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Virtually all cell types are capable of secreting small extracellular vesicles (sEV),
which can be internalized by recipient cells, thereby serving as vehicles for
intercellular communication. The cargoes of these vesicles, such as
microRNAs, circular RNAs, proteins, and lipids, play significant roles in both
normal cellular functions and the pathogenesis of various diseases. Diabetic
Nephropathy (DN), a complication arising from diabetes, is expected to
contribute to a 54% increase in the global diabetic population between
2015 and 2030, leading to substantial economic burdens on individuals and
healthcare systems. sEVs, as promising biomarkers, demonstrate diverse
mechanistic responses in different types of Diabetic Kidney Disease (DKD).
They also hold advantages in the early prediction of renal damage. This article
reviews the functional mechanisms of sEVs in DKD and their potential as
therapeutic targets and biomarkers.
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1 Introduction

DKD is the leading cause of CKD in many developed and developing regions
(Ogurtsova et al, 2017). DN is the most common complication of diabetes, often
culminating in end-stage renal disease (Sinha et al, 2020). In 2015, it was estimated
that diabetes affected approximately 415 million individuals worldwide. Diabetes-related
fatalities accounted for 5 million deaths, with the total global healthcare expenditure
attributed to diabetes projected at $673 billion. By the year 2040, the prevalence of diabetes
amongst individuals aged between 20 and 79 is anticipated to escalate to 642 million
(Ogurtsova et al., 2017). DN manifests in approximately 20%-40% of patients diagnosed
with diabetes (American Diabetes Association Professional Practice, 2022), nd represents
the leading cause of end-stage kidney disease (ESKD) across diverse demographic groups
(Selby and Taal, 2020). Type 2 diabetes comprises 90% of global diabetes cases, making it the
predominant cause of DN. However, diagnosing DN is more complex in patients with type
2 diabetes in comparison to those with type 1 diabetes, often relying on the detection of
retinopathy and the duration of disease onset. In cases where the diagnosis remains
inconclusive, a kidney biopsy eventually serves as the definitive tool to confirm the
presence of DN (Umanath and Lewis, 2018; Selby and Taal, 2020).
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TABLE 1 Classification, size, origin and surface molecules of EVs.

Surface molecules

10.3389/fcell.2025.1535249

Release References

SEVs <200 nm CD63, CD81, CD9, Flotillin 1 ect

MVs 150-1,000 nm = Annexin Al, flotillin-2, selections, 1 integrins, annexin V, CD40,
caveolin

ApoBDs 50-1,000 nm = Clq, ICAM-3, CRT, CD44v6, PtdSer, oxidized low-density lipoprotein,

and caspase-cleaved proteins

Endosomes-origin Jia et al. (2022)

Plasma membrane budding = Jeppesen etal. (2019), Zhou et al.

(2019)

Released by dying or
apoptotic cells

Zhou et al. (2022)

ApoBDs, apoptotic bodies; MVs, microvesicles; sSEVs, small extracellular vesicles; C1q, c1q complement; ICAM-3, intercellular adhesion molecule 3; CRT, calreticulin; CD44v6, cell adhesion

molecules CD44 variant 6; PtdSer, phosphatidylserine.

The International Society for Extracellular Vesicles (ISEV) defines
“extracellular vesicles” (EVs) as lipid bilayer-bound particles that are
incapable of self-replication (i.e., they lack a functional nucleus). These
vesicles are released from cells and can originate from various sources,
including bacteria, blood, urine, cerebrospinal fluid, saliva, synovial
fluid, milk, and solid tissues. Based on their physical properties, the
ISEV categorizes EVs into three main types: exosomes, microvesicles,
and apoptotic bodies (Welsh et al., 2024). Exosomes are sEV released
during cytokinesis from intracellular multivesicular bodies, which
contain luminal vesicles formed by the double invagination of the
plasma membrane (Kalluri and LeBleu, 2020). SEV are isolated using a
variety of methods, with differential ultracentrifugation being the most
commonly used and considered the gold standard technique (Sidhom
et al, 2020). Researchers often employ a combination of separation
techniques to enhance the yield and purity of the sEV obtained, but this
approach can be both costly and time-consuming. Different types of
EVs vary in size and characteristics (see Table 1). In general studies, to
determine whether the extracted material is a SEV, we typically use a
combination of transmission electron microscopy to identify sEV
morphology, nanoparticle tracking analysis to identify sEV size, and
Western blotting to identify protein markers on the surface of sEVs.
This process is complex and time-consuming (Zhang et al., 2020).

sEV are vesicular structures released from the parental cell into
the extracellular fluid and subsequently taken up by recipient cells.
They carry a diverse array of contents, including membrane
proteins, cytoplasmic proteins, nuclear proteins, extracellular
matrix proteins, metabolites, mRNA, non-coding RNA, circular
RNA (circRNA), microRNA, and other substances. These vesicles
play arole in intercellular communication, which may be involved in
maintaining cellular homeostasis and regulating cellular functions
(Meldolesi, 2018; Kalluri and LeBleu, 2020). Diabetic kidney injury
begins with hyperglycemia, and a hyperglycemic environment
damages nearly all kidney cell types, including glomerular
podocytes, glomerular mesangial cells (GMC), glomerular
endothelial cells (GEC), and tubular epithelial cells (TEC)
(Kanwar et al., 2011). Under high glucose (HG) conditions,
exocytosis from glomerular mesangial cells induces podocyte
injury. The interaction of components from both cell types
through sEV may trigger DN (Wang et al, 2018). It has been
shown that diabetic patients develop diabetic cardiac fibrosis and
diabetic cardiomyopathy through the mediation of sEVs delivered
from cardiomyocytes to fibroblasts (Li et al., 2024). Additionally, the
transfer of sSEV enriched with arginase 1 to endothelial cells inhibits
nitric oxide production, thereby leading to vascular dysfunction
(Zhang et al., 2018). In addition, proteins and nucleic acids within
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sEVs can regulate or modify gene sequence information, thereby
inducing heritable gene expression changes in target cells. These
changes can manifest as DNA methylation, histone modification,
and post-transcriptional regulation of RNA (Li et al, 2021;
Ormazabal et al,, 2022). Some researchers have found that circ_
DLGAP4 within sEV promotes cell proliferation and fibrosis in
patients with DN. This occurs by targeting downstream pathways
through the sponge miR-143, thereby affecting gene expression
products (Bai et al., 2020).

In the course of DKD, patients typically experience a progression
from glomerular hyperfiltration to progressive albuminuria, a decline in
Glomerular Filtration Rate, and ultimately ESRD. Previous reports have
indicated that under HG conditions, the activation of the RhoA/ROCK
pathway in GECs leads to increased endothelial permeability and
dysfunction of the glomerular filtration barrier, subsequently
resulting in glomerular damage and the development of albuminuria
(Chen et al,, 2021). The toxicity of persistent hyperglycemia not only
generates more reactive oxygen species (ROS), inducing oxidative stress,
but also leads to the deterioration of cellular or organ function through
hyperglycemic stress or carbon stress pathways (Luo et al., 2015; Yan
et al,, 2016). Under conditions of hyperglycemia and oxidative stress,
advanced glycation end-products (AGEs) are produced, leading to
damage in various organs (Yamazaki et al,, 2021). However, a new
study has found that sEVs derived from human umbilical vein
endothelial cells can protect against vascular calcification in diabetic
patients when stimulated by AGEs (Guo et al, 2022). In addition,
although overactivation of the renin-angiotensin-aldosterone system
leads to increased proteinuria, proliferation of tethered cells, and the
development of an inflammatory response, mouse studies have
demonstrated  that encapsulating
angiotensin II blockers in SEV can effectively improve glucose
tolerance and promote insulin synthesis and secretion (Singh et al,
2024). This type of nanotechnology, which delivers drugs by packaging
them in sEV, can achieve the goal of delivering therapeutic drugs.

nanopreparations made by

However, the actual translation to the clinic with high carrier efficiency
faces significant challenges (Meng et al., 2020).

2 Progress in diabetic nephropathy
2.1 Fibrosis

Renal fibrosis is a hallmark of advanced DN, resulting from
long-term injury and dysregulation of the normal wound healing
process, and is associated with excessive extracellular matrix
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deposition (Kanasaki et al., 2013). Podocytes play a crucial role in
DN-related proteinuria as the final barrier to macromolecular influx
into the urinary filtrate, and they become dysfunctional or depleted
in this condition (Wu et al., 2017). Research has shown that under
HG conditions, sEVs secreted by podocytes can induce and
stimulate proximal tubular epithelial cells (PTECs). This leads to
increased phosphorylation of p38 and Smad3, as well as enhanced
expression of extracellular matrix proteins such as fibronectin (FN)
and collagen IV (Col IV). These changes promote the deposition of
the extracellular matrix and fibrosis in PTECs(Munkonda et al.,
2018). In addition, Yang et al. found that sEV from macrophages
treated with HG are taken up and internalized by renal tubular
epithelial cells (RTECs). These HG-treated sEVs promote Col IV
and plasminogen activator inhibitor-1 expression, and induce
extracellular matrix (ECM) deposition in RTECs (Yang et al,
2023). Renal tubular epithelial cells and interstitial fibroblasts
engage in intercellular communication, and to elucidate the
mechanisms of this cellular crosstalk, Wen et al. co-cultured
sEVs from high glucose-treated BUMPT cells, a renal tubular
epithelial cell line, with NRK-49F cells, a renal fibroblast cell line.
They observed that the fibroblasts showed a significant increase in
the production of FN, a-SMA, and type I collagen, along with
noticeable morphological changes. Despite a reduction in sEV
secretion from renal tubular cells in patients with DKD, the sEVs
produced by these cells exhibited potent pro-fibrotic activity on
renal fibroblasts. Notably, the differential expression protein enolase
1 within the sEVs was associated with renal fibrosis in DKD (Wen
et al., 2020).

In addition, research by Zhu et al. revealed that mesangial cells
(MCs) stimulated with HG secrete sEV's that are enriched with circ_
0125310. This circular RNA, circ_0125310, downregulates the
expression level of miR-422a through direct interaction and an
Argonaute 2-dependent mechanism. This downregulation relieves
the inhibition on the expression of the insulin-like growth factor
1 receptor and p38, thereby promoting the proliferation and fibrosis
of the mesangial cells (Zhu et al., 2021). Researchers Bai et al. have
also revealed that sEVs from patients with DKD exhibit increased
levels of circ_DLGAP4. This circular RNA acts as a molecular
sponge for miR-143, indirectly regulating the ERBB3/NF-kB/
MMP-2 axis. This regulatory action promotes fibrosis in MCs
and, ultimately, facilitates the progression of DKD (Bai et al,
2020). There are also reports suggesting that sEVs derived from
glucose-treated GECs can be internalized by GMCs. The
circTAOK1 contained within these sEVs promotes proliferation,
fibrosis, and Epithelial-Mesenchymal Transition (EMT) in GMCs by
targeting the miR-520h/SMAD3 axis, providing new insights into
the pathophysiological mechanisms of DKD (Li et al., 2022). In the
investigative study by Liu et al., they reported elevated levels of miR-
483-5p in both exosomes and urine derived from renal tissues of
diabetic mice. Contrastingly, miR-483-5p was found at reduced
levels in the TECs and renal tissues of these diabetic subjects.
Furthermore, they demonstrated that the overexpression of miR-
483-5p led to the suppression of renal interstitial fibrosis in the
diabetic mouse model. This effect was attributed to the role of the
transporter protein HNRNPA1, which facilitates the translocation
of miR-483-5p from within TECs to the interstitial space of the
tissue, as well as its excretion into urine via sEVs. Consequently, this
translocation attenuated the binding of cellular miR-483-5p to the
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mRNAs of MAPK1 and TIMP2, culminating in enhanced

progression of extracellular matrix deposition and the

exacerbation of DN-induced renal interstitial fibrosis (Liu

et al., 2021).

2.2 Transition

EMT and Endothelial-Mesenchymal Transition (EndMT) play
crucial roles in the development of renal fibrosis. Both EMT and
EndMT involve the loss of epithelial or endothelial cell properties
and the acquisition of mesenchymal cell properties. Renal fibrosis
induced by EMT and EndMT occurs when these transitions are
stimulated by conditions such as inflammation or injury
(Srivastava et al., 2013). Tsai et al. found that sEV derived from
PTECs under HG conditions were enriched in the protein Fibulin-
1 (FBLN1). The FBLN1 protein induced EMT by up-regulating the
expression levels of N-cadherin and vimentin, and down-
regulating the expression level of E-cadherin (Tsai et al., 2021).
Research also demonstrates that in a HG state, sEV's derived from
podocytes are rich in miR-221. After these sEVs are internalized by
PTECs, their cargo, miR-221, mediates proximal tubular cell
damage by targeting DKK2, which interacts with the Wnt/p-
catenin signaling pathway. Importantly, through their analysis,
they also found that the typical epithelial markers E-cadherin and
ZO-1 were lost in expression, while the mesenchymal markers
Vimentin and a-SMA were upregulated. This change in marker
expression suggests a transition from an epithelial phenotype to a
more mesenchymal phenotype (Su et al., 2020). In addition, GEC-
derived sEVs (Ling et al., 2019), macrophage-derived sEVs (Yang
et al., 2023), and sEVs isolated from human glomerular mesangial
cells (HMCs) (Dong et al., 2022) have all been shown to promote
EMT in the presence of HG.

Ning and colleagues discovered that sEVs derived from GECs
treated under HG conditions contain elevated levels of miR-30a-
5p. This miRNA modulates angiogenesis in GECs through the
regulation of vascular endothelial growth factor (VEGF) via
notch homolog protein 1 (Notchl). Additionally, they found that
miR-30a-5p could potentially inhibit HG-induced EndMT in a
Notchl-dependent manner (Ning et al, 2024). Although a
number of studies have found that certain miRNAs are sufficient
to induce the development of EMT or EndMT and promote the
progression of DKD when sEV's secreted by one cell are internalized
by another cell in the presence of HG, additional studies are still
needed to elucidate the specific mechanisms involved.

2.3 Inflammation

Both systemic and renal-specific inflammation are pivotal in the
onset and progression of DKD. Biopsies from patients with DN
often reveal the infiltration of immune cells, particularly
macrophages and lymphocytes. The infiltration and subsequent
activation of these immune cells instigate the secretion of
inflammatory and pro-fibrotic factors. In turn, these factors
trigger an immune-inflammatory response that is instrumental in
causing renal injury (Tang and Yiu, 2020). Previous reports have
indicated that albumin stimulates the expression of interleukin-8 in
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PTECs, triggering intracellular signaling pathways associated with
inflammation, which leads to glomerular damage (Tang et al., 2003).

In a study, Liu et al. discovered that sEVs from HK-2 cells
treated with HG contained higher levels of Delta-like 4 (DI14). The
levels of DIl4 and Notchl were positively correlated with the
expression of Epsinl. With the progression of DN stages, the
levels of Epsinl, DIl4, and Notchl intracellular domain (N1ICD)
in urinary sEVs from DN patients also increased gradually. They
demonstrated that the protein Epsinl regulates the release of
Dll4 from TECs-derived sEVs. DII4 is involved in the interaction
between epithelial cells and macrophages, leading to the activation
of N1ICD, an increase in the M1 macrophage phenotype, and the
acceleration of inflammation under hyperglycemic conditions (Liu
et al, 2023a). Zhu et al. found that sEVs derived from the
Raw264.7 macrophage cell line treated with HG contain high
levels of inducible nitric oxide synthase (iNOS) and interleukin-
Ip (IL-1fB). iNOS and IL-1p trigger the production of pro-
inflammatory and pro-fibrotic cytokines such as interleukin-6,
tumor necrosis factor-a (TNF-a), monocyte chemoattractant
protein-1, iNOS, a-SMA, and transforming growth factor-p1
through the activation of the NF-kB p65 signaling pathway. This
promotes macrophage migration and activation, thereby causing
kidney damage (Zhu et al., 2020). Other researchers, such as Liu and
colleagues, observed significant macrophage infiltration in mice with
DKD. They found that sEVs secreted by these macrophages are
internalized by mesangial cells, leading to the downregulation of
autophagy markers Beclin-1 and LC3B and the upregulation of the
autophagy substrate p62 protein in mesangial cells, ultimately
inhibiting autophagy in these cells. Importantly, they also
discovered that sEVs promote the maturation of inflammatory
cytokines by activating the NOD-like receptor 3 (NLRP3)
thereby The
NLRP3 inflammasome is a multiprotein complex that, upon

inflammasome, inducing inflammation.
activation, plays a critical role in the innate immune system by
promoting the maturation and secretion of pro-inflammatory
cytokines such as IL-1p and IL-18 (Liu et al, 2023b).
Interestingly, Feng and colleagues observed that sEVs derived
from patients with DN contain high levels of CCL21, and a
significant infiltration of CD3 positive T cells (including both
CD4 and CD8 positive T cell subsets) was noted in these
patients.
accumulation of CD3 positive T cells and the levels of urinary
sEVs. Therefore, CCL21-mediated T cell infiltration may be a key
mechanism contributing to the chronic inflammation characteristic
of DN (Feng et al,, 2021).

In their investigative work, Lv et al. unveiled that in mouse
models of acute or chronic kidney injury, sEVs derived from TECs

They also discovered a correlation between the

are internalized by macrophages. These sEVs are rich in miR-19b-
3p, which, at high levels, suppresses the expression of cytokine
signaling inhibitor-1 in macrophages and upregulates the expression
of inflammation-related factors. This leads to the activation of M1-
type macrophages, promoting tubulointerstitial inflammation in the
kidney. They also found similar phenomena in patients with diabetic
kidney disease, where the content of TEC-sEVs-miR-19b-3p in
urine was correlated with the

2019).
colleagues discovered that miR-4449 is enriched in the serum
sEVs of patients with DKD and that these serum sEVs are taken

elevated and severity of

tubulointerstitial inflammation (Lv et al, Gao and
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up by proximal renal epithelial cells. The sEVs regulate ROS levels,
cell ferroptosis, and the expression of typical inflammatory
cytokines through the miR-4449/HIC1 axis, thereby promoting
the progression of inflammation in DKD (Gao et al,, 2021).

In summary, under HG conditions, sEVs derived from different
cells promote the expression levels of TNF-a, IL-1p, and MCP-1
through various mechanisms by delivering their contents (proteins,
microRNAs, and circRNAs), leading to inflammation. Additionally,
they upregulate a-SMA, N-cadherin, vimentin, and FN, inducing
EMT and EndMT, thereby promoting renal fibrosis. Figure 1
illustrates the development of inflammation and fibrosis induced
by cargo transport between different cells via SEVs.

3 Treatment of diabetic nephropathy

3.1 Stem cell

Stem cell extracellular vesicle therapy has emerged as a
promising breakthrough for the treatment of DN due to its self-
renewal capabilities, multipotent differentiation potential, paracrine
effects, and immunomodulatory properties. Compared to stem cells
themselves, stem cell-derived sEV are likely to have lower
immunogenicity, reduced toxicity, and an enhanced ability to
cross biological barriers (Grange and Bussolati, 2022).

Mesenchymal stem cells (MSCs) derived from the umbilical
cord, bone marrow, adipose tissue, and placenta possess the ability
for self-renewal and differentiation into multiple cell lineages. MSC-
derived small extracellular vesicles (MSC-sEVs) protect the kidneys
by inhibiting apoptosis, necrosis, and oxidative stress in renal
tubular epithelial cells, as well as suppressing harmful immune
responses within the kidneys (Harrell et al, 2019). Xiang and
colleagues’ research indicates that transplantation therapy using
human umbilical cord mesenchymal stem cells (UC-MSCs)
significantly reduces the levels of pro-inflammatory and pro-
fibrotic factors in the kidneys and blood of DKD rats. This
effectively improves renal function and inhibits and prevents
inflammation and fibrosis. Moreover, they demonstrated through
experiments that treating high-glucose-treated HK-2 cells with
extracellular vesicles derived from human umbilical cord
mesenchymal stem cells (UC-MSC-sEVs) also produced the same
effects (Xiang et al., 2020). Similarly, Zhang and colleagues observed
a significant elevation in the expression of inflammatory factors,
such as IL-1p, in DKD rats. Treatment with UC-MSCs and UC-
MSC-sEVs markedly reduced the expression of these inflammatory
mediators. Furthermore, they demonstrated that UC-MSC-sEV's
could ameliorate HG-induced EMT in tubular epithelial cells and
reduce renal fibrosis in DN in vitro by targeting the Hedgehog/SMO
signaling pathway (Zhang et al,, 2024). In addition, Zhang and
colleagues also demonstrated that there is a large amount of miR-
146a-5p in exosomes derived from UC-MSCs. MiR-146a-5p
promotes the polarization of M2 macrophages by inhibiting the
Tumor Necrosis Factor Receptor-Associated Factor 6 (TRAF6)/
Signal Transducer and Activator of Transcription 1 (STATI)
signaling pathway. M2 phenotype macrophages participate in
immune regulation and promote tissue remodeling, thereby
enhancing the protection against kidney. Furthermore, they
found that the expression of Arginase 1 increased in DKD rats
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Therapeutic Role of Mesenchymal Stem Cell-Derived Small Extracellular Vesicles. Notes: Extracellular vesicles secreted by mesenchymal stem cells

contain miR-146a-5p, miR-125a, miR-424-5p, and others. Among these,

miR-146a-5p promotes the transformation of macrophages into M2

macrophages via the TRAF6/STAT1 axis. Similarly, macrophages overexpressing Sirt6 also foster the transformation into M2 macrophages. Furthermore,
when small extracellular vesicles derived from M2 macrophages are internalized by podocytes, the miRNAs within these vesicles exert protective

effects on the podocytes by targeting downstream pathways.

treated with UC-MSCs, further proving the transformation from
M1 to M2 type macrophages (Zhang et al., 2022).

Hao and colleagues discovered that exosomes, which are derived
from Adipose-Derived Mesenchymal Stem Cells (AD-MSCs), can
ameliorate the symptoms of DN in experimental rat models. More
specifically, the administration of these exosomes led to a notable
decrease in parameters such as blood glucose levels, serum
creatinine, 24-hour urinary protein excretion, Urine Albumin-to-
Creatinine Ratio, and the ratio of kidney weight to body weight.
Furthermore, these exosomes inhibited mesangial cell proliferation
and renal fibrosis, both hallmarks of DN. Of note, the therapeutic
exosomes from AD-MSCs were enriched with miR-125a. This
microRNA directly interacts with Histone Deacetylase 1
(HDACI1), thereby preventing the deleterious effects of the
interplay between HDACI1 and Endothelin-1 in the context of
DN. This, in turn, mitigates the progression of DN (Hao et al,
2021). Cui and colleagues found that MSC-sEVs can alleviate the
progression of DKD in db/db mice by reducing diabetic renal cell
apoptosis and inhibiting the EMT. Treatment with MSCs or MSC-
sEVs inhibits EMT in diabetic kidneys by upregulating E-cadherin
expression and downregulating N-cadherin, a-SMA, and Snail (an
EMT regulator) expression. Additionally, it upregulates the anti-
apoptotic marker BCL2 and downregulates pro-apoptotic markers
BAX and cleaved-caspase3 to exert anti-apoptotic effects. Moreover,
miR-424-5p in MSC-sEV's targets Yes-associated protein 1 in HK-2
cells to inhibit HG-induced cell apoptosis and EMT (Cui et al,
2022). Additionally, Wang and colleagues demonstrated through
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experiments that DKD rats treated with bone marrow mesenchymal
stem cell-derived small extracellular vesicles (BMMSC-sEVs)
exhibited significant reductions in blood glucose, blood lipid, and
blood viscosity levels compared to untreated DN mice. There was
also a decrease in serum creatinine, blood urea nitrogen, and kidney
injury molecule-1 levels, along with an increase in body weight and
improved renal function. This improvement may be associated with
the ability of BMMSC-sEVs to inhibit the activity of the JAK2/
STATS3 signaling pathway (Wang et al,, 2021).

Interestingly, new findings have emerged in urinary stem cells,
with research indicating that exosomes derived from urinary stem
cells are enriched with circRNA ATG?7. This circRNA regulates the
SOCS1/STATS3 signaling pathway by targeting miR-4500, leading to
a downregulation of inflammatory mediators and an upregulation of
IL-10 and Arg-1 expression levels. Consequently, this promotes the
transformation of macrophage phenotypes from M1 to M2, thereby
inhibiting the progression of DN (Sun et al,, 2023). Jiang and
colleagues discovered that sEV derived from urine-derived stem
cell conditioned medium (USCs-sEVs) contain numerous potential
factors, such as growth factors, transforming growth factor-f1,
angiogenic factors, and bone morphogenetic protein-7. These
factors may hold the potential to prevent diabetic kidney damage
by inhibiting podocyte apoptosis
regeneration (Jiang et al., 2016). Additionally, research by Duan

and promoting vascular
and colleagues has shown that human podocytes (HPDCs)

internalize exosomes released by human urinary stem cells. These
exosomes are rich in miR-16-5p, which can specifically bind to the
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The Mechanism of Action of Extracellular Vesicles in DKD Through Intercellular Crosstalk. Notes: Extracellular vesicles influence the biological
functions of recipient cells by transporting cargo between renal cells. This includes transfers from glomerular endothelial cells to mesangial cells, from
tubular epithelial cells to mesangial cells, and from podocytes to tubular epithelial cells. Such intercellular exchanges ultimately lead to kidney damage,
encompassing EMT, extracellular matrix deposition, inflammation, and fibrosis.

3'UTR (untranslated region) of VEGFA and downregulate its

expression. The downregulation of VEGFA can in turn
ameliorate podocyte injury caused by HG stimulation (Duan

et al., 2019).

3.2 Macrophage

Similarly, in a study by Wang et al,, it was discovered that sEV
secreted by M2 macrophages attenuate lipopolysaccharide (LPS)-
induced podocyte apoptosis by regulating the miR-93-5p/TLR4 axis
(Wang et al., 2022). Additionally, the study found that sEVs from
M2 macrophages are enriched with miR-25-3p. Once internalized
by podocytes, miR-25-3p act on DUSP]I, leading to the upregulation
of P-cadherin, ZO-1, and E-cadherin, thereby alleviating HG-
induced podocyte damage. Podocyte injury is crucial in the
progression of DN, and exploring the mechanisms of podocyte
damage in DN may lead to future therapeutic strategies for the
condition (Huang et al.,, 2020) (Figure 2).

3.3 Milk

Recently, a new nano drug delivery technology has been
reported, in which milk-derived exosomes are used for the oral
administration of the chemotherapy drug paclitaxel (Agrawal et al.,
2017). Compared to sEVs from other sources, milk-derived
exosomes exhibit several advantages. As an ideal oral drug
delivery  vehicle, milk-derived sEVs offer excellent
biocompatibility, stability, and bioavailability (Meng et al., 2020).
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However, there is currently limited research on this topic in the
context of DKD. Shaban et al. demonstrated that treatment with
camel milk and/or its exosomes in a streptozotocin (STZ)-induced
DN rat model alleviates renal injury parameters, lowers blood
glucose levels, increases antioxidant enzymes (such as SOD, CAT,
and GPx), and reduces the expression levels of the lipid peroxidation
biomarker MDA, thereby restoring oxidative stress associated with
DN. Additionally, the expression of fibrosis-related genes
(TGFPl and ICAMI1), kidney injury markers, and matrix
remodeling-related genes (ETS1, ITGP2, and TIMP2) were
significantly reduced, with the lowest expression levels observed
in the combined treatment group. This study provides evidence that
camel milk and its sEVs can mitigate the harmful effects of DN
(Shaban et al., 2022).

3.4 Engineered small extracellular vesicles

Leveraging the properties of sEVs, engineered sEVs can be
designed to serve as drug delivery systems for immunotherapy.
>For instance, various biological modifications can be made to the
membranes of sEVs to endow them with specific characteristics
(Zhang et al., 2023). In research conducted by Ji and colleagues, they
propose that rvg -miR-23a/27a/26a-Exos could be used as a
nanotherapeutic drug for the treatment of DKD. They discovered
that the engineered RVG modified exosomes (RVG-cluster 3-Exos)
containing miR-23a-3p, miR-26a-5p, and miR27a-3p significantly
inhibited the synthesis of fibrosis-associated proteins (such as a-
SMA, collagen I, and fibronectin), and increased the expression of
E-cadherin in TECs. These changes help to ameliorate the
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progression of ECM deposition mediated by TECs.Furthermore, the
miR-23a/27a/26a cluster targets Lipoma Preferred Partner, which
can improve the progression of tubulointerstitial fibrosis in DN. It
also targets Zbtb20 and Klhl42 to enhance the ability to improve
fibrosis (Ji et al., 2023). These engineered small extracellular vesicles
(sEVs) can also be referred to as exogenous loading. They can be
modified through methods such as electroporation or heat shock
after isolation (de Abreu et al,, 2021). Depending on the timing of
the intervention, there is also endogenous loading of sEVs, which
involves genetically modifying the cells that secrete sEVs to
indirectly influence the cargo they carry. Both loading techniques
have their advantages and disadvantages. Due to the immaturity and
instability of current sEVs isolation techniques, it is challenging to
transition from laboratory research to clinical applications (Richards
et al., 2023).

3.5 Others

Drugs acting through sEVs can significantly improve renal
function and proteinuria in DN mice, and reduce the glomerular
volume and mesangial matrix expansion in DN mice. Liang et al.
found that Yi-shen-hua-shi (YSHS) granules might improve
podocyte injury and inhibit the progression of DKD by
inhibiting M1 macrophage polarization and reducing the miRNA
content in macrophage-derived exosomes (Liang et al., 2022). In
other studies on DKD, researchers such as Mishra et al. found that
autologous reinfusion of sEVs isolated from the urine of DN mice
effectively reduced inflammatory factors and fibrosis markers in the
kidneys. This effect may be related to the excretion of protective
miRNAs through sEVs into the urine, as these protective miRNAs
are downregulated in DKD, leading to the upregulation of their
target genes such as AKT3 and FOXO4, ultimately contributing to
the progression of DN (Mishra et al., 2023).

In summary, sEVs derived mainly from stem cells and
macrophages exert inhibitory effects on the progression of DKD
through various mechanisms. Recent articles have reported that
exosomes have therapeutic potential in various conditions such as
scar acne (Kwon et al., 2020), chronic wounds (Johnson et al., 2023),
skin aging (Park et al., 2023), and spinal cord injury (Akhlaghpasand
et al., 2024). Nunez Lopez et al. demonstrated through clinical trials
that pioglitazone can improve insulin sensitivity and glucose
homeostasis in patients with type 2 diabetes by modulating the
levels of miRNAs within sEV derived from adipose tissue (Nunez
Lopez et al.,, 2022). In recent years, there have been few clinical
studies related to sEV in DN. However, to achieve the practical
clinical application of drugs mediated by sEV to improve the disease,
many challenges remain. One of the main challenges is the efficiency
and quality of sEVs extraction. Whether using two-dimensional or
three-dimensional EV production culture systems, no current
technology can achieve large-scale production and cost-effective
EV acquisition (Patel et al., 2018). In the future, we should focus on
creating large-scale manufacturing platforms and technologies to
address the first step in applying sEVs. Additionally, the contents of
sEVs from different sources can vary, and even sEVs from the same
type of cell can exhibit compositional heterogeneity. This
heterogeneity poses a significant obstacle to the translation of
sEVs into clinical trials.
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4 Diagnostic markers

The commonly used biomarkers for DKD include GFR,
albuminuria, creatinine, and cystatin C, among others. Each of
these biomarkers has its own advantages and disadvantages.
Among them, the GFR tracked after diagnosis is the best
predictor of future ESRD; albuminuria is used to predict the
progression of DKD, but it lacks specificity and sensitivity for the
progression to ESRD and the decline in eGFR (estimated GFR)
(Colhoun and Marcovecchio, 2018). The most studied biofluid for
EVs is blood, followed by urine. Compared to blood, urine has the
advantage of being non-invasively, continuously, and abundantly
obtainable. However, urine-derived EVs originate from multiple
parts of the urogenital tract, such as the kidneys, bladder, prostate
(in males), and uterus-vagina (in females). This makes it more
challenging to interpret the source of urinary sEVs and their
these
challenges, urinary sEVs hold great promise as potential

potential ~significance in disease processes. Despite
biomarkers for kidney diseases, given that they can reflect the
ongoing pathological processes in the kidneys (Erdbriigger
et al., 2021).

For sEVs derived from renal tubular epithelial cells stimulated
with HG, there are significant differences in the expression of
IncRNAs, mRNAs, circRNAs, miRNAs, proteins, and lipids
compared to normal controls. These differentially expressed
RNAs are involved in the progression of DN and may serve as
biomarkers for the disease (Zhou et al., 2021). In the study of DN,
normal mice are typically induced to become diabetic mice to
observe changes in various indicators, including the changes in
target indicators. For instance, the work by Mohan et al. involved the
induction of diabetes mellitus (DM) in male Wistar rats through a
single intraperitoneal administration of streptozotocin. This led to a
notable increase in both the tubulointerstitial fibrosis index and
glomerulosclerosis index in the renal tissues of the diabetic rats
relative to non-diabetic controls and insulin-treated diabetic cohorts
(DM + INS). Furthermore, microRNA miR-451-5p levels were
of the

untreated diabetic rats (DM), particularly between the 3- and 6-

significantly upregulated in the urinary exosomes

week marks. Notably, the presence of UE miR-451-5p at 6 weeks
served as a predictive biomarker for urinary albumin levels at
9 weeks. Thus, urinary sEVs miR-451-5p emerges as a potential
early detection biomarker for renal injury in diabetic kidney disease
(Sands et al., 2016).

To investigate clinically significant biomarkers in DN, many
researchers conduct experiments using clinical samples. In the
realm of DKD research, Feng et al. made a significant observation
that patients with DN exhibited a higher excretion of sEVs in
their urine compared to patients with DM and healthy
individuals. Notably, the mRNA of chemokine (C-C motif)
ligand 21 (CCL21), encapsulated within these urinary sEVs,
was found to be elevated in the DN cohort. This increase in
CCL21 mRNA levels showed a strong positive correlation with
the severity of 24-h proteinuria and an inverse relationship with
the eGFR. These findings suggest that CCL21 mRNA in urinary
sEVs could potentially serve as a more effective biomarker for the
early detection of DN in patients with type 2 diabetes mellitus
(T2DM), offering advantages over traditional measures such as
eGFR and proteinuria levels (Feng et al, 2021). In a study
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TABLE 2 sEVs as biomarkers of DKD and preclinical evidence.

Marker

Number of DKD

patients

Patients

10.3389/fcell.2025.1535249

Expression

References

sEVs- proteins | DN PHYHD1 12 DN VS NDRD VS HC VS Upregulated Ding et al. (2023)
T2DM
DN CALM1 44 T2DM VS DKD VS HC Upregulated Li et al. (2023)
DN PAK6 48 HC VS T2DM VS DN Upregulated Sinha et al. (2023)
EGFR Upregulated
sEVs- Mrna DN WT1 mRNA 103 DM VS DN VS HC Upregulated Hashemi et al. (2021)
ACE mRNA
DN CDH2, MCP-1 mRNA | 88 DM VS DN VS HC Downregulated = Abdel Ghafar et al.
(2022)
sEVs- Early TIDN miR-145 12 ND VS T1IDM VS TIDN Upregulated Martelli et al. (2013)
micro-RNA
T2DN miR-4534 17 T2DM VS T2DN Upregulated Zhao et al. (2020)
T2DN miR-877-3p 5 T2DM VS HC VS T2DN Upregulated Xie et al. (2017)
miR-150-5p Upregulated
miR-15a-5p Downregulated
T2DN miR-320c 8 HC VS T2DM VS DN Upregulated Jeyaseelan et al. (2016)
miR-6068
T2DN miR-15b, miR-34a; 54 ND VS PDKD VS NPDKD Upregulated Eissa et al. (2016a)
miR-636
T2DN let-7¢-5p 28 HC VS T2DN VS T2DM Upregulated Li et al. (2018)
T2DN miR-133b 110 T2DN VS HC VS T2DM Upregulated Eissa et al. (2016b)
miR-342
miR-30a
DN miR-615-3p 42 DKD VS HC VS T2DM Upregulated Wang et al. (2023)
DN miR-663a 9 PDKD VS NPDKD VS HC VS | Downregulated | Sinha et al. (2023)
T2DM
DN miR-188-5p 6 non-diabetic CKD VS DKD Upregulated Lee et al. (2020)
miR-150-3p
miR-133a-3p Downregulated
miR-153-3p
DN miR-145-5p 20 T2DM VS DN VS NC Upregulated Han et al. (2023)
DN miR-4449 23 HV VS DM VS DN Upregulated Kim et al. (2019)
DN miR-126 46 NAIb DN VS MiAlb DN VS Upregulated Dimuccio et al. (2022)
MaAlb
miR-145
T2DN miR-30b-5p 14 T2DNRF VS T2DKD VS Downregulated Zang et al. (2019)
T2DM
miR-21-5p Upregulated

NDRD, non-diabetic renal disease; PHYHD], phytanoyl-CoA dioxygenase domain containing 1; T2DM, Type 2 diabetes mellitus; NPDKD, non-proteinuric DKD; T2DNREF, type 2 diabetes
mellitus and normal renal function; HV, healthy volunteers; NAIb DN, normoalbuminuria; MiAlb DN, microalbuminuria; MaAlb DN, macroalbuminuria.
T2DN, type 2 diabetic nephropathy; TIDN, type 1 diabetic nephropathy; HC, healthy controls; CALM1, Calmodulin-1; ND, non-diabetic subjects; PDKD, proteinuric diabetic kidney disease.

conducted by Pan et al., certain metabolites encapsulated within
sEVs—namely uracil, 4-acetylaminobutyric acid, sphingosine

1-phosphate, and lysophosphatidylcholine—were identified as

potential biomarkers for the early detection of DKD. The combined
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analysis of these four candidate metabolites could potentially improve
the predictive accuracy for DKD (Pan et al., 2022).

In one study, large-scale proteomic analysis of urine and urinary

sEVs was conducted on T2DM patients with and without DKD at
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different stages. The analysis revealed differential protein expression
across various stages of DKD. Specifically, the levels of five
proteins—albumin, IGHG2, TF, SERPINAL, and
MYO5A—increased significantly as DKD progressed (Du et al,
2023). Additionally, other studies have shown that CD133+ uEVs
can reflect glomerular conditions. Researchers found that the levels
of CD133 within extracellular vesicles released into urine (uEVs)
significantly decrease in the presence of glomerular damage
(Dimuccio et al., 2020).

The molecular cargo of sEVs, shielded by their phospholipid
bilayer membrane, is safeguarded against degradation and
environmental fluctuations, thereby providing a more accurate
reflection of the miRNA, mRNA, IncRNA, and protein profile
alterations emanating from renal pathologies. Notably, renal
structural changes in some diabetic patients precede the onset of
proteinuria, underscoring the imperative need for novel biomarkers.
An increasing body of evidence supports the potential of sEVs
contents as biomarkers for DKD. The identification of these
sEVs could bridge the
diagnostic gap, offering a promising avenue for early detection of

biomolecular changes in current
DKD. In addition, there are other biomarkers exemplified in the

Table 2 below.

5 Conclusion and future perspectives

With the rise in living standards, the consumption of high-sugar
and high-fat foods has contributed to the growing prevalence of DN.
This condition manifests in individuals with diabetes as glomerular
hypertrophy, glomerulosclerosis, and tubulointerstitial
inflammation and fibrosis. Despite the availability of therapeutic
interventions, managing the complications associated with diabetes
remains a formidable challenge. There is a pressing need to identify
novel strategies and tools for the effective treatment of DN. sEVs
have emerged as key mediators of intercellular communication,
influencing the biological functions of target cells and offering new
insights into the pathogenesis and potential therapeutic
avenues for DKD.

sEVs have a nanoscale size, low immunogenicity, and the
ability to cross the blood-brain barrier, making them an
emerging tool in delivery systems in recent years. However,
there are still numerous challenges to be addressed before sEVs
can be effectively used in clinical therapy and as diagnostic
biomarkers. Firstly, the isolation of sEVs is a major challenge.
Current isolation methods cannot achieve high-purity sEVs
samples, often resulting in the presence of non-sEVs
components. Additionally, there is no consensus on the
characterization of sEVs, making it difficult to obtain highly
pure and specific sEVs subgroups. This poses a problem for
targeted delivery to recipient cells. Furthermore, sEVs are
rapidly cleared by the liver or kidneys when circulating in the
system, necessitating the use of high concentrations of nanocarriers
for effective delivery. The stability of sEVs is another concern; they
require appropriate preservation methods after extraction to
maintain their integrity. To bring therapeutic sEVs into clinical
practice, collaboration, guidance, and oversight from regulatory
bodies like the Food and Drug Administration (FDA) are essential

to ensure systematic, standardized, and legal processes. Therefore,
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the entire process of obtaining, processing, and preserving sEVs
needs to be standardized and unified to overcome these challenges.
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