cell 1
NF-κB Nuclear factor kappa-B
NLRP1 NLR family pyrin domain containing 1
Nrf2 The nuclear factor erythroid 2-related factor 2
PCP The Wnt/planar cell polarity
P-exos Plasma exosomes
PI3K Phosphatidylinositol-3-kinase
PIP3 Phosphatidylinositol 3-phosphate
PTEN Phosphatase and Tensin Homolog deleted on Chromosome 10
PUFs Polyunsaturated fatty acids
RIPC Remote ischemic preconditioning
RISK reperfusion injury salvage kinase
ROS Reactive oxygen species
SOD Superoxide dismutase
TEC Tubular epithelial cell
TLRs Toll-like receptors
TXNIP Thioredoxin interacting protein
Wnt The wingless/Integrated
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