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ABSTRACT 

Extracellular vesicles (EVs) are increasingly investigated across a wide range of diseases as potential biomarkers and therapeutic 
tools. To date, EVs have been isolated from diverse sources, including urine, blood, saliva, tissue, and cell cultures, with research 
focusing primarily on their protein and RNA cargo. Owing to their non-invasive accessibility, selective cargo loading, and 
molecular richness, biological fluid–derived EVs have been proposed as promising candidates for biomarker discovery. In addition, 
several studies have explored EVs for therapeutic purposes, either by direct administration to diseased cells or organisms, by 
engineering them to enhance their efficacy, or by targeting them to modulate pathological processes. In this systematic review, we 
synthesize current evidence on the diagnostic and therapeutic roles of EVs in CKD and related conditions, integrating findings 
across different EV sources, cargos, and disease models, and providing an integrated perspective on the role of EVs in chronic 
kidney disease-related research. By comparing molecular findings from diagnostic and therapeutic studies, we also identify key 
overlapping pathways and biological processes that may represent relevant mechanistic frameworks. Recognizing these convergent 
pathways can help unify data and guide future research toward mechanism-driven, and clinically translatable EV applications in 
nephrology. 
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 Introduction 

xtracellular vesicles (EVs) are nanosized, lipid bilayer-enclosed
articles released by virtually all cell types, serving as fundamen-
al mediators of intercellular communication through the transfer
f bioactive molecules such as proteins, RNAs, and lipids. By
odulating inflammation, fibrosis, and tissue repair, EVs have
merged as crucial players in both physiological homeostasis and
athological remodelling for tissue regeneration (Welsh et al.
024 ). Chronic kidney disease (CKD), affecting nearly 10% of the
lobal population, remains a major public health challenge asso-
iated with high morbidity, mortality, and socioeconomic burden.
urrent diagnostic methods typically detect kidney injury only
fter substantial functional decline, while available therapies
his is an open access article under the terms of the Creative Commons Attribution Licen
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2026 The Author(s). Journal of Extracellular Vesicles published by Wiley Periodicals, LL

ournal of Extracellular Vesicles , 2026; 15:e70300 
ttps://doi.org/10.1002/jev2.70300
predominantly slow, rather than reverse, disease progression
(Bikbov et al. 2020 ). This unmet need has driven growing interest
in EVs as accessible, mechanistically informative indicators of
kidney health and disease (Zheng et al. 2024 ). EVs derived
from kidney and non-kidney cells circulate in various biofluids,
including urine and plasma, providing minimally invasive means
to monitor kidney pathology in real time. Increasing evidence
implicates EVs in key processes underlying CKD and its compli-
cations, suggesting that their molecular cargo may serve as both
diagnostic biomarkers and therapeutic targets. Furthermore, bio-
engineered EVs are being explored as versatile delivery vehicles
for drugs, RNAs, and proteins, offering novel opportunities for
targeted and personalized treatment approaches (Herrmann et al.
2021 , Yang et al. 2024 ). 
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FIGURE 1 PRISMA flow diagram of the records included in the analysis of EV studies in CKD and related conditions. 
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using these cells. EV sources with fewer than 10 records were 

2

espite these advances, the clinical translation of EV-based appli-
ations is hindered by methodological heterogeneity in isolation,
haracterization, and study designs. In this systematic review, we
ynthesize current evidence on the diagnostic and therapeutic
oles of EVs in CKD and related conditions, integrating findings
cross different EV sources, cargos, and disease models. By
omparing molecular findings from diagnostic and therapeutic
tudies, we also identify key pathways and biological processes
hat may represent shared mechanistic frameworks. Recognizing
hese convergent pathways can help unify data and guide future
esearch toward standardized, mechanism-driven, and clinically
ranslatable EV applications in nephrology. 

 Materials and Methods 

.1 Systematic Search 

e conducted a systematic search of PubMed and Embase
atabases up to May 22, 2025, following the Preferred Reporting
tems for Systematic Reviews and Meta-Analyses (PRISMA)
uidelines (Figure 1 ). The search strategy included the terms
chronic kidney disease, CKD, kidney fibrosis, renal insuffi-
iency, kidney failure, end-stage renal disease, end-stage kidney
isease, ESRD, ESKD” and “extracellular vesicle, EV, exosome,
icrovesicle”. Other vesicle types such as microparticles and
poptotic bodies were not included in the search strategy as
hey represent distinct biological entities with different biogenesis
echanisms and were not consistently investigated in the context
f CKD-related EV research. Similarly, engineered nanoparticles
r synthetic delivery systems were not included unless they were
xplicitly described as EVs or EV-derived systems. The initial
earch yielded 434 records from PubMed and 319 from Embase.
fter removing duplicates, and excluding review articles, com-
entaries, book chapters, and unrelated studies such as studies
hat did not focus on CKD-related diseases or did not study EVs,
 total of 364 original research articles were included in the final
nalysis. 
of 22
2.2 Categorization of Parameters 

Studies were categorized according to their primary purpose as
either diagnostic, focusing on biomarker discovery, or therapeu-
tic, emphasizing potential clinical applications. Each study was
further examined based on the disease, organism, EV source,
and EV content. Studies that did not clearly fit into these
categories, such as observational or mechanistic reports, were
classified as “other”. In total, 156 studies were identified as
diagnostic and 141 as therapeutic, with some overlapping in both
categories. 

In terms of analysed diseases, this review extended beyond CKD
to include conditions closely linked to its development and
progression. This encompassed acute kidney injury (AKI), AKD,
the transition from AKI to CKD; kidney failure, the terminal
stage of CKD; and diabetic kidney disease (DKD), one of the
primary causes of kidney failure. Additionally, kidney fibrosis
and kidney transplantation, although not distinct diseases, were
included due to their direct relevance to CKD pathophysiology.
Extra-kidney and systemic disorders were also considered when
strongly connected to kidney health. For instance, lupus, an
immune-mediated disease in which 10%–30% of patients progress
to kidney failure, and cardiovascular diseases (CVD), including
vascular calcification, which are highly prevalent in CKD and
significantly increase mortality risk (Musa et al. 2025 , Li and
Lindholm 2023 ). Diseases with fewer than five records were
grouped as “other diseases,” which included cirrhosis, sepsis,
atherothrombosis, muscle atrophy, and renovascular diseases. 

The organisms represented in these studies included human,
mouse, rat, porcine, and cat models. To reduce ambiguity,
human studies were further divided into “human ( in vitro )”
and “clinical.” For EV sources, umbrella terms were applied for
clarity: kidney cell cultures (KCC) included proximal tubular
cells and podocytes; “blood” encompassed both plasma and
serum; and “mesenchymal stem cells (MSCs)” grouped studies
Journal of Extracellular Vesicles, 2026



FIGURE 2 Data analysis workflow of miRNAs identified in therapeutic study records. 
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onsolidated into an “other EV sources” category, which included
mniotic fluid, aqueous humour, and macrophages. Regarding
V content, RNA was subdivided into messenger RNA (mRNA),
icroRNA (miRNA), circular RNA (circRNA), and long non-
oding RNA (lncRNA), while studies that employed total RNA
equencing were grouped under “total RNA.” A small number of
tudies investigated alternative EV contents such as lipids, cAMP,
alcium, and polysaccharides, which were classified collectively
s “other EV contents.”

.3 Connecting the Parameters 

o better illustrate the relationships between diseases, EV
ources, and EV contents, we generated chord diagrams linking
hese parameters. These diagrams visualize how specific EV
ources and contents are distributed across different diseases.
he thickness of each connection reflects the relative number
f studies within that category. In addition, the distribution of
rganism types studied under each category was included. It
hould be noted that some studies were classified under multiple
ategories—for example, a single study may be associated with
oth CKD and vascular calcification, or may include EVs derived
rom both blood and urine. Consequently, the total number of
rganisms represented does not necessarily correspond to the
otal number of records within each category. 

.4 Enrichment Analysis 

e collected proteins and miRNAs highlighted in the included
tudies and performed functional enrichment analysis. For
iRNAs, their experimentally validated protein targets were
dentified using miRTarBase (Figure 2 ). To ensure disease rel-
vance, proteins not associated with kidney-related conditions
ere excluded through filtering with the DisGeNET database.
he remaining proteins, together with those directly studied,
ere analysed for Gene Ontology (GO) Biological Process. Results
ere ranked by adjusted p -values, and the key enriched terms
elated to kidney physiology and disease were presented. 

 Results and Discussion 

Vs are emerging as dual-purpose tools in CKD: minimally
nvasive diagnostic readouts and modular therapeutics. Across
ournal of Extracellular Vesicles, 2026
CKD and related conditions (AKI, DKD, kidney failure, fibrosis,
transplantation), CKD itself was investigated in roughly equal
numbers of diagnostic and therapeutic studies. Certain diseases
showed a stronger emphasis on diagnostics, such as kidney
failure, DKD, kidney transplantation, and ADPKD; in contrast,
kidney fibrosis and AKI were more commonly explored in ther-
apeutic studies (Figure 3 ). When categorizing by organism type,
we found that human clinical studies dominated the diagnostic
category, likely reflecting the accessibility of biological fluids
such as blood and urine. Alongside clinical samples, diagnostic
investigations also employed human in vitro systems and rodent
models. Therapeutic studies, on the other hand, were conducted
predominantly in mouse models, followed by human in vitro sys-
tems, rats, and porcine models. Importantly, only one therapeutic
study used human clinical samples, underscoring the current
gap in translating EV-based therapeutic strategies into clinical
practice. Studies primarily focused on mechanistic investigations,
methodological developments, or observational analyses that do
not directly test diagnostic biomarkers, or therapeutic interven-
tions were grouped as “others”. In the context of this review, these
studies may still provide critical mechanistic insights that support
the identification of EV cargoes and pathways later explored for
diagnostic or therapeutic applications. 

In analysing the EV sources, we found that urine and blood
were commonly utilized, primarily due to their abundance and
ease of collection (Figure 3 ). These biofluids were predominantly
used in diagnostic studies, reflecting the feasibility of employing
EVs from accessible biological fluids for biomarker discovery. In
contrast, EVs derived from MSCs and KCC were more frequently
employed in therapeutic studies, due to their higher purity and
the ability to control experimental variables and microenviron-
mental conditions. At present, there are no studies isolating EVs
directly from kidney tissue, an interesting future approach for
diagnostic information. At variance, few studies explored the
diagnostic potential of EVs isolated from kidney-derived or urine-
derived cells. In addition to these, endothelial cells and vascular
smooth muscle cells (VSMCs) were also common sources of
EVs. Less frequently, EVs were isolated from sources such as
amniotic fluid, aqueous humour, bacteria, dental pulp stem cells,
and macrophages—most of which were studied in a therapeutic
context. 

Regarding EV content, studies focusing on RNA and protein
were similarly represented across the dataset (Figure 3 ). In
diagnostic studies, proteins and miRNAs were the most analysed
3 of 22



FIGURE 3 Categorisation of the records. Studies were subdivided according to their primary scope as diagnostic or therapeutic to obtain a clearer 
classification. The term organism in diagnostic studies refers to the EV origin, in therapeutic studies to the target organism. Studies primarily focused on 
mechanistic investigations, methodological advancements, or observational analyses that did not fit within diagnostic or therapeutic classifications were 
grouped under “other”. Fibrosis: kidney fibrosis, AKI: acute kidney injury, CKD: chronic kidney disease, kid. fail.: kidney failure, DKD: diabetic kidney 
disease, CVD: cardiovascular diseases, KT: kidney transplantation, ADPKD: autosomal dominant polycystic kidney disease, other D: other diseases, 
KCC: kidney cell culture, MSC: mesenchymal stem cell, EC: endothelial cell, VSMC: vascular smooth muscle cell, Other S: other EV sources, tot.RNA: 
total RNA screening, Other C: other EV contents. 
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V cargo. However, while proteins are more commonly assessed
n diagnostic studies, miRNAs are slightly more investigated in
herapeutic studies. This trend could be related to the concept that
iRNA-based interventions may offer longer-lasting or wider
egulation of disease-associated gene expression. In addition to
of 22
proteins and miRNAs, a smaller number of studies investigated
other RNA species, including mRNA, circRNA, lncRNA, and
total RNA. A limited number of studies also explored non-RNA
components such as lipids, cAMP, calcium, and polysaccharides
as part of the EV cargo. 
Journal of Extracellular Vesicles, 2026



FIGURE 4 Chord diagram of diagnostic studies categorised by EV source. The outer layer represents EV sources and disease types, with links 
indicating the distribution of specific EV sources across diseases. The inner layer shows the EV originating organism (EV origin) used in each study. 
Ticks on the outer layer denote increments of five records. To facilitate interpretation, the distribution of individual EV sources is highlighted separately. 
KCC: kidney cell culture, MSC: mesenchymal stem cell, EC: endothelial cell, VSMC: vascular smooth muscle cell, Other S.: other EV sources, AKI: 
acute kidney injury, CKD: chronic kidney disease, Kid. fail.: kidney failure, DKD: diabetic kidney disease, CVD: cardiovascular diseases, KT: kidney 
transplantation, ADPKD: autosomal dominant polycystic kidney disease, OtherD: other diseases. 

3

E

A  

t  

e  

m  

b  

I  

e  

f  

l  

e  

 

 

 

 

 

 

 

 

 

 

 

J

.1 EVs as Diagnostic Biomarkers 

V Source: Urine 

ccording to diagnostic studies, urine derived EVs are among
he most frequently investigated sources for biomarker discov-
ry (Figure 4 ). Urinary EVs offer a non-invasive means to
onitor disease status, reflect dynamic changes in molecular
iomarkers, and can be obtained in relatively high quantities.
n healthy individuals, urinary EVs primarily originate from
pithelial cells lining the urogenital tract, as the glomerular
iltration barrier ( ∼ 6 nm pore size) restricts the passage of
arger vesicles ( > 20 nm) from systemic circulation (Svenningsen
t al. 2020 ). This physiological compartmentalization makes
ournal of Extracellular Vesicles, 2026
urinary EVs particularly valuable for studying kidney disorders,
as they provide site-specific and disease-specific information that
directly reflects the cellular state within the nephron and urinary
system. 

There are several important factors to consider when studying
urinary EVs. Since both EV concentration and cargo composition
vary under different physiological and pathological conditions,
the timing and type of urine collection become critical parameters
in experimental design (Erdbrügger et al. 2021 ). Typically, the
first morning void is preferred because it contains higher EV
concentrations compared to other collections. However, it is
advisable to examine potential EV biomarkers across multiple
5 of 22
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6

oids, as circadian variations can influence kidney function
nd EV release. Indeed, disruption of the circadian system has
een associated with kidney fibrosis and the progression of
KD (Firsov and Bonny 2018 ). Some kidney-related proteins
nd disease biomarkers display circadian-dependent expression
atterns, reflecting rhythmic kidney physiology. For instance,
he first urine sample collected after digital rectal examination
as been reported to contain a higher proportion of EVs associ-
ted with prostate cancer (McKiernan et al. 2016 ). Conversely,
he first morning void tends to include greater contamination
rom cells and bacteria, which may interfere with EV isolation
nd downstream analyses (Manoni et al. 2012 ). A recent study
onitoring the temporal dynamics of urinary EV excretion and
argo in healthy individuals revealed a diurnal pattern in NCC
sodium chloride cotransporter) expression during the day and
n increase in AQP2 expression in the afternoon ( Upson et al .).
lthough such studies have only recently begun to characterize
hese temporal patterns, further exploration of circadian effects
n urinary EV biomarkers in kidney diseases would provide
aluable insights. 

V Source: Blood 

lood-derived EVs were also commonly utilized in diagnostic
tudies across nearly all disease categories (Figure 4 ). These EVs
riginate primarily from circulating cells such as erythrocytes,
eukocytes, and platelets, and to a lesser extent from tissues and
rgans (Nieuwland and Siljander 2024 ). Researchers typically
solate EVs from either plasma or serum; however, several
tudies have highlighted compositional differences between these
ources. In particular, serum-derived EV preparations may lose
arger or denser vesicles during the removal of blood cells,
otentially resulting in underrepresentation of certain EV sub-
opulations. Consequently, some studies have suggested that
lasma-derived EVs more accurately reflect the circulating EV
ool. Another critical consideration in blood-derived EV studies
s the tendency of platelets to become activated during sam-
le handling, leading to artificial EV release and potentially
onfounding biomarker discovery. One comprehensive study
nvestigated markers of endothelial damage in CKD patients
ith or without diabetes undergoing haemodialysis (Carmona
t al. 2017 ). Authors reported a significant increase in plasma-
erived EVs, particularly large microvesicles, along with elevated
D14+ /CD16+ monocytes and an increased Angiotensin 2/1
atio in diabetic compared to nondiabetic patients. Importantly,
lasma EV levels correlated with mortality risk, suggesting their
otential as diagnostic markers for CVD in the context of CKD
nd diabetes. Similarly, another study investigated changes in
lasma-derived EVs in pediatric CKD patients and reported an
ncrease in endothelial EV populations along with alterations
n miRNA profiles, related to impaired angiogenesis and vas-
ular pathology (Behrens et al. 2025 ). These findings further
uggest that targeting EVs and their miRNA cargo may repre-
ent a potential therapeutic strategy to mitigate cardiovascular
omplications associated with CKD. Moreover, this study under-
cores the importance of EV profiling across different patient
opulations, including both adult and pediatric cohorts, to cap-
ure disease heterogeneity and age-specific pathophysiological
eatures. 
of 22
EV Source: Tissue 

Although EVs have not been directly isolated from affected
kidney tissues, a number of studies correlated tissue expression
profile with EV-associated markers. Most of these investigations
have focused on DKD, followed by CKD (Figure 4 ). For instance,
the analysis of 250 microarray datasets of glomerular and
tubulointerstitial tissues from patients with various CKD types,
identified common differentially expressed genes (DEGs) (Zhou
et al. 2018 ), significantly enriched in EV-associated components.
Similarly, another microarray study on glomerular tissues from
DKD patients found a comparable enrichment of EV-related
DEGs (Zeng et al. 2019 ), suggesting their involvement in CKD and
their role as diagnostic biomarkers. 

Other studies investigated the impact of EVs derived from distant
organs on kidney pathology. For example, one study investigated
the role of bone marrow–derived EVs in kidney osteodystrophy,
isolating EVs from the bone marrow of diseased rats and perform-
ing miRNA sequencing (Fu et al. 2023 ). Authors identified 24
differentially expressed miRNAs, involved in inflammation and
osteoclast differentiation, which were proposed as contributors
to the disease’s pathogenesis. On a parallel perspective, a recent
study showed that EVs released from CKD kidney tissue and
detectable in the patient circulation may negatively impact the
cardiac function (Li et al. 2026 ). The study identified several
pro-apoptotic miRNAs present in both human and mouse CKD-
derived EVs, functionally validated to induce cardiomyocyte
apoptosis and cytotoxicity. These findings suggest that kidney-
released EVs during CKD may contribute to cardiotoxicity
through the transfer of pro-apoptotic miRNAs, which, in turn,
could serve as potential early diagnostic biomarkers for reno-
cardiac interactions. 

EV Source: Kidney Cell Culture 

In vitro studies using KCC, represent the next most common
area to discover diagnostic biomarkers (Figure 4 ), with a parallel
effort to understand the mechanism of action of the candidate
markers. For example, EVs isolated from tubular epithelial cells
undergoing epithelial-to-mesenchymal transition (EMT) induced
M1 polarization on macrophages (Lu et al. 2023 ), at variance of
EVs under normal conditions. Moreover, injection of EVs from
tubular cells undergoing EMT into mice caused an inflammatory
response and M1 macrophage activation. In addition to tubular
cells, podocytes, distal tubular cells, and other kidney cell types
were also utilized. In different studies, the identification of
biomarkers in kidney cell-derived EVs was paralleled by their
assessment in biological fluids, and vice versa. For instance, the
levels of miR-126 and miR-145 in urinary EVs correlated with
albuminuria in diabetic patients (Dimuccio et al. 2022 , Barutta
et al. 2022 ) and were paralleled by increased miR-126 and miR-
145 in EVs from tubular cells and podocytes undergoing EMT
(Dimuccio et al. 2022 ). Another study reported the presence of
Elf3, an endothelium-specific transcription factor, in damaged
podocytes and their EVs (Sakurai et al. 2019 ). This was confirmed
in the urine of patients with diabetic nephropathy, and suggested
the existence of irreversible injuries in podocytes. Kidney cell
culture models offer a controlled environment that enables
Journal of Extracellular Vesicles, 2026
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ore refined, mechanistic insights into EV biology, while also
upporting animal-free experimental approaches. 

ther EV Sources 

ther EV sources were less commonly used for diagnostic
urposes (Figure 4 ). For instance, endothelial cell-derived EVs
ere reported in only four studies, which focused on CKD,
VD, and kidney transplantation. Despite their rarity, these
tudies introduce novel approaches to EV-based diagnostics.
ne notable example is a recent study investigating antenatal
ydronephrosis, a condition that may lead to kidney failure in
hildren and CKD in adults (Jin et al. 2021 ). Researchers isolated
Vs from the amniotic fluid of ten pregnant women with grade
II–IV antenatal hydronephrosis and performed transcriptomic
equencing. Among the six differentially expressed lncRNAs
dentified, LINC02863 was highlighted as a potential biomarker,
ue to its target genes’ involvement in kidney development and
orphogenesis. 

everal studies used peritoneal dialysis (PD) effluent as a source of
Vs to monitor ultrafiltration failure. One research group profiled
he EV proteome in PD effluent from patients undergoing kidney
eplacement therapy and observed variability in the protein
omposition between newly enrolled and long-term PD patients
Carreras-Planella et al. 2017 ). In a subsequent longitudinal study,
he same group monitored the EV profile of PD patients over a
wo-year period and identified significant alterations in proteins,
uch as endoglin, that are associated with membrane instability
nd ultrafiltration loss (Carreras-Planella et al. 2019 ). Another
tudy examined the miRNA profile of EVs isolated from PD efflu-
nt of kidney insufficient patients experiencing ultrafiltration
ailure (Wu et al. 2022 ). Differentially expressed miRNAs were
nriched in pathways related to ubiquitin-mediated proteolysis,
xon guidance, and Rap1 and Ras signalling, suggesting their
otential involvement in PD-associated membrane dysfunction. 

V Content 

iven the diverse molecular composition of EVs, which varies
epending on cell type, physiological state, and disease condition,
Vs appear as a multifaced source of potential biomarkers.
s previously noted, the majority of studies investigated pro-
eins and miRNAs; however, other RNA species and molecular
omponents were also explored (Figure 5 ). 

V Content: Proteins 

roteins were analysed across nearly all disease types (Figure 5 ).
ue to the selective loading mechanisms involved in EV bio-
enesis, the protein content of EVs may differ from that of the
rigin cell or the corresponding biological fluid. In some cases,
pecific EV-associated proteins have been proposed as diagnostic
iomarkers. For example, in a proteomic analysis of urinary EVs
rom type 2 diabetic rat models, authors observed a significant
ncrease in isocitrate dehydrogenase 1 (IDH1) levels during the
arly stages of disease (Sei et al. 2024 ). Importantly, IDH1 was
ournal of Extracellular Vesicles, 2026
not detected in EV-free urine, suggesting that its enrichment
is specific to EVs. The authors proposed that this increase
may reflect pathophysiological changes in the proximal tubules,
positioning EV-associated IDH1 as a potential early biomarker
for diabetic nephropathy, even prior to changes in albuminuria.
In another study, the protein matrix remodelling–associated
protein 5 (MXRA5) was evaluated as a non-invasive biomarker in
paediatric patients with uteropelvic junction obstruction (Wang
et al. 2020 ). Although whole urine levels of MXRA5 did not differ
significantly between patients and healthy controls, MXRA5 was
markedly elevated in urinary EVs from affected individuals.
These findings highlight the potential of EV-associated MXRA5
as a disease-specific biomarker for UPJO, which may not be
detectable through conventional urine protein analysis. 

While protein biomarker discovery studies are primarily con-
ducted in humans, mice, and rats, one notable study utilized
a porcine model to investigate the role of EVs in metabolic
syndrome (Zhang et al. 2019 ). In this study, pigs were fed a high-
fat diet to induce metabolic syndrome and subsequently treated
with elamipretide, a mitochondria-targeted peptide. Authors
observed elevated levels of nephrin and podocalyxin positive
podocyte-derived EVs in the urine of diseased pigs. These levels
were significantly reduced following elamipretide treatment, sug-
gesting a therapeutic effect. The findings were further supported
by similar increases in podocyte-derived urinary EVs observed
in obese human patients, reinforcing the translational relevance
of the pig model. Authors proposed that these EVs reflect early
podocyte injury and mitochondrial dysfunction associated with
the onset of metabolic syndrome and may serve as both early
biomarkers and therapeutic targets in this context. 

Here, we focused on the most frequently reported, altered,
or proposed biomarker proteins from the reviewed studies to
investigate the cellular processes in which they are potentially
involved. GO term enrichment analysis for biological processes
revealed major terms related to the regulation of kidney phys-
iopathology, cell migration, TGF- β signalling and inflammation
(Figure 6a ). These enriched pathways well reflect the dynamic
cellular responses occurring during tubular injury and mal-
adaptive repair with EMT and fibrotic remodelling. Additional
enriched terms, including serine/threonine signal transduction
pathways, and miRNA metabolic regulation, further suggest that
EV-associated proteins are involved in pathways governing cell
activation and metabolism, indicating that EV cargo may reflect
upstream regulatory networks involved in disease progression. 

Among the repeatedly studied proteins among the diagnostic
studies were kidney specific proteins: uromodulin, aquaporins,
CD133, NGAL, and WT1. Uromodulin, also known as Tamm–
Horsfall protein, is a glycoprotein abundantly expressed in
epithelial cells of the thick ascending limb of the loop of Henle,
where it regulates ion transport and water balance in the nephron.
In serum, it has been reported as a predictor of tissue injury in
patients with glomerulonephritis (Tachibana et al. 2019 ). In an
observational study involving 242 participants, urinary EVs were
isolated from patients with diabetic kidney disease DKD, type 2
diabetes, and CKD to investigate changes in mRNA profiles of
candidate genes (Yamamoto et al. 2018 ). A significant increase in
uromodulin mRNA levels was observed in both mild and severe
DKD groups compared to healthy controls, correlating with
7 of 22



FIGURE 5 Chord diagram of diagnostic studies with EV content. The outer layer represents EV content and disease types, while the links indicate 
the distribution of specific EV content across diseases. The inner layer represents the EV originating organism (EV origin) used in the study. The ticks 
on the outer layer indicates every 5 records. To enhance clarity of links, EV contents were also highlighted individually. tot. RNA: total RNA, Other C: 
other EV contents, AKI: acute kidney injury, CKD: chronic kidney disease, Kid. fail.: kidney failure, DKD: diabetic kidney disease, CVD: cardiovascular 
diseases, KT: kidney transplantation, ADPKD: autosomal dominant polycystic kidney disease, OtherD: other diseases. 
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lbumin-to-creatinine ratio, estimated glomerular filtration rate
eGFR), and HbA1c. Uromodulin mRNA levels in urinary EVs
ere also higher in DKD compared to diabetes without kidney
nvolvement. Another study proposed urinary uromodulin as an
arly diagnostic biomarker for diabetic nephropathy (Barr et al.
024 ), reporting significantly increased uromodulin mRNA in
Vs and urinary protein levels in early-stage disease. The authors
uggested that uromodulin could serve as an early diagnostic
arker, potentially preceding the onset of moderately elevated
lbuminuria. 

quaporins AQP1 and AQP2 are water channel proteins respon-
ible for kidney water reabsorption and have been detected in
rinary EVs. Multiple studies have reported marked reductions
n AQP1 and AQP2 levels in patients with CKD, kidney allografts,
of 22
and in rat models of AKI. Findings from a kidney transplantation
study indicated a significant decrease in urinary EV-derived
AQP2 in recipients with high urine output and low urine
osmolality on day 1 post-transplantation, with levels progressively
recovering by day 6 (Oshikawa-Hori et al. 2019 ). In contrast, AQP1
levels also declined but without statistical significance. Authors
proposed that reduced AQP2 expression may contribute to acute
diuresis in kidney allograft recipients. Consistent with these
findings, decreased AQP1 and AQP2 levels were also reported in
AKI rat models developing fibrosis (Asvapromtada et al. 2018 ).
In that study, two models of kidney ischemia reperfusion injury
were used: bilateral and unilateral, and animals were monitored
for 35 days. In the bilateral model, which induced mild injury,
a reduction in AQP1 and AQP2 in urinary EVs was observed on
day 3 but began to recover by day 7. Conversely, in the unilateral
Journal of Extracellular Vesicles, 2026



FIGURE 6 Proteins (a) and miRNA targets (b) identified in key biological processes in diagnostic studies. (a) Clusters represent biological processes 
associated with the identified proteins, as determined by Gene Ontology (GO) analysis. Node inner and outline colours indicate the primary and 
secondary key functional category of each protein related to kidney physiology, while node size reflects the frequency of its occurrence across the 
reviewed studies. (b) Target–pathway network illustrating the connections between miRNA target genes that catalogued and found strong evidence on 
miRTarBase and their associated biological processes. Target genes that were experimentally studied and are also present in panel (a) are indicated with 
an asterisk. 
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odel, which caused more severe injury, a significant decrease
n both aquaporins was evident on day 7 and remained low at day
5. Based on these results, authors suggested that changes in AQP
evels in urinary EVs may serve as indicators for monitoring the

ransition from AKI to CKD.  

ournal of Extracellular Vesicles, 2026
Another important protein investigated in the context of kidney
transplantation and kidney diseases is CD133, a renal progeni-
tor marker. One study reported that urinary EVs from kidney
insufficient patients lacked CD133+ vesicles, in contrast to healthy
individuals (Dimuccio et al. 2014 ). Immunoblot analyses further
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emonstrated that sorted CD133+ vesicles contained glomerular
nd proximal tubular markers, underscoring their kidney origin.
n kidney transplantation, urinary CD133 levels were found to be
ncreased at day 7 in patients undergoing kidney damage with
elayed graft function. These findings were reinforced by a longi-
udinal study of 58 kidney transplant recipients, which profiled 37
V surface markers from serum and urine before transplantation
nd at 10–14 days, 3 months, and 1 year afterward (Burrello et al.
023 ). That study revealed a progressive increase in mesenchymal
rogenitor cell markers (CD1c, CD105, and SSEA-4), including
D133, in urinary vesicles of patients displaying renal recovery
t follow-up. The EV levels of progenitor markers were able to
redict patient outcome at early time point analyses, suggesting
hat the sustained release of CD133+ urinary EVs may reflect
ephron regenerative ability and functional recovery. Comple-
enting these observations, another study proposed CD133 as
 tool to monitor kidney physiology, showing reduced urinary
D133 expression in chronic glomerulonephritis (Dimuccio et al.
020 ). 

V Content: RNA 

mong RNA types, miRNAs are the most extensively studied,
ith a comparable number of publications to those investigating
V proteins (Figure 5 ). They have been explored across almost
ll disease types, either through high-throughput profiling such
s microarray analysis for biomarker discovery or by focusing on
pecific candidates to validate mechanistic hypotheses. Certain
iRNAs have been consistently reported across different studies,
uggesting their potential as robust biomarkers. For instance,
ncreased levels of miR-21 have been repeatedly observed in
rinary and blood-derived EVs of patients with DKD (Florijn
t al. 2019 , Zang et al. 2019 ). Functional studies further support
 pathogenic role of EV-associated miR-21: in vivo experiments
emonstrated that EVs derived from tubular epithelial cells and
njected into unilateral ureteral obstruction mice aggravated kid-
ey fibrosis, enhanced EV secretion, and activated the PTEN/Akt
athway (Zhao et al. 2021 ). Inhibition of miR-21 in EVs was shown
o abolish fibroblast activation and attenuate kidney fibrosis after
bstruction, highlighting its therapeutic potential. Clinically, EV
iR-21 has also been linked to kidney transplantation, where
iR-21, miR-210, and miR-4639 levels were found to negatively
orrelate with eGFR in transplant recipients (Chen et al. 2020 ).
iR-21 has also been implicated in systemic diseases with kidney
nvolvement. In lupus patients, increased urinary EV levels of
iR-21, miR-150, and miR-29c were proposed as early biomarkers
f kidney fibrosis (Solé et al. 2019 ). Among these, miR-150 has
ttracted particular attention in DKD. Multiple independent
tudies showed elevated urinary and circulating EV miR-150 in
KD patients compared to healthy controls (Kim et al. 2019 , Lee
t al. 2020 , Xie et al. 2017 ). Mechanistic studies demonstrated
hat EVs from miR-150-overexpressing tubular epithelial cells are
irectly internalized by fibroblasts, leading to their activation,
roliferation, and increased profibrotic responses in ischemic
ouse models (Guan et al. 2020 ). Conversely, inhibition of EV
iR-150 suppressed fibroblast activation in vitro and ameliorated
ibrosis in ischemia reperfusion injury mice (Zhou et al. 2021 ).
ogether, these findings point not only to the diagnostic utility of
0 of 22
miR-21 and miR-150 in urinary or circulating EVs, but also to their
potential as therapeutic targets for CKD and related pathologies. 

Many studies report distinct sets of EV-derived miRNAs depend-
ing on disease context, sample source, and detection method.
Although these findings may appear heterogeneous at first
glance, functional enrichment analyses of their experimentally
validated or predicted targets reveal convergence on common
biological processes. GO enrichment analysis on kidney disease
related target genes of the EV-associated miRNAs, proposed
as potential diagnostic markers, revealed that their predicted
targets were predominantly involved in the regulation of cell
differentiation, migration, apoptosis, transcription and miRNA
regulation, and intracellular signal transduction (Figure 6b ). In
particular, enriched terms such as cell migration, apoptosis and
transcription regulation suggest that these diagnostic marker–
associated miRNAs may influence key processes of cell survival
and tissue remodelling in kidney disease. Several enriched
pathways were related to transcriptional regulation by RNA
polymerase II, indicating a potential impact on gene expression
programs that underlie the initiation and progression of fibrosis. 

Based on both proteins and miRNA target genes, identified
as potential diagnostic biomarkers, the enrichment analysis
indicates that EV cargo is primarily associated with biological
processes involved in key pathogenic events of CKD. These
processes can be broadly grouped into kidney injury, fibrosis
development, EMT, and cellular reprogramming. Notably, several
enriched clusters highlight pathways that regulate inflammatory
signalling, fibrotic remodelling, and intercellular communication
within the kidney microenvironment. The presence of these
pathways suggests that EV cargo may capture early molecular
signalling events that contribute to CKD progression. Impor-
tantly, several of these pathways were consistently represented
across different EV cargos and disease contexts, suggesting that
EV-associated molecules capture shared molecular signatures of
kidney injury rather than disease-specific events alone. Moreover,
these findings support the concept that EV cargo not only
mirrors tissue damage but rather reflects early events that precede
structural changes, capturing the broader molecular mechanisms
underlying kidney disease progression. 

Other RNA species have been proposed as diagnostic biomarkers,
including mRNA, circRNA, and lncRNA (Figure 5 ). Although
they are generally considered less favourable compared to pro-
teins and miRNAs, several strong candidates have been reported.
For example, one study investigated the role of EVs derived from
tubular epithelial cells in albumin-induced tubulointerstitial
inflammation (Lv et al. 2018 ). Analysis of EV cargo revealed that
inflammatory cytokine mRNAs such as TNF- α, IL-6, and CCL2
were enriched both in kidney tissue and urine samples of AKI
mouse models. In CKD models, CCL2 mRNA levels in EVs were
also significantly increased. Functional experiments demon-
strated that EVs isolated from BSA-treated tubular epithelial cells,
when transferred to macrophages, promoted an enhanced inflam-
matory response and macrophage migration. Moreover, adminis-
tration of these EVs to albumin-induced kidney injury models led
to tubular damage and inflammatory cell infiltration. Conversely,
knockdown of CCL2 in tubular epithelial cells attenuated the pro-
inflammatory effects in vitro and reduced kidney inflammation
and tubular injury in vivo. Collectively, these findings suggest
Journal of Extracellular Vesicles, 2026
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hat CCL2 mRNA packaged in tubular epithelial cell-derived
Vs actively contributes to albumin-induced tubulointerstitial
nflammation by being internalized into macrophages. The same
esearch group further examined inflammatory chemokines and
ytokines in urinary EVs to identify novel diagnostic biomark-
rs for diabetic nephropathy (Feng et al. 2021 ). By isolating
mall urinary EVs from patients with diabetic nephropathy,
iabetes mellitus, and healthy controls, they profiled a panel
f inflammatory genes and found a marked upregulation of
CL21 mRNA in diabetic nephropathy patients compared to
he other groups. Importantly, the increase in CCL21 mRNA in
rinary EVs was detectable at early stages of diabetic nephropathy
ith higher accuracy than conventional clinical markers such
s eGFR and albuminuria, highlighting its diagnostic potential.
oreover, CCL21 mRNA levels correlated with the severity
f tubulointerstitial inflammation, and kidney biopsy analyses
emonstrated that high CCL21 expression was associated with
he accumulation of CD3+ T cells within tubular and interstitial
ompartments. Collectively, these findings suggest that urinary
V-derived CCL21 mRNA represents a promising biomarker for
arly detection of diabetic nephropathy and also may contribute
echanistically to disease progression through T cell–mediated
nflammation. 

n addition to studies targeting specific RNAs, transcriptomic
nalyses have also been applied to EVs to uncover differentially
xpressed genes under disease conditions or to identify potential
iagnostic biomarkers. For example, a recent study performed
NA sequencing on serum-derived EVs from CKD patients to
ssess the effects of roxadustat, a therapeutic agent for anaemia
n CKD (Zhou et al. 2025 ). The analysis identified 957 mRNAs
nd 914 lncRNAs that were differentially expressed following
oxadustat treatment, indicating broad transcriptomic alterations
n EV cargo linked to drug response. Although these findings
rovide insight into the molecular impact of roxadustat in CKD,
urther studies with larger patient cohorts and independent
alidation are needed to confirm the clinical utility of serum
V transcriptomics in monitoring therapeutic outcomes. Sim-
larly, another study analysed EVs derived from high-glucose
reated HK2 cells to mimic diabetic nephropathy and reported
69 lncRNAs, 885 mRNAs, 3 circRNAs, and 152 miRNAs as
ifferentially expressed (Zhou et al. 2021 ). Among these, several
NAs gained particular attention due to their potential functional
r biomarker roles. For instance, EVs enriched in miR-486 from
uman endothelial colony-forming cells were shown to protect
gainst ischemic cell death and kidney function loss, highlighting
herapeutic potential (Livingston and Wei 2016 ); notably, miR-486
xpression was reduced in the high-glucose group. In addition,
sa_circ_0004771, one of the identified circRNAs, has previously
een proposed as a diagnostic biomarker for colorectal cancer
Pan et al. 2019 ), suggesting possible cross-disease biomarker
elevance. Collectively, these transcriptomic studies demonstrate
ow EV-associated RNAs may serve as a resource for biomarker
iscovery and mechanistic insights in kidney diseases. 

ome studies have focused specifically on circRNAs and lncRNAs
n EVs. For example, one study investigated hsa_circ_0008925,
hose host gene SEC63 was found to correlate with kidney
nterstitial inflammation (Cao et al. 2022 ). They reported that
xpression of hsa_circ_0008925 was increased in EVs isolated
rom TGF- β1–induced proximal tubular cells compared with
ournal of Extracellular Vesicles, 2026
controls, and this finding was further validated in urinary EVs
from patients with glomerular disease. Importantly, elevated
levels of this circRNA in urinary EVs correlated with clinical
parameters including serum creatinine, blood urea nitrogen,
eGFR, and cystatin C. The same group also performed a circRNA
microarray analysis on urinary EVs from CKD patients and
observed decreased levels of hsa_circ_0036649 in patients with
kidney fibrosis (Cao et al. 2022 ). Together, these findings suggest
that circRNAs carried by urinary EVs may serve as promising
non-invasive biomarkers for CKD and kidney fibrosis. 

Other EV Contents 

There are relatively few studies investigating EV components
other than proteins and nucleic acids in CKD-related diseases
(Figure 5 ). One study focused on the presence of cAMP in urinary
EVs of patients with ADPKD (Rosenberg et al. 2023 ). Previous
reports from in vitro experiments, animal models, and patient
biopsy analyses have demonstrated reduced intracellular calcium
levels due to PKD1 or PKD2 mutations, which are associated with
elevated cAMP levels in cystic tissue. In this context, authors
suggested that while urinary cAMP decreased in correlation with
eGFR, cAMP levels in urinary EVs showed a bimodal pattern:
they initially increased during kidney enlargement and then
decreased with cyst detachment from the tubular tree, accom-
panied by macrophage recruitment and fibroblast activation
by “cystic EVs.” These processes contributed to disruption of
tissue architecture and fibrosis. This observation was partially
supported by another study showing higher intracellular cAMP
levels in cystic mice compared to non-cystic mice, indicating
stage-dependent alterations in ADPKD (Fonseca et al. 2014 ). Due
to these bimodal changes in urinary EVs, cAMP does not appear
to be a reliable diagnostic biomarker at present, but the findings
may help clarify mechanisms of ADPKD progression. Another
study examined the role of the IKK2/NF- κB signalling pathway
in vascular calcification associated with CKD (Miyazaki-Anzai
et al. 2024 ). The authors observed local activation of IKK2/NF-
κB in VSMCs, which coincided with increased vascular stiffness
and calcification. Interestingly, pharmacological inhibition of the
pathway did not mitigate these effects but instead exacerbated
vascular mineralization, stiffness, and EV calcification. Previous
studies have similarly implicated calcified EVs in vascular osteo-
genesis and mineralization (Chen et al. 2018 , Kapustin et al. 2015 ,
Rogers et al. 2020 ). Notably, when cell death was experimentally
blocked, the researchers reported reduced VSMC mineralization
and decreased calcified EV release. Collectively, these findings
suggest that activation of the IKK2/NF- κB pathway may help limit
the release of calcified apoptotic bodies and thus prevent vascular
stiffening, highlighting a complex and context-dependent role of
this pathway in vascular calcification. 

3.2 EVs as Therapeutic Tools 

Several studies have explored the potential therapeutic applica-
tions of EVs in CKD, given their influence on various cellular
processes in target cells. These approaches include producing
EVs in cell culture, isolating them from biological fluids, or
modifying them to enhance their targeting or functionality. This
section outlines the EV sources and cargo types that have been
11 of 22



FIGURE 7 Chord diagram of therapeutic studies with EV source. The outer layer represents EV source and disease types, while the links indicate 
the distribution of specific EV sources across diseases. The inner layer represents the target organism used in the study (organism studied). The ticks 
on the outer layer indicates every 5 records. To enhance clarity of links, EV sources were also highlighted individually. KCC: kidney cell culture, MSC: 
mesenchymal stem cell, EC: endothelial cell, VSMC: vascular smooth muscle cell, Other S: other EV sources, AKI: acute kidney injury, CKD: chronic 
kidney disease, Kid. fail.: kidney failure, DKD: diabetic kidney disease, CVD: cardiovascular diseases, KT: kidney transplantation, ADPKD: autosomal 
dominant polycystic kidney disease, OtherD: other diseases. 
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roposed or utilized for therapeutic purposes in CKD and related
iseases. 

V Source: MSCs 

ost therapeutic studies on EVs are based on cell culture sources
Figure 7 ). Among these, MSC-derived EVs account for nearly
alf of the studies and are connected to a wide range of diseases.
SCs have long attracted interest in regenerative medicine
ecause they can be easily isolated from various tissues, expanded
n vitro , and differentiated into multiple cell types (Mei et al.
024 ). MSC-derived EVs are particularly appealing since they
arry lower levels of MHC and other membrane-bound proteins,
aking them less detectable by immune cells and represent-
2 of 22
ing a safer alternative to cell-based therapies (Keshtkar et al.
2018 ). A recent study investigated the therapeutic effects of EVs
derived from adipose-derived MSCs (AMSCs) on kidney function
(Zhang et al. 2025 ), building on previous evidence of their
beneficial effects in wound healing (An et al. 2021 ) and cancer
therapy (Hamilton and Teufelsbauer 2022 ). In a ureteral obstruc-
tion mouse model, treatment with EVs isolated from hypoxia-
stimulated AMSCs improved kidney function by reducing TNF- α
and IL-6 levels and inhibiting apoptosis. Likewise, administration
of umbilical cord-MSC-derived EVs in kidney transplantation
injury attenuated senescence- and apoptosis, reduced tubular
atrophy and fibrosis, and acted through regulation of the Ras-
pERK pathway (Ma et al. 2025 ). These findings underscore the
therapeutic potential of HUMSC-EVs in mitigating tissue injury
following kidney transplantation by targeting cellular senes-
Journal of Extracellular Vesicles, 2026
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ence and apoptosis. Importantly, in a genetic CKD model with
mniotic fluid stem cell (AFSC)-EV administration, the use of
patial transcriptomic analysis demonstrated a specific regulation
n the glomerular tissue of pathways altered during disease
rogression and, in particular, the induction of pro-regenerative
rocesses (Dedhia et al. 2026 ). A different MSC-EV mechanism
f action might be due to the modulation of the extracellular
nvironment, supporting the role of EVs as molecular scavengers.
n particular, AFSC-EVs were reported to carry VEGF receptors
VEGFR1 and VEGFR2), enabling them to sequester excessive
EGF, whose signalling was markedly elevated in the glomeruli
f Alport mice. By trapping VEGF, EV treatment attenuated
EGF-induced endothelial damage and preserved glomerular
ntegrity (Sedrakyan et al. 2017 ). 

n important series of studies has been performed in porcine
odels. One study investigated the effect of adipose-derived
SC-EVs on microvascular loss in renovascular disease (Eirin
t al. 2018 ). In this work, swine with unilateral renovascu-
ar disease complicated by metabolic syndrome were treated
ith MSC-derived EVs. After four weeks, labelled EVs were
etected in tubular and endothelial cells of the stenotic kidney.
V treatment restored angiogenic factors, improved cortical
icrovascular and peritubular capillary density, and attenuated
poptosis, oxidative stress, and fibrosis. In a follow-up study,
he same group demonstrated that MSC-derived EVs improved
idney function and reduced tissue injury in pigs with diet-
nduced metabolic syndrome and kidney artery stenosis (Zhao
t al. 2020 ). While both MSC and EV treatments produced similar
utcomes, the authors proposed distinct mechanisms: MSCs
rimarily preserved microcirculation, whereas EVs maintained
ellular integrity. These findings highlight the therapeutic poten-
ial of EV-based approaches and point to mechanistic differences
ompared with cell-based therapies. 

n addition to cell culture and animal model studies, a clin-
cal trial has also been conducted to evaluate the therapeutic
otential of MSC-derived EVs in patients with stage III and
V CKD. In this study, human umbilical cord-MSC-derived EVs
ere administered in two doses, which resulted in a significant
ncrease in plasma levels of TGF- β1, IL-10, and TNF- α, along
ith reduced mortality and improved kidney function (Nassar
t al. 2016 ). Although clinical evidence is still limited, the
herapeutic application of EVs is rapidly gaining interest, with
imilar approaches already explored in other conditions such as
OVID-19, ARDS, ulcers, and perianal fistula. Notably, nearly
0% of therapeutic EV studies to date have utilized MSC-derived
Vs (Mizenko et al. 2024 ). 

V Source: Kidney Cell Culture 

nother commonly used EV source in therapeutic studies is KCC,
hich are frequently applied across different disease models
Figure 7 ). An important study aimed at achieving complete
idney tissue regeneration in CKD developed a bioactive scaf-
old composed of bioactive components, intermediate mesoderm
ells, and EVs isolated during their differentiation into kidney
rogenitor cells (Cha et al. 2023 ). Application of this scaffold
n a 3/4 nephrectomy mouse model promoted regeneration of
he injured kidney, as indicated by reduced blood urea nitrogen
ournal of Extracellular Vesicles, 2026
and creatinine levels, together with increased glomerular size
and angiogenesis. In a subsequent study, they enhanced the
scaffold by incorporating multifunctional EVs engineered by
SDF1 α overexpression—designed to recruit stem cells to the
site of injury—and further loaded with edaravone, a radical
scavenger with protective effects against kidney damage (Lee
et al. 2024 ). When tested in a 5/6 nephrectomy mouse model,
this improved scaffold further promoted tubular regeneration,
as reflected by increased expression of AQP1 and CDH16. In
their most recent work, they developed a multiplexed scaffold
containing melatonin-modulated EVs derived from HUMSCs,
which demonstrated therapeutic efficacy in severe CKD mouse
models (Rhim et al. 2025 ). Collectively, these findings indicate
that biodegradable bioactive scaffold technologies incorporat-
ing EVs hold strong potential as regenerative treatments for
CKD. 

Therapeutic studies using EVs derived from KCC have also been
conducted in different disease models. For instance, BIRI mice
treated with tubular cell-derived EVs showed improved microvas-
cular flow, reduced coagulation, and better kidney function and
histology, the potential therapeutic role of tubular EVs in AKI
(Dominguez et al. 2022 ). Similarly, another study tested tubular
cell-derived EVs in a rat model of DN and found attenuation of
kidney injury, along with modulation of high glucose–induced
miRNAs and growth factors, based on kidney histopathology
(Fakhredini et al. 2022 ). Therapeutic applications have also been
explored in systems designed to mimic kidney function. In
one study, a tubule-on-a-chip model was established using a
hollow fibre membrane seeded with tubuloid-derived cells in an
immature state (Lindoso et al. 2022 ). EVs isolated from proximal
tubular cells engineered with an anion transporter, OAT1, were
applied to this system, leading to enhanced functional transport
activity and improved maturation of tubuloid-derived cells. Based
on these findings, the authors proposed the potential use of EVs in
combination with tubuloid-derived cells to generate tight polar-
ized epithelial monolayers for bioartificial kidney applications.
Collectively, these results suggest that kidney tubular cell-derived
EVs may exert protective and regenerative effects across different
forms of kidney injury, supporting their potential as a versatile
therapeutic tool. 

EV Source: Biological Fluids 

Although biological fluids such as blood and urine are the most
commonly used EV sources in diagnostic studies, relatively few
therapeutic applications have been reported (Figure 7 ). A recent
study isolated urinary EVs from healthy mice and identified the
presence of polycystins (PC1 and PC2) (Huang et al. 2025 ). Indeed,
the delivery of polycystins through urinary EVs to diseased mouse
models of polycictic kidney disease rescued the genetic defects,
resulting in reduced kidney size, lower cyst index, and increased
PC1 expression. Similarly, urine-derived EVs also resulted to
display a therapeutic effect for kidney injury, due to the presence
of Klotho, an anti-aging and reno-protective protein (Huang
et al. 2025 ). Collectively, these findings highlight the therapeutic
potential of EVs derived from biological fluids, either as carriers of
functional molecules or as direct modulators of disease processes
in kidney disorders. 
13 of 22
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V Source: Tissues 

ike biological fluids, tissues have not been widely studied as
herapeutic sources of EVs. However, a recent study hypothesized
hat reprogramming EV secretion in skeletal muscle through
etabolic engineering may provide a therapeutic approach for
KD (Zhao et al. 2025 ). During chronic tissue injury, which
auses mitochondrial damage and loss of muscle mass, skeletal
uscle-derived EVs were shown to contribute to disease progres-
ion. By contrast, high-intensity exercise, or adenovirus-mediated
uscle mitochondrial transcription factor A overexpression,
nhanced mitochondrial activity, increased EV secretion, and
ltered EV cargo, including proteins involved in oxidative phos-
horylation, lipid and ATP metabolism. When CKD mouse
odels were treated with these in vivo reprogrammed muscle-
erived EVs, the vesicles were detected in multiple organs such as
he liver, lung, kidney, and spleen. In skeletal muscle, treatment
estored mitochondrial mass and structure and preserved vascu-
ar network integrity. In the kidney, it reduced proinflammatory
ell infiltration, cytokine expression, myofibroblast activation,
nd matrix deposition. Based on these findings, the researchers
roposed that reprogrammed skeletal muscle-derived EVs may
ontribute to kidney repair while simultaneously attenuating
issue injury in skeletal muscle, highlighting tissue-derived EVs
s an emerging therapeutic avenue in CKD. 

V Source: Endothelial Cells and Vascular Smooth Muscle 
ells 

lthough only a limited number of studies have investigated
ndothelial cells and VSMCs as EV sources (Figure 7 ), several key
indings suggest promising therapeutic outcomes in CKD-related
iseases. One research group focused on the nephroprotective
ffects of amniotic endothelial cells (AECs) in AKI and sepsis-
ssociated AKI. Proteomic analysis of AEC-derived EVs revealed
nrichment in extracellular matrix organization, growth factor
ignalling pathways, cytokine regulation, and immunomodula-
ory functions. Treatment of IRI mice with these EVs improved
urvival and attenuated kidney injury by modulating apoptosis,
ngiogenesis, and immune responses (Ren et al. 2020 ). In a
ollow-up study demonstrated a nephroprotective role of AEC-
erived EVs against cisplatin-induced nephrotoxicity, suggesting
heir potential use to mitigate the nephrotoxic side effects of
hemotherapy (Kang et al. 2021 ). Consistent therapeutic benefits
ere also observed in sepsis-associated AKI models, further
upporting the protective capacity of endothelial-derived EVs
Chi et al. 2022 ). 

s indicated in the diagnostic chapter, VSMC-derived EVs are
ey contributors to vascular calcification in CKD patients. One
tudy demonstrated that EVs released from VSMCs share similar
ontents with osteoblast-derived EVs, including calcium-binding
nd extracellular matrix proteins, and that elevated calcium levels
romote the secretion of calcifying EVs (Kapustin et al. 2015 ).
nother study reported a direct interaction between VSMC-
erived EVs and type I collagen, which facilitates calcium
rystallization; however, treatment of isolated rat aortic rings with
P8, a specific oligogalacturonic acid, reduced the expression
f osteogenic markers and prevented the interaction between
4 of 22
collagen I and calcified VSMC-derived EVs (Hodroge et al. 2017 ).
More recently, miRNA profiling identified miR-32 as the most
differentially expressed miRNA in VSMC-derived EVs, where it
was shown to promote the osteoblast-like transition of calcified
VSMCs through the PTEN/PI3K/Akt signalling pathway (Guo
et al. 2025 ). Additionally, administration of the Bushen Huoxue
formula, a traditional Chinese medicine that was shown its clini-
cal efficacy in CKD, reduced miR-32 levels in VSMC-derived EVs
and enhanced PTEN expression in the aortas of CKD rats with
vascular calcification. Collectively, these findings highlight the
pathological impact of calcified VSMC-derived EVs on vascular
calcification and suggest that targeting either their interactions
with extracellular matrix components or their molecular cargo
may offer a strategy to limit disease progression in CKD. 

Other EV Sources 

Several other sources, such as stem cells (adipose, dental
pulp, liver, induced pluripotent, and satellite), immune cells
(macrophages, natural killer, and regulatory T cells), and cardio-
sphere cells, have been explored in CKD-related diseases. One
notable study evaluated the use of adipose stem cell–derived
EVs as an adjuvant to Losartan, an angiotensin II receptor
blocker frequently used in CKD treatment (Noda et al. 2025 ).
In rats subjected to 5/6 kidney ablation, co-administration of
Losartan and EVs significantly reduced glomerulosclerosis and
interstitial infiltration while improving kidney function. Another
study developed macrophage-derived EVs loaded with Losartan
to cross the blood–brain barrier and enhance drug delivery (Tan
et al. 2025 ). In adriamycin-induced nephropathy mice, these
EVs reduced serum creatinine, blood urea nitrogen, tubular
injury, and glomerulosclerosis, demonstrating antifibrotic and
anti-inflammatory effects through downregulation of the renin–
angiotensin system. Together, these findings highlight EVs as
promising adjuvants or delivery vehicles that enhance Losartan’s
therapeutic efficacy in CKD models. 

EV Content: Protein 

As for diagnostic studies, most therapeutic mechanisms
described have been associated to EV carried proteins (Figure 8 ).
EVs were not only used as naive, but many approaches also
focused on engineering them to deliver proteins to injured tissues
and to enhance their intrinsic therapeutic activity. One example
is the engineering of MSC-derived EVs for AKI treatment by
overexpressing the transcription factor Oct-4, which is known
to stimulate mesenchymal-epithelial transition of fibroblasts
(Zhang et al. 2020 ). When hypoxic tubular epithelial cells were
cultured with these engineered EVs, a significant reduction
in apoptosis and an increase in proliferation were observed.
Similarly, injection of engineered EVs into ischemia-reperfusion
mouse models resulted in decreased serum creatinine and blood
urea nitrogen levels, along with improved kidney fibrosis. In
another study, the therapeutic capacity of MSC-derived EVs was
enhanced and their half-life prolonged by encapsulating them
in an MMP2-responsive hydrogel (Zhou et al. 2019 ). This design
allowed a controlled release of EVs: once the hydrogel reached
the injured tissue, it was degraded by a metalloprotease, MMP2,
Journal of Extracellular Vesicles, 2026



FIGURE 8 Chord diagram of therapeutic studies with EV content. The outer layer represents EV content and disease types, while the links indicate 
the distribution of specific EV content across diseases. The inner layer represents the target organism used in the study (organism studied). The ticks 
on the outer layer indicates every 5 records. To enhance clarity of links, EV contents were also highlighted individually. tot. RNA: total RNA, Other C: 
other EV contents, AKI: acute kidney injury, CKD: chronic kidney disease, Kid. fail.: kidney failure, DKD: diabetic kidney disease, CVD: cardiovascular 
diseases, KT: kidney transplantation, ADPKD: autosomal dominant polycystic kidney disease, OtherD: other diseases. 
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hereby releasing the EVs. Treatment of IRI mouse models
ith this system significantly reduced tubular cell apoptosis,
roinflammatory cytokine expression, macrophage infiltration,
nd kidney fibrosis compared to treatment with either EVs or
ydrogel alone. 

n addition, several studies have explored the use of red blood
ell (RBC)-derived EVs as therapeutic carriers due to their high
iocompatibility, biosafety, nonimmunogenicity, abundance, and
ack of nuclear or mitochondrial DNA (Usman et al. 2018 ).
n one such study, RBC-derived EVs were engineered with
im-1–recognizing peptides to specifically target injured tubular
pithelial cells and were further loaded with siRNAs against P65
nd Snai1. Administration of these engineered EVs to IRI mice
educed tubulointerstitial inflammation and fibrosis, ultimately
reventing CKD progression. 

lternatively, some studies have sought to modify the EV-
roducing cell source to generate therapeutic EVs. For exam-
le, macrophages were genetically modified to knock out
REM-2, a receptor implicated in kidney fibrosis (Xiao et al.
ournal of Extracellular Vesicles, 2026
2025 ). EVs derived from TREM2-/- macrophages exhibited an
increased MMP-9/TIMP-1 ratio compared with EVs from wild-
type macrophages, suggesting a potential antifibrotic effect.
RNA-seq analysis further indicated that this shift in the MMP-
9/TIMP-1 ratio was mediated through the HSPa1b/AKT pathway.
Moreover, treatment of proximal tubular cells with TREM2-
/- macrophage-derived EVs led to downregulation of fibrosis-
associated genes, including collagen-1 and α-SMA. Although the
direct therapeutic effects of these EVs in vivo were not evaluated,
the study demonstrated that inhibition of TREM2 in UUO mice—
achieved either by injecting an adenovirus carrying shTREM-2
or by administering a polyclonal antibody targeting TREM2—
attenuated kidney fibrosis. These findings suggest that targeting
TREM2 in macrophages can inhibit kidney fibrosis through, at
least in part, an EV-dependent mechanism. 

To better understand the molecular focus of therapeutic studies,
we performed enrichment analysis of the targeted proteins using
GO database. GO biological process analysis highlighted the
TGF-beta pathway and the EMT as the main enriched pathways
together with the regulation of apoptosis and ROS. This analysis
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FIGURE 9 Proteins (a) and miRNAs (b) identified in key biological processes in therapeutic studies. (a) Clusters represent biological processes 
associated with the identified proteins, as determined by Gene Ontology (GO) analysis. Node inner and outline colors indicate the primary and secondary 
key functional category of each protein related to kidney physiology, while node size reflects the frequency of its occurrence across the reviewed studies. 
(b) Target–pathway network illustrating the connections between miRNA target genes that catalogued and found strong evidence on miRTarBase and 
their associated biological processes. 
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ighlights the main therapeutic focuses on mechanisms of acute
enal cell injury and transition towards fibrosis (Figure 9a ). 

mong the proteins identified in therapeutic studies, erythro-
oietin (EPO) has been repeatedly highlighted for its impact
n EV biology and potential therapeutic effects in CKD. EPO
s a kidney-derived cytokine commonly used to treat anaemia
n CKD, and several studies suggest that it also modulates EV
ontent and function. For example, EVs isolated from EPO-
6 of 22
treated MSCs showed an altered miRNA profile and exerted
anti-apoptotic and anti-fibrotic effects on proximal tubular cells
in vitro , while administration of these EVs to UUO mice reduced
fibrotic markers, serum creatinine, and blood urea nitrogen
(Wang et al. 2015 ). Importantly, although untreated MSC-derived
EVs also improved outcomes, EPO stimulation amplified these
beneficial effects, increasing the overall amount of secreted EVs
and leading to upregulation of nearly 70% of their miRNA cargo.
Consistently, another study demonstrated that EPO treatment in
Journal of Extracellular Vesicles, 2026
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UO mice increased circulating EV levels and enhanced antifi-
rotic activity, partly through upregulation of miR-144, which
argets tPA activation in kidney fibroblasts (Zhou et al. 2016 ).
urthermore, genetically engineered kidney MSCs were designed
o secrete EPO-loaded EVs, which, when administered to CKD
ice with anaemia, led to increased haemoglobin, improved
idney function, and reduced serum creatinine after two weeks of
reatment (Choi et al. 2022 ). Taken together, these studies suggest
hat EPO not only regulates EV biogenesis and cargo composition
ut can also enhance their therapeutic efficacy in kidney fibrosis,
ysfunction, and CKD-associated anaemia. 

V Content: RNA 

imilar to diagnostic studies, more than half of the therapeutic
eports focused on RNA as EV therapeutic content. Among
hese, miRNAs were the most frequently investigated, followed
y mRNAs, lncRNAs, and total RNA screening. Most miRNA-
ased studies employed mouse or rat models, as well as in vitro
ystems. Although one report initially appeared to be a clinical
tudy—since it isolated urinary EVs from human CKD patients
or biomarker discovery—it also demonstrated that targeting
pecific miRNAs attenuated kidney injury in vitro and in mouse
KD models (Kumari et al. 2020 ). 

mong miRNA studies, some of them have shown promising
herapeutic outcomes. One of these studies targeted let-7i-5p in
idney tubular epithelial cells by delivering its antagomir (anti-
et-7i-5p) with MSC-derived EVs (Jin et al. 2021 ). Let-7i-5p was
ound to involve in cell proliferation and migration and targets
SC1, negative regulator of mTOR signalling. Overexpression
f TSC1 decreased kidney fibrosis in diabetic nephropathy by
nactivating mTOR signalling. When they treated UUO mice with
SC-derived EVs engineered with anti-let-7i-5p, reduction in
idney fibrosis including attenuated extracellular matrix depo-
ition and EMT and improved kidney function with increased
SC1 gene expression were observed. Another study worth noting
nvestigated the role of miR-146a, a regulator of inflammatory
esponse and immune balance through the NF- κB pathway,
n CKD and its modulation by Niaodukang mixture (NDK), a
raditional Chinese medicine known to lower serum creatinine
evels (Liu et al. 2024 ). In CKD rat models, miR-146a expression
as reduced in ileum-derived EVs but increased in serum-derived
Vs, while NDK treatment normalized these alterations, sup-
ressed microinflammation, and regulated EV secretion. These
indings suggest that the therapeutic effect of NDK in CKD may,
t least in part, involve the prevention of ileum-derived EV release
arrying miR-146a, while also underscoring the influence of EV
luctuations on disease pathology. 

iRNAs have also been employed to load EVs for therapeutic
urposes. A study has modified MSC-derived EVs with targeting
eptides to enhance delivery efficiency and achieve optimal
iodistribution within fibrotic kidney tissue (Zhang et al. 2025 ).
reatment with these engineered EVs in UUO mice promoted
heir accumulation in hypoxic endothelial cells and injured
idney tissue, leading to increased endothelial cell viability and
estoration of peritubular capillaries. The therapeutic benefits
f modified MSC-derived EVs on peritubular capillary loss and
ournal of Extracellular Vesicles, 2026
kidney injury were hypothesized to be mediated, at least in part,
by miR-126-5p, one of the predominant miRNAs carried by MSC-
derived EVs. Mechanistically, miR-126-5p acts as a silencer of
ALKBH5, a regulatory enzyme that modulates SIRT1 expression
through m6A RNA methylation. Collectively, these findings sug-
gest that strategies to enhance the efficacy and tissue specificity of
EV-based therapies may provide improved therapeutic outcomes
in kidney diseases. 

Although the majority of RNA-based therapeutic studies focused
on miRNAs, a few also investigated lncRNAs, mRNAs, and total
RNA sequencing. For instance, one study examined the therapeu-
tic potential of cardiosphere cell–derived EVs after myocardial
infarction (Cambier et al. 2018 ). Previous studies had already
demonstrated that cardiosphere-derived cells exert antiapoptotic,
antifibrotic, and angiogenic effects, thereby improving tissue
repair in myocardial infarction and muscular dystrophy. In
hypertensive mice, injection of cardiosphere cell–derived EVs
attenuated cardiac and kidney inflammation and fibrosis while
improving overall function. Transcriptomic analysis revealed
that the most abundant small RNA carried by these EVs was
the Y RNA fragment EV-YF1. Direct administration of EV-
F1 reproduced similar protective outcomes, suggesting that
the therapeutic effects of cardiosphere cell–derived EVs on
cardiovascular and kidney injury may be mediated through EV-
F1. In another study, MSC-derived EVs were engineered to
carry lncRNA-Ancr, which had previously been identified as an
inhibitor of osteoblast differentiation (Yan et al. 2023 ). Treatment
of Gli1 + vascular progenitor cells with these engineered EVs
promoted smooth muscle cell reconstruction while suppressing
their differentiation into osteoblast-like cells, thereby preventing
vascular calcification. 

To explore the biological roles of therapeutic miRNAs, we
collected and analysed their predicted targets. The enrichment
analysis of GO biological process terms revealed involvement in
the most common physiopathological cellular processes, such
as proliferation, migration, adhesion, apoptosis, and senescence
(Figure 9b ), highlighting a broad therapeutic effect counteracting
cell damage and preserving cell integrity. In addition, the analysis
also identified that intracellular pathways linked to cell survival,
metabolism, and stress responses (NF-kB, HIF-1, TNF and FOXO
pathway) were targeted. These pathways correlate with the
effects of many EV-based interventions, shown to protect tubular
epithelial cells, restore microvascular integrity and endothe-
lial function, limiting the response to injury and promoting
regenerative responses within the kidney microenvironment.
Interestingly, processes specifically linked to vascular calcifica-
tion were identified, highlighting an additional therapeutic target
within the tissue microenvironment. 

Because the same enrichment analysis pipeline and thresh-
olds were applied to both diagnostic and therapeutic datasets
(Figures 6 and 9 ), their resulting biological processes can be
directly compared within a consistent analytical framework.
Reflecting their differential approach, diagnostic EV analyses
appear predominantly enriched in kidney-specific markers and
pathways, mirroring localized tissue-derived signals, whereas
therapeutic EV studies target broader biological processes involv-
ing the entire kidney microenvironment, including endothelial,
inflammatory, and stromal compartments. Despite this difference
17 of 22
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n scope, the biological pathways identified across diagnostic
nd therapeutic EV studies show substantial overlap. Diag-
ostic studies primarily identify EV cargoes associated with
ey pathogenic processes such as inflammation, apoptosis, and
ibrotic signalling, while therapeutic approaches aim to modulate
hese same pathways to attenuate disease progression. This con-
ergence indicates that EV-based diagnostics and therapeutics
epresent complementary aspects of a shared biological frame-
ork, in which EV cargo molecules identified as biomarkers may
lso serve as therapeutic targets or mediators of intervention.
onversely, understanding the pathways targeted by therapeutic
Vs may help refine biomarker discovery by highlighting the
ost biologically relevant signalling networks. Taken together,
hese findings support the concept that EV research in CKD
hould shift from descriptive biomarker discovery toward a
ore integrated mechanistic framework, where diagnostic and
herapeutic applications are linked through shared molecular
athways. 

 Conclusion 

n conclusion, this systematic review provides a comprehensive
nd structured analysis of studies investigating EVs in CKD
nd CKD-related diseases, categorizing them according to EV
ource, molecular cargo, organism type, and disease context.
mportantly, beyond their individual diagnostic or therapeutic
pplications, the comparative analysis of EV cargo and targets
cross studies reveals convergent molecular mechanisms. Func-
ional enrichment analyses consistently highlight shared biolog-
cal pathways—including TGF- β and BMP signalling, inflam-
ation, apoptosis, oxidative stress, and epithelial–mesenchymal
ransition—that underpin both EV biomarker profiles and ther-
peutic responses. This convergence supports the concept that
V-based diagnostics and therapeutics are mechanistically inter-
onnected, reflecting and targeting the same core pathogenic
rocesses. Recognizing these shared pathways provides a unifying
ramework to interpret heterogeneous findings and supports
he rational design of next-generation EV-based interventions in
KD. 

ith respect to clinical translation, mesenchymal stem cell–
erived EVs represent one of the most promising sources due
o their well-established immunomodulatory and regenerative
roperties. Emerging strategies, including engineered and hybrid
Vs, further enhance therapeutic potential by improving target-
ng capacity, cargo specificity, and functional efficacy. However,
mportant challenges remain, including limited mechanistic
nderstanding, and the intrinsic heterogeneity of EV popula-
ions, all of which currently constrain clinical translation. In
his context, simpler vesicle systems, such as RBC-EVs, may
ffer advantages due to their low nucleic acid content, reduced
mmunogenicity, and suitability for scalable manufacturing and
linical-grade production. 

ooking ahead, key priorities include the harmonization of EV
solation, quantification, and characterization protocols to ensure
eproducibility and enable inter-study comparison. Beyond tech-
ical standardization, a critical need is the transition from
escriptive studies toward mechanism-driven research, including
igorous definition of EV modes of action and the implemen-
8 of 22
tation of well-controlled, adequately powered clinical studies.
In addition, longitudinal and integrative studies combining EV
multi-omics data with imaging, histopathology, and clinical
outcomes will be essential to establish causal links and assess
prognostic value. 

Importantly, the EV field is currently undergoing a phase of
recalibration, in which initial expectations are being reassessed in
light of translational and regulatory challenges. Moving beyond
this phase will require prioritizing scientific rigor over hype,
improving experimental design, and aligning academic discover-
ies with clinical and manufacturing requirements (Zarovni and
Glebov 2026 ). In this context, the development of clearly defined
diagnostic and therapeutic applications with demonstrable repro-
ducibility, efficacy, and scalability will be essential to bridge the
gap between experimental promise and clinical implementation.
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