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Abstract: Extracellular vesicles (EVs) are released into body fluids, including blood, urine, saliva, pleural and peritoneal fluid, by
various cell types through different mechanisms. Various types of EVs differ in structure and function; but, their common character-
istic is carrying a variety of bioactive molecules such as RNA, proteins, and lipids. EVs can regulate the function of target cells
through interaction with them. Acute kidney injury (AKI) is a common and potentially serious clinical condition characterized by
a rapid decline in renal function, manifested as abnormal classic indicators such as serum creatinine and decreased urine output. AKI
not only affects the renal function of patients, but it is also closely related to dysfunction in other organs, including the lung, heart,
brain, liver, intestine, and immune system. EVs by carrying bioactive molecules (eg, proteins, RNA, lipids) and mediating intercellular
communication can play critical roles in inflammation, apoptosis, tubular injury, and fibrosis during AKI. Some key mechanisms of
EVs in AKI pathophysiology include promoting tubular cell proliferation, enriching HMGB1/HSP70, leading to NF-KB/MAPK
activation, and carrying pro-inflammatory molecules (eg, TNF-a, IL-1B, IL-6). In the context of renal fibrosis, EVs can directly
participate in its pathogenesis by carrying pro-fibrotic factors and regulating fibroblast activity, accelerating the progression of fibrosis.
Besides being involved in the pathogenesis, EVs can also serve as potential diagnostic tools and therapeutic agents against AKI and
renal fibrosis. This narrative review summarizes the biogenesis, composition, and functional mechanisms of EVs in AKI as well as
renal fibrosis pathogenesis, along with highlighting their potential as diagnostic biomarkers and therapeutic targets.
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Introduction

Acute Kidney Injury (AKI) is a clinical syndrome characterized by a rapid decline in renal function caused by various
etiologies. It is marked by a rapid decrease in glomerular filtration rate, leading to elevated serum creatinine and possibly
decreased urine output. AKI has a high incidence and mortality rate in clinical settings, especially among patients in the
Intensive Care Unit (ICU), posing a life-threatening condition.' Accordingly, it occurs in about 10~15% of hospitalized
and more than 50% of ICU patients.” The main causes of AKI include prolonged renal ischemia, toxic drugs, and sepsis.’
Despite continuous advancements in medical technology, there is currently no standard therapeutic measure for AKI and
its mortality rate is still high.* Therefore, affected patients may face long-term complications without full recovery, like
chronic kidney disease (CKD) or even end-stage kidney disease (ESKD).’

Through in-depth study of intercellular communication mechanisms, extracellular vesicles (EVs) have gradually
attracted attention as a novel form of intercellular communication. EVs are membrane-bound vesicles released by cells
into the extracellular space through active or passive mechanisms, with diameters ranging from 30 nm to several
micrometers. Depending on their size and formation mechanism, EVs can be classified into exosomes, microparticles,
and apoptotic bodies. EVs play an important role in both physiological and pathological processes. They can carry
a variety of bioactive molecules, including proteins, nucleic acids (such as mRNA, miRNA, IncRNA), and lipids. By
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binding to the cell membrane, endocytosis, or molecular transfer, EVs transmit information between cells and regulate
the function of target cells.®

In the pathological process of AKI, EVs, as an important regulatory factor, are widely involved in various
pathological processes such as inflammation, apoptosis, renal tubular injury and repair, and renal fibrosis.” For example,
following ischemia-reperfusion injury, renal tubular epithelial cells can release a large number of EVs. These EVs can
promote the recruitment and activation of immune cells by carrying inflammatory factors or regulating miRNAs, thereby
exacerbating the local inflammatory response.® EVs also play a pivotal role in the repair process of renal tubular cells.
Accordingly, they can help damaged renal tubular epithelial cells recover their function by carrying anti-apoptotic
signaling molecules or proteins that promote cell proliferation.” In addition, urinary EVs can also serve as a valuable and
non-invasive diagnostic tool in various kidney conditions like AKI, glomerular diseases (eg, focal segmental glomerulo-
sclerosis, IgA nephropathy), tubular disease (eg, Gitelman’s and Bartter syndromes), renovascular disease, and renal
transplantation (eg, delayed graft function, acute cellular rejection, antibody-mediated rejection).'”

The specific role of EVs in kidney diseases, including AKI, has been the subject of a few review articles published so
far.”®1""13 This narrative mini review tries to update and summarize the biogenesis, composition, and functional
mechanisms of EVs in AKI as well as renal fibrosis pathogenesis. It also highlights EVs’ potential functions as diagnostic
biomarkers and therapeutic targets for AKI and renal fibrosis.

Origin and Composition

Source

EVs are membrane-bound vesicles released into the extracellular environment by various cells through active or passive
mechanisms. According on their size, formation mechanism, and biological function, EVs are generally divided into
exosomes, microparticles (or microvesicles), and apoptotic bodies. By fusing with the membrane of target cells, EVs
transfer their contents (such as proteins, RNA, lipids), playing a crucial role in immune regulation and inflammatory
responses.'* EVs also participate in regulating cell death, particularly in acute and chronic kidney injuries, where they
contribute to improving the therapeutic outcomes of kidney diseases by modulating cell death pathways.'> Furthermore,
EVs provide new perspectives for regulating various physiological and pathological processes due to their unique
stability, effective information transmission capability, and precise targeted uptake mechanism.'*'® As carriers, EVs
possess unique advantages in delivering drugs and genetic materials without eliciting immune responses.® EVs can also
be used as effective drug delivery carriers, especially in the field of targeted therapy, where they can achieve precise
treatment goals by specifically recognizing target cells. In addition to effectively transporting drugs, EVs can also reduce
the side effects of drugs in the body through their natural biocompatibility, low immunogenicity, and targeted delivery.?

Exosomes are small vesicles with a diameter ranging from 30 to 150 nm. They are formed through the endocytic
pathway and released into the extracellular space after the fusion of multivesicular bodies (MVBs) with the cell
membrane. The formation of exosomes is mediated by the endosomal sorting complex required for transport (ESCRT)
protein family, involving four main complexes (ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III). These complexes
complete the assembly and shedding of vesicles by recognizing specific membrane proteins and lipids. The fate of
organic and inorganic nanoparticles is dependent on the function of microglial extracellular vesicles, which play a crucial
role in the clearance and transport of nanoparticles.?' There are also non-ESCRT-dependent formation mechanisms, such
as the promotion of vesicle formation through lysophosphatidylcholine (LPC) and its metabolites. Exosomes facilitate
intercellular gene communication by transferring exosomal shuttling RNAs (esRNA), providing a previously undescribed
complex mechanism for mammalian cell communication.?

In the context of AKI, renal tubular epithelial cells are the main source of EVs. The exosomes released by these cells
carry damage markers (such as miR-21 and miR-29c¢), which can be potential biomarkers for AKI in urine. Immune cells
in the kidney, such as macrophages, T cells, and B cells, can all release exosomes. Exosomes are involved in
inflammation regulation by modifying the secretion of cytokines and chemokines. Exosomes secreted by macrophages
are rich in miR-155, which can activate the NF-kB signaling pathway and promote inflammatory responses. Exosomes
released from glomerular endothelial cells are closely associated with glomerular inflammation and increased capillary
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permeability. These exosomes are enriched in vascular endothelial growth factor (VEGF) and endothelin-1, exerting
a significant impact on the glomerular microenvironment. There are considerable differences in biological functions and
mechanisms of action between extracellular and extracellular vesicles bound to the extracellular matrix.>?

Microvesicles typically have a diameter ranging from 100 to 1000 nm and are formed by budding directly from the
cell membrane. The formation process of microvesicles is primarily associated with membrane remodeling and
phospholipid asymmetry, regulated by phospholipase C as well as actin-myosin complexes. Compared to exosomes,
microvesicles exhibit larger particle sizes and more diverse compositions.”* In renal ischemia-reperfusion injury (IRI),
the release of microvesicles from renal endothelial cells significantly increases. These microvesicles carry high levels of
High Mobility Group Box 1 (HMGBI1) and Heat Shock Protein 70 (HSP70), serving as drivers of inflammatory
responses. Platelet microvesicles constitute the majority of circulating microvesicles, and their release is often associated
with the activation of the coagulation system. Microvesicles derived from mesenchymal stem cells (MSCs) exhibit potent
repair capabilities, particularly in ischemic AKI. The pH-mediated selection system provides a novel method for efficient
analysis of circulating RNA, enhancing the diagnostic accuracy of exosomal and lipoprotein RNA.?> Embryonic stem
cell microvesicles (ESMVs) mediate novel paracrine signaling through the transfer of miRNAs, potentially regulating
gene expression in neighboring cells within the stem cell microenvironment. This discovery offers a new mechanism for
stem cell-cell communication and provides potential tools for miRNA/siRNA therapy and virus-free gene delivery.?

Apoptotic bodies are the largest extracellular vesicles (500-5000 nm in diameter). They bud from the cell membrane
of apoptotic cells and may contain organelle fragments and a large amount of DNA. Although apoptotic bodies are rarely
released under physiological conditions, in pathological circumstances like AKI, the number of apoptotic bodies
increases significantly due to the intensification of the apoptosis process.”’ Accordingly, in an AKI model, a large
number of renal tubular epithelial cells undergo apoptosis due to oxidative stress or toxic injury and release a large
number of apoptotic bodies. These apoptotic bodies can be phagocytosed by macrophages, further stimulating the release
of inflammatory factors.”® Moreover, in a septic AKI model induced by cecal ligation and puncture in mice, platelet-
derived EVs containing lipopolysaccharide promoted inflammation, apoptosis, oxidative stress (eg, MDA), and mito-
chondrial dysfunction. The underlying mechanism of these detrimental consequences was partially the activation of the
ERK/Smad3/p53 pathway by ADP-ribosylation factor 6 (ARF6).%’ In severe inflammatory responses, the release of
apoptotic bodies from macrophages themselves also increases. These apoptotic bodies contain a large amount of
phosphatidylserine (PS), which is the main signal for immune cell clearance.”®

Composition

Proteins are the most predominant functional molecules in EVs, categorized into membrane and luminal proteins.
Membrane proteins play a pivotal role in the formation of EVs and cellular targeted recognition.>® The tetraspanin
family, including CD9, CD63, and CD81, are hallmark proteins of exosomes. These proteins bind to lipid rafts,
facilitating vesicle formation and targeted delivery functions.®!

AKI is associated with altered expression of specific miRNAs, and targeting specific miRNAs may provide renal
protection in AKI. Specific miRNAs in body fluids are expected to become the next generation of disease biomarkers.*?
miRNAs play a pivotal role in the occurrence and development of kidney diseases, possessing both diagnostic and
therapeutic potential, and are an important direction in current kidney disease research.*® The types of nucleic acids in
exosomes include mRNA, microRNAs (miRNAs), circular RNA (circRNA), long non-coding RNA (IncRNA), and
mitochondrial DNA (mtDNA). mRNA in exosomes can be translated into functional proteins in target cells. miRNA is
the most widely studied type of nucleic acid in exosomes. During renal IRI, the release of microRNAs (exo-miRs) from
urinary exosomes is closely linked to the transforming growth factor-f (TGF-B) signaling pathway. This mainly involves
the regulation of exo-miR changes at different stages by the TGF-f signaling pathway, as well as their joint participation
in orchestrating renal pathological processes. In a rat model of AKI due to IRI, under injury conditions, the levels of
miR-16, miR-24, and miR-200c in the urine increased. While, during the recovery phase, exo-miRs (miR-9a, miR-141,
miR-200a, miR-200c, miR-429) that target Zeb1/2 mRNA are upregulated collectively. Zeb1/2 is a key regulator of the
TGF-B1 signaling pathway, indicating that changes in these exo-miRs reflect the renal fibrosis process mediated by the
TGF-B signaling pathway.>* In a cisplatin-induced acute kidney injury model, it was demonstrated that mesenchymal
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stromal cells (MSCs) and the microvesicles (MVs) can promote renal tissue repair by regulating a specific miRNA-
mRNA network.>

The composition of EVs is complex and diverse, with molecules such as proteins, nucleic acids, and lipids playing
significant roles in their biological functions and clinical applications. Lipids constitute the primary component of the EV
membrane, primarily including phospholipids, cholesterol, and sphingolipids, which offer stability and specific biological
functions to the vesicles.”” Changes in these molecules can reflect the pathological state of cells, providing a rich source
of information for the diagnosis and treatment of AKI."'

The Pathogenesis of Acute Kidney Injury

Mediating Inflammatory Response

EVs serve as crucial mediators of inflammatory factor transmission, capable of carrying pro-inflammatory molecules
such as tumor necrosis factor-a (TNF-a), interleukin-1p (IL-1p), and interleukin-6 (IL-6) to target cells. These inflam-
matory factors, by activating downstream signaling pathways (such as the NF-kB and MAPK pathways), promote the
release of more inflammatory mediators from target cells, thereby expanding the inflammatory response spectrum.
Monocyte chemoattractant protein-1 (MCP-1), as an adhesion molecule, recruits inflammatory cells during IRI, causing
tubular damage and also interstitial fibrosis. Activating transcription factor 3 (ATF3) is a transcriptional repressor that can
be induced by various stress stimuli and has anti-apoptotic and anti-inflammatory effects on the kidney. Studies have
found that during IRI, exosomal ATF3 RNA can inhibit the transcription of the pro-inflammatory gene MCP-1, exerting
a protective effect on the kidney.*® In an inflammatory microenvironment, three significantly upregulated miRNAs (miR-
146a-5p, miR-147b, and miR-155-5p) in tubular cell-derived exosomes (PTCs) and their EVs are enriched in the Toll-
like receptor signaling pathway. Specifically, miR-146a-5p targets TRAF6 and IRAKI1, negatively regulating NF-«xB
activity and inhibiting excessive inflammation; while, miR-155-5p targets key molecules in the NF-kB pathway (such as
IKKp) to promote the expression of pro-inflammatory factors. Regarding miR-147b, it may participate in inflammatory
signal transmission by regulating genes related to the Toll-like receptor signaling pathway (such as COL4A2).*” In
a study utilizing male C57BL/6 mice to establish a renal IRI model, hypoxia/reoxygenation (H/R) induced endoplasmic
reticulum stress (ER stress) in renal tubular epithelial cells, which was transmitted to macrophages via exosomes and
promoted their M1 polarization. The expression level of miR-106b-5p in exosomes derived from renal tubular epithelial
cells experiencing ER stress was significantly elevated. ATL3 is a potential target protein of miR-106b-5p, involved in
the ER stress and M1 polarization processes of macrophages. Inhibiting the expression of miR-106b-5p can alleviate
renal damage in AKI mice.*® Human neutrophils are capable of generating EV's and regulating their functional responses
through these vesicles. Neutrophil-derived EVs may play a significant role in immune responses and inflammation
regulation.®”

Regulating Cell Apoptosis

The role of EVs in AKI extends beyond inflammatory responses, profoundly influencing the survival and function of
renal tubular epithelial cells through their dual anti-apoptotic and pro-apoptotic functions. As delivery vehicles, EVs are
transforming existing treatment paradigms in clinical applications.*® Many EVs exhibit anti-apoptotic properties; yet, in
certain scenarios, EVs can accelerate the apoptosis of renal tubular epithelial cells by delivering pro-apoptotic factors
such as Bax, Caspase family proteins, and TNF-o. The pro-apoptotic and anti-apoptotic effects of EVs are not entirely

contradictory, but are dynamically regulated according to different pathological environments and cell sources.*'

Promoting Renal Tubular Epithelial Cell Injury and Repair

EVs play a dual role in AKI, both exacerbating the damage to renal tubular epithelial cells and, on the other hand,
participating in their repair process under specific conditions. Damaged renal tubular epithelial cells release a large
number of EVs, which carry damage-associated molecular patterns (DAMPs) and further exacerbate local cellular
damage and inflammatory responses. Related research on the biomedical applications of functional cargo in EVs,
including drug delivery and disease biomarker discovery, has analyzed the diverse applications of exosomes in the
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biomedical field, such as cancer treatment and immunotherapy.*? Similar to cell apoptosis, the role of EVs in injury and
repair is influenced by both the type of source cells and environmental conditions. EVs released by mesenchymal stem
cells (MSCs) and renal proximal tubular cells (RPCs) primarily promote repair, while EVs released by damaged renal
tubular epithelial cells tend to exacerbate injury.*’

Participation in Renal Fibrosis

Renal fibrosis is one of the key pathological characteristics of AKI progressing to CKD.** EVs play a crucial regulatory
role in the occurrence and progression of renal fibrosis. Accordingly, transforming growth factor-p1 (TGF-f1)-induced
epithelial-mesenchymal transition (EMT) is a key step in renal fibrosis.*’ Bone marrow mesenchymal stem cell-derived
microvesicles (BM-MSC-MVs) and the MVs they secrete play a role in renal tissue repair.*® Studies have found that in
elderly rats, the expression of miR-344a, miR-133b-3p, miR-294, miR-423-3p, and miR-872-3p is downregulated in BM-
MSCs, and a similar trend is also observed in serum. BM-MSC-MVs from young rats significantly inhibit TGF-
B1-mediated EMT in HK2 cells, while the inhibitory effect is weaker in elderly rats. Notably, miR-133b-3p and miR-
294 significantly inhibit TGF-B1-mediated EMT in HK2 cells.*” EVs can directly participate in the formation of renal
fibrosis by carrying pro-fibrotic factors and regulating fibroblast activity, accelerating the progression of fibrosis. By
constructing a unilateral ischemic reperfusion injury (UIRI) mouse model and a hypoxia-treated NRK-52E cell model, it
was found that the content of miR-150-5p in exosomes secreted by renal tubular epithelial cells after hypoxia treatment
increased. When miR-150-5p binds to the 3’-untranslated region (3-UTR) of cytokine signaling inhibitor 1 (SOCS1), it
inhibits the expression of SOCS]1. Since SOCS1 negatively regulates the activation of the JAK/STAT pathway, affecting
the activation process of various cells, miR-150-5p activates the JAK/STAT pathway by downregulating the expression
of SOCSI, ultimately promoting the activation and proliferation of fibroblasts and advancing the process of renal
fibrosis.** Among exosomal miRNAs, miR-133b and miR-199b promote TGF-Bl-induced EMT and renal fibrosis by
targeting and inhibiting SIRT1.%*

Besides nucleic acid, protein biomarkers also serve as a potential index of renal fibrosis in both animal and human
models.>® For instance, two proteins, a-1-antitrypsin and ceruloplasmin, could act as biomarkers of IgA nephropathy
because their level increased in urinary exosomes in humans.>' Another example is activator of G-protein signaling 3 in
urinary exosomes, which was demonstrated to be a promising biomarker in polycystic kidney disease.>>

Potential Application as Diagnostic Markers and Therapeutic Targets for AKI

Diagnostic Markers
In patients with AKI, significant changes occur in the content and types of miRNAs in urine or blood. Through research
on the rat model of renal IRI, it was found that miRNAs in urinary exosomes (exo-miRs) can reflect the progression of

AKI, providing potential biomarkers for noninvasive detection of AKIL.>?

By constructing a rat model of sepsis-induced
AKI, among 84 detected miRNAs, miR-181a-5p and miR-23b-3p showed differential expression before the increase in
serum creatinine, potentially serving as important tools for early diagnosis and also as therapeutic targets. Furthermore,
lipopolysaccharide (LPS) affects the release and size of serum exosomes.’* In an inflammatory microenvironment,
miRNAs such as miR-146a-5p, miR-147b, and miR-155-5p in PTCs and EVs participate in renal inflammatory responses
by regulating the Toll-like receptor signaling pathway. These findings provide new targets for understanding the
molecular mechanisms of renal inflammation and support the potential application of EV-encapsulated miRNAs as
noninvasive biomarkers, laying the foundation for early diagnosis and therapeutic intervention in AKI in the future.>
The level of urinary exosomal miR-106b-5p is correlated with the severity of AKI and can be used as a diagnostic
marker.”® On the other hand, miR-29¢ in urinary exosomes is significantly correlated with renal function index (eGFR)
and the degree of renal fibrosis. Therefore, it can serve as a novel noninvasive biomarker for evaluating the severity and
disease progression of renal fibrosis.’” Microvesicles isolated from human urine contain RNA, with an integrity similar to
that of kidney tissue, including 18S and 28S rRNA. RNA is better preserved in microvesicles compared to whole-cell
urine,® indicating that urinary microvesicles can serve as a novel noninvasive source of nucleic acids for biomarkers in
kidney diseases.
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Proteins in EVs also have diagnostic value. Kidney injury molecule-1 (KIM-1) is significantly enriched in EVs from
AKI patients, and its level is positively correlated with the severity of kidney injury. The average particle size of EVs in
the urine of AKI patients is significantly smaller than that of the healthy control group, and their concentration is
significantly elevated. Western blot can be used for quantitative analysis of the expression levels of specific proteins in
EVs. In the urine EVs of AKI patients, the expression level of KIM-1 and HSP70 is significantly enhanced. Compared
with traditional markers of kidney function (such as serum creatinine and blood urea nitrogen), miRNAs and proteins in
EVs exhibit higher sensitivity and specificity. Additionally, exosomes may have significant potential in the diagnosis and
treatment of lysosomal storage diseases, especially in the discovery of disease markers and drug delivery.>’

Therapeutic Targets
The incidence rate and mortality of AKI are high, and effective treatment modalities are lacking.®® Mitochondrial
dysfunction plays a crucial role in the pathogenesis of AKI, and miRNA may become a potential target for the treatment
of AKI.®' For example, in a cisplatin-induced mouse model of AKI, miR-709 is upregulated in the renal tubules after
AKI, mediating mitochondrial dysfunction and apoptosis by inhibiting the expression of mitochondrial transcription
factor A (TFAM). Targeting miR-709 is expected to become a new method for protecting mitochondrial function and
preventing cell death in AKI.%* Interfering with the miR-150-5p/SOCS]1 axis, such as inhibiting exosomal miR-150-5p or
upregulating SOCS1, may become a new strategy for delaying the progression of UIRI to renal fibrosis.®> By regulating
the production, release, or uptake of EVs, new paradigms can be introduced for the treatment of AKI. Inhibiting the
production of MVBs or suppressing related signaling pathways can effectively reduce the release of pro-inflammatory
EVs and alleviate the inflammatory response in AKI. Blocking this process can effectively reduce the release of pro-
inflammatory EVs. Studies have found that the release of EVs can be reduced by using lysosomal inhibitors or certain
drugs, such as paclitaxel, thereby inhibiting the further exacerbation of inflammatory responses. Exosomes can serve as
ideal drug carriers, targeting precisely and reducing side effects.®* In the context of sepsis-associated AKI, fibroblastic
reticular cell-derived EVs are promising drug-delivery vehicles (recombinant CD5L) by promoting mitochondrial
autophagy and restricting inflammasome activation, leading to improved kidney function.®> In addition, exosomes may
also serve as gene therapy vectors, with advantages over viral vectors in terms of non-immunogenicity, allowing for
remote delivery of nucleic acids to regulate cellular function.®®

Despite being heterogeneous, EVs obtained from MSCs have myriad and unique properties for AKI treatment. These
include having anti-inflammatory, anti-fibrotic, as well as proangiogenic activities, low immunogenicity, high biocom-
patibility, ease of penetrating the barriers, and mitigating cell apoptosis/necrosis/oxidative stress.®’ In this regard, for
example, an experimental study in a rat ischemia-reperfusion model demonstrated that small EVs derived from MSCs
significantly improved indexes of renal function (serum creatinine and urea), increased anti-inflammatory cytokine levels
(interleukin-10), and attenuated the complement activation (C3 and C4 levels) compared to the placebo.68 Exosomes
derived from MSCs have also been shown to attenuate kidney injury and fibrosis in an unilateral ureteric obstruction
mouse model via the inhibition of the extracellular matrix protein accumulation and epithelial-to-mesenchymal transition
process secondary to the delivery of miR-186-5p.°” The role of small EVs derived from MSCs in the treatment of
different kidney diseases, including AKI, drug-induced nephropathy (eg, cisplatin, glycerol, gentamicin), CKD, renal
fibrosis, renal cell carcinoma, and kidney transplantation, has been comprehensively addressed and discussed
elsewhere.”

Table 1 lists and summarizes the potential therapeutic indications and related mechanisms of different types of EV for
different pathogenic processes of AKI. In addition, the role of EV in the pathophysiology, diagnosis, and treatment of
AKI and renal fibrosis has been schematically depicted in Figure 1.

New Scientific Contributions
The current review is not a mere repetition of existing studies; instead, it supplements the field of EVs and kidney

diseases with three core novel values through deepened mechanisms, integrated evidence, and clear directions:
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Table | Types and Key Mechanisms of Different Types of Extracellular Vesicles for Pathogenic Process of Acute Kidney Injury/Renal
Fibrosis and Their Potential Outcomes

Pathogenic EV Type Key Mechanisms [References] Functional Outcome
Process

Inflammatory Exosomes/ * Carrying pro-inflammatory Augmenting inflammation and immune cell
Response Microvesicles Molecules (TNF-a, IL-1p,IL-6)> recruitment>>°%43

* Transferring miR-106b-5p, leading to macrophage M1
polarization®®
* Enriching HMGB I/HSP70, leading to NF-KB/MAPK

activation®?

Cell Apoptosis All EV types + Delivering pro-apoptotic factors (eg, Bax, Caspases)® Having dual role by either promoting or
« Transferring anti-apoptotic signals (eg, MSC-EVs)?® inhibiting tubular cell
Death®?
Tubular Injury & Exosomes/ * Releasing DAMPs from damaged cells, leading to Exacerbating injury or enhancing tissue
Repair Microvesicles inflammation®? repair®>>*

* Delivering MSC-EVs with anti-apoptotic miRNAs/
proteins54

+ Promoting tubular cell proliferation®*

Renal Fibrosis Exosomes/ * Carrying miR-150, leading to SOCSI inhibition and Inducing fibroblast proliferation and ECM
Microvesicles JAK/STAT activation*’ deposition*”#83¢
* Transferring miR-133b/
miR-199b, targeting
SIRTI, and promoting EMT*®

+ Delivering TGF-B1, leading to fibroblast activation®®

Abbreviations: EVs, Extracellular vesicles; HMGBI/HSP70, High Mobility Group Box |/Heat Shock Protein 70; MSC-EVs, Mesenchymal stem cell-derived extracellular
vesicles; DAMPs, damage-associated molecular patterns; SOCS|, cytokine signaling inhibitor I; EMT, epithelial-mesenchymal transition; TGF-B1, transforming growth factor-
BI; SIRTI, silent information regulator; ECM, extracellular matrix.

1) This review pioneers the systematic integration of the differential roles of distinct EV subtypes across the entire
pathological trajectory of AKI, addressing the longstanding fragmentation gap in mechanistic research.

2) The present review refines the etiology-specificity of EVs as diagnostic biomarkers, markedly enhancing their
clinical translational potential.

3) Our review concretely articulates actionable EV-based therapeutic strategies and delineates current research
limitations, providing a clear roadmap for future investigations.

Future Perspective

EVs, as crucial mediators of intercellular communication, have gained increasing attention in recent years regarding their
role in AKI and renal fibrosis. EVs classified into exosomes, microparticles, and apoptotic bodies transmit a diverse array
of bioactive molecules, including miRNA, proteins, lipids, and IncRNA. They can also serve as a carrier of nephropro-
tective agents and genes. They not only play a pivotal role in the onset and progression of AKI, but also offer novel
potential avenues for its early diagnosis and targeted therapy of this serious and potentially life-threatening condition.
These encouraging findings have also been demonstrated for renal fibrosis. In preclinical investigations, findings of small
EVs derived from MSCs in the treatment of different kidney diseases, such as AKI and renal fibrosis, have been
promising.

Although remarkable progress has been made in EV research about AKI, revealing their significant role in
pathogenesis, diagnosis, and treatment, there are still many limitations and challenges in current research, necessitating
further in-depth exploration. The isolation, purification, and characterization techniques of EVs have not been unified and
harmonized. Meanwhile, existing methods, such as ultracentrifugation, and size exclusion chromatography suffer from
issues like low purity and insufficient efficiency, which may adversely affect the reliability of research results.
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Figure | The core role of extracellular vesicles in the pathophysiology, diagnosis, and treatment of acute kidney injury and renal fibrosis.

Developing highly specific separation techniques such as microfluidic chips and antibody capture and standardized
operating procedures, is crucial to promote the clinical translation of EVs. Furthermore, it is necessary to improve EV
tracing techniques both in vitro and in vivo to monitor their biodistribution and targeting efficiency in real time.
Meanwhile, the safety of EVs as therapeutic vectors or targets (such as immunogenicity, off-target effects) needs to be
rigorously evaluated in pre-clinical and clinical studies. Finally, existing research mostly focuses on the analysis of single
factors, lacking systematic exploration. The differences in sources, sizes, and molecular compositions of EVs may lead to
significant variations in their functions during different stages or etiologies of AKI. Therefore, more research is needed in
the future to delve into the molecular mechanisms and animal models to clarify the specific role of extracellular vesicles
in AKI and their potential clinical application value.

Research on EVs in the field of AKI is currently at a pivotal stage, transitioning from mechanism exploration to
clinical translation. Serving as diagnostic markers and therapeutic targets for AKI and renal fibrosis, EVs hold immense
clinical application potential. Through technological innovation, interdisciplinary collaboration, and clinical validation,
EVs are poised to emerge as a novel breakthrough in early diagnosis, prevention, and treatment of AKI and renal fibrosis.
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