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Extracellular vesicles derived

from mesenchymal stem cells alleviate renal
fibrosis via the miR-99b-5p/mTOR/autophagy
axis in diabetic kidney disease

Rongrong Li"*3", Hongyan Tao?", Kai Pan®?, Rui Li%, Zhikun Guo'?, Xiaoniao Chen**" and Zongjin Li"***"

Abstract

Background Diabetic kidney disease (DKD) is the leading cause of end-stage renal disease (ESRD) globally,
presenting a significant therapeutic challenge. Extracellular vesicles (EVs) from mesenchymal stem cells (MSCs) have
emerged as promising therapeutic agents. This study explored the therapeutic effects and mechanisms of EVs derived
from human placental mesenchymal stem cells (hP-MSCs) on DKD.

Methods EVs were isolated from cultured hP-MSCs and administered to streptozotocin (STZ)-induced diabetic

mice and high glucose-treated glomerular mesangial cells. The therapeutic impact of EVs was assessed through
histological analysis and biochemical assays. miR-99b-5p expression in EVs and its role in modulating the mechanistic
target of rapamycin (mTOR)/autophagy pathway were examined via western blotting and RT-gPCR.

Results Treatment with hP-MSC-derived EVs significantly alleviated renal fibrosis and improved renal function in DKD
models. These EVs were enriched with miR-99b-5p, which targeted and inhibited mTOR signaling, thereby increasing
autophagic activity and reducing cellular proliferation and extracellular matrix accumulation in renal tissues.
Conclusions hP-MSC-derived EVs can mitigate renal injury in DKD by modulating the miR-99b-5p/mTOR/autophagy
pathway. These findings suggest a potential cell-free therapeutic strategy for managing DKD.
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Introduction

Diabetic kidney disease (DKD), the most severe micro-
vascular complication of diabetes, is the leading cause of
end-stage renal disease (ESRD) and is related to markedly
increased morbidity and mortality of cardiovascular dis-
ease worldwide [1-3]. The prominent pathological mani-
festations of DKD are glomerular hypertrophy, thickening
of the basement membrane and mesangial expansion,
which are caused by mesangial cell remolding, eventually
leading to glomerulosclerosis [4]. Glomerular mesangial
cells, which maintain extracellular matrix (ECM) homeo-
stasis, regulate the glomerular filtration rate, clear debris,
and play pivotal roles in preserving glomerulus structure
and renal function [5, 6]. Under diabetic conditions, glo-
merular mesangial cells undergo cell remodeling, result-
ing in abnormal cell proliferation, excessive synthesis
of ECM, and impaired contractile function, all of which
contribute to the onset and progression of DKD [6, 7].
Therefore, exploration of the underlying mechanisms
leading to mesangial dysfunction and the development of
effective therapeutic strategies for preventing glomerular
mesangial cell remolding to improve DKD are urgently
needed.

Autophagy is an evolutionarily conserved catabolic
process in which damaged organelles and protein aggre-
gates are degraded in lysosomes to maintain cellular
homeostasis or adapt to cellular stress [8, 9]. Emerging
evidence suggests that dysregulation of autophagy is
involved in the pathogenesis of DKD [9-12]. Owing to
diabetes-related metabolic disorders, impaired autoph-
agy contributes to the accumulation of damaged organ-
elles and proteins in diabetic kidney cells, resulting in
the development of DKD, whereas increased autoph-
agy alleviates DKD [12-14]. The mechanistic target of
rapamycin (mTOR) is considered a critical regulator of
autophagy. The nutrient-sensing pathway, the mTOR sig-
naling pathway, is hyperactivated and participates in the
pathogenesis of DKD via negatively regulating autophagy
[15-18]. Promoting autophagy via the suppression of
mTOR markedly decreases hypertrophy, inflammation,
and fibrosis and ameliorates DKD [12, 19, 20], suggest-
ing that blocking the mTOR-mediated suppression of
autophagy may be a promising therapeutic strategy to
prevent DKD.

MSCs, a promising cell therapy strategy in tissue repair
and regenerative medicine, exert their therapeutic effects,
including immune regulation, antifibrosis effects and the
promotion of tissue regeneration via direct differentia-
tion and paracrine functions [21-23]. Recent studies have
indicated that the therapeutic potential of MSCs relies
mainly on EVs secreted by MSCs [24, 25]. Extracellular
vesicles (EVs), which are membrane-packed nanovesicles,
mediate intercellular communication by transferring
cargos (miRNAs, circular RNAs, proteins and lipids) to
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target cells and are a cell-free therapy alternative, with
the advantages of preventing immunogenicity, tumorige-
nicity, easy storage and production, and passing through
biological barriers [3, 26, 27]. Studies have shown that
MSC-EVs can yield beneficial therapeutic effects on DKD
[28, 29]. However, the underlying mechanisms by which
MSC-EVs alleviate DKD remain to be fully elucidated.

In this study, we investigated the therapeutic effect of
hP-MSCs on DKD, as well as the underlying mechanisms
by which hP-MSC-derived EVs alleviate DKD. First, we
evaluated the renoprotective and antifibrotic functions
of MSC-EVs after multiple infusions of MSC-EVs into
DKD model mice. Furthermore, we explored the mecha-
nisms by which MSC-EVs inhibited glomerular mesan-
gial cell proliferation and ECM accumulation. Finally, we
revealed the bioactive molecules in MSC-EVs that could
regulate mTOR-mediated autophagy in vivo and in vitro.
Our study provides a theoretical basis and preclinical evi-
dence for the application of MSC-derived EV-based cell-
free therapy in DKD.

Materials and methods

Cell culture

Human placenta-derived mesenchymal stem cells (hP-
MSCs), purchased from AmCellGene Co. Ltd. (Tian-
jin, China), were cultured in line with previous reports
[30-32]. Briefly, hP-MSCs were maintained in Dul-
becco’s modified Eagle medium/nutrient mixture F-12
(DMEM/F-12; Gibco, Grand Island, NY) supplemented
with 10% fetal bovine serum (FBS; Gibco), 100 U/mL
penicillin and 100 pg/mL streptomycin (Gibco) at 37 °C
in 5% CO,. In this study, hP-MSCs at passages 4 to 10
were used. Mouse glomerular mesangial cells (mMCs;
the murine SV40-transfected mouse mesangial cell
line SV40 MES13), purchased from the Cell Bank Type
Culture Collection of the Chinese Academy of Sci-
ences (Shanghai, China), were cultured in DMEM/F-12
supplemented with 5% FBS, 100 U/mL penicillin and
100 pg/mL streptomycin at 37 °C in 5% CO,. To mimic
hyperglycemia in diabetes mellitus, mMCs were treated
with D-glucose (Sangon Biotech, China) at normal (5.5
mmol/L) or high (30 mmol/L) concentrations for the
indicated times. Stimulation with 5.5 mmol/L D-glucose
plus 24.5 mmol/L D-mannitol (Solarbio, China) was used
as a control for osmolality.

Isolation and characterization of MSC-EVs

EVs were harvested from the supernatant of hP-MSCs
as previously described [3, 27]. Briefly, EV-free FBS was
obtained by centrifugation of FBS at 100,000 x g for 2 h.
When the cell confluence reached 60-70%, hP-MSCs
were cultured in DMEM/F-12 supplemented with 10%
EV-free FBS, 100 U/mL penicillin and 100 pg/mL strep-
tomycin at 37 °C in 5% CO, for another 2 days. Then,
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the cell supernatant was collected and centrifuged at 500
x g for 10 min, 2 000 x g for 20 min and 10,000 x g for
60 min at 4 °C to remove cellular debris and apoptotic
bodies. Subsequently, ultracentrifugation at 100,000 x g
for 2 h was performed to pellet the EVs. To remove con-
taminants, EVs were resuspended in PBS and ultracentri-
fuged at 100,000 x g for 2 h. Finally, the precipitated EVs
were dissolved in PBS and stored at -80 °C. A bicincho-
ninic acid (BCA) protein assay kit (Beyotime, China) was
used to quantify the total protein content of the obtained
EVs. The morphologies of the EVs were imaged via trans-
mission electron microscopy (TEM, Talos L120C G2,
FEI). The size distribution of the EVs was measured via
the dynamic light scattering technique (ZETAPALS/BI-
200SM, BROOKHAVEN). The protein expression of EV
markers was determined via Western blotting.

Generation of miR-99b-5p-knockdown MSC-EVs

To identify the function of miR-99b-5p in protection
against DKD-induced renal injury, miR-99b-5p was
knocked down in MSC-EVs. Briefly, hP-MSCs were cul-
tured in 6-well plates and transfected with either the
inhibitor negative control or the miR-99b-5p inhibi-
tor (100 nM, Sangon Biotech, China) via Lipofectamine
2000 Transfection Reagent (Invitrogen, USA) according
to the manufacturer’s instructions. After 72 h, MSC-EVs
modified with either the inhibitor-negative control (EV-
NC) or the miR-99b-5p inhibitor (EV-KD) were obtained
from the conditioned medium.

Uptake of MSC-EVs

MSC-EVs labeled with the fluorescent lipophilic tracer
Dil were obtained as previously described [33]. In brief,
pelleted MSC-EVs were incubated with Dil (5 pM; Solar-
bio/Beyotime, China) for 15 min in the dark at 37 °C.
Then, Dil-labeled EVs (Dil-EVs) were harvested via ultra-
centrifugation as described above. To detect the inter-
nalization of MSC-EVs, mMCs seeded on cell slides
overnight were incubated with Dil-EVs (100 pug/mL) for
6 h. The Dil signals of MSC-EVs in mMCs were observed
under a laser scanning confocal microscope.

Mice and animal models

In this study, C57BL/6 (male, 6-week-old) mice were
purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). All the mice were
housed under SPF conditions with controlled tempera-
ture (22-23 °C) and light (12 h:12 h light/dark cycle) and
were given free access to food/water. All the experimen-
tal procedures for the animal studies were approved by
the Institutional Animal Care and Use Committee of
Nankai University and conducted in accordance with
the National Institute of Health Guide for Care and
Use of Laboratory Animals, 8th edition (Approval no.
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20210051). The mice were grouped randomly into normal
control (NC), DKD, DKD + EVs/EVs-NC and DKD + EVs-
KD groups, and the number of mice in each group was
determined via the Resource Equation Method. Briefly,
a streptozotocin (STZ)-dependent model of DKD was
established as previously described [34, 35]. To induce
persistent hyperglycemia, the experimental mice were
intraperitoneally administered STZ (55 mg/kg body
weight; Solarbio, S8085) dissolved in 0.1 mol/L sterile
sodium citrate buffer (pH=4.5; Solarbio, C1013) fol-
lowing 12 h of food deprivation daily for 5 consecutive
days, and the normal control mice were injected with
0.1 mol/L sterile sodium citrate buffer. Mice with fast-
ing blood glucose (FBG) levels =300 mg/dL were consid-
ered diabetic 3 weeks after STZ administration, and FBG
levels in mouse tail vein blood were monitored every 2
weeks via glucose testing strips (Sinocare, China). Then,
PBS, MSC-EVs/EVs-NC or EVs-KD (100 ug/200 pL) were
injected intravenously into diabetic mice weekly for 12
consecutive weeks, eight weeks after the last STZ injec-
tion. Mice that did not survive were excluded from the
study. At 20 weeks after the last STZ injection, blood and
24 h urine samples were collected for biochemical analy-
sis. The mice were subsequently euthanized by cervical
dislocation under anesthesia (avertin, 2.5%, 240 mg/kg;
Sigma-Aldrich, Oakville, ON, Canada), and kidney sam-
ples were obtained for further analysis. Thirty-eight mice
were included in the study, with 4, 5 or 6 mice per group
across 3 or 4 groups. The work has been reported in line
with the ARRIVE guidelines 2.0.

Renal function analysis

The concentration of urine albumin was determined via
an enzyme-linked immunosorbent assay (ELISA) for
mouse albumin according to the manufacturer’s instruc-
tions (Cloud-Clone Corp, China). The creatinine (Cr) lev-
els in the urine and serum were assayed via a Cr assay kit
(Nanjing Jiancheng Bioengineering Institute, China), and
the blood urea nitrogen (BUN) level was measured via a
BUN assay kit (Nanjing Jiancheng Bioengineering Insti-
tute, China) according to the manufacturer’s instructions.

Renal histology and immunohistochemical staining

Renal samples were fixed in 4% paraformaldehyde, dehy-
drated with gradient ethanol, hyalinized with xylene,
embedded in paraffin, and cut into 5 um paraffin sec-
tions. After the renal paraffin sections were dewaxed and
rehydrated, periodic acid Schiff (PAS) staining (Beyo-
time, China) and Masson’s trichrome staining (Solar-
bio, China) were conducted for histological analysis via
routine procedures. For immunohistochemical staining,
renal paraffin sections were hyalinized with xylene, rehy-
drated with gradient ethanol and subjected to antigen
retrieval with citrate buffer (pH 6.0). After endogenous
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peroxidase activity was blocked, the renal sections were
incubated with primary antibody against proliferating
cell nuclear antigen (PCNA; 1:100; WL02208, Wanleibio,
China) overnight at 4 °C and then analyzed via a universal
two-step detection kit (mouse/rabbit enhanced polymer
detection system) (PV-9000, ZSGB-BIO, Beijing, China)
according to the manufacturer’s protocol. Following
counterstaining with hematoxylin, the PCNA-positive
cells (brown) were observed under a light microscope.

Immunofluorescence staining
Renal samples were fixed with 4% paraformaldehyde,
dehydrated with gradient sucrose solution, embedded in
optimal cutting temperature (OCT) compound, and cut
into 5 um renal cryosections. Renal cryosections were
permeabilized with PBS containing 0.5% Triton X-100,
sealed with PBS containing 10% goat serum, and incu-
bated with primary antibodies against a-SMA (1:200;
sc-53142, Santa Cruz), fibronectin (1:200; sc-8422, Santa
Cruz), and Col 4al (1:200; sc-517572, Santa Cruz) over-
night at 4 °C. The cryosections were subsequently incu-
bated with secondary antibodies labeled with Alexa Fluor
488 or Alexa Fluor 594 for 2 h and then counterstained
with DAPI for 20 min at room temperature in the dark.
The mMCs were seeded on glass slides overnight and
treated with normal glucose (NG, 5.5 mmol/L D-glu-
cose), mannitol (MA, 5.5 mmol/L D-glucose plus 24.5
mmol/L D-mannitol), high glucose (HG, 30 mmol/L
D-glucose), high glucose plus MSC-EVs (HG +EVs/EVs-
NC) or high glucose plus EVs-KD (HG +EVs-KD) for
72 h. mMCs were fixed with 4% paraformaldehyde for
20 min, permeabilized with PBS containing 0.5% Tri-
ton X-100, sealed with PBS containing 10% goat serum,
and incubated with primary antibodies against a-SMA
(1:200; sc-53142, Santa Cruz), fibronectin (1:200; sc-8422,
Santa Cruz), and Col 4al (1:200; sc-517572, Santa Cruz)
overnight at 4 °C. Next, the mMCs were incubated with
secondary antibodies labeled with Alexa Fluor 488 or
Alexa Fluor 594 for 2 h and then counterstained with
DAPI for 20 min at room temperature in the dark. The
fluorescence of a-SMA, fibronectin and Col 4al in renal
sections and mMCs was observed via a laser scanning
confocal microscope (FV1000, Olympus, Lake Success,
NY), and the fluorescence intensity of the regions of
interest was measured.

Western blot analysis

The homogenized renal cortex or mMCs were lysed
in radioimmunoprecipitation (RIPA) buffer (R0010,
Solarbio) supplemented with protease and phosphatase
inhibitors (A32961, Thermo Fisher). The concentra-
tion of total protein was quantified with a bicinchoninic
acid (BCA) protein assay kit (Beyotime, China). Protein
samples were separated via SDS-PAGE and transferred

Page 4 of 14

to polyvinylidene fluoride membranes (Millipore). After
blocking with 5% fat-free milk for 2 h, the membrane
strips were incubated with primary antibodies against
PCNA (1:1000; WL02208, Wanleibio, China), p-mTOR
(1:2000; ab109268, Abcam), mTOR (1:2000; #2972 CST),
p62 (1:2000; ab109012, Abcam), LC3B (1:1000; et-1701-
65, HUABIO) and P-actin (1:2000; 60008-1-lg, Protein-
tech) at 4 °C overnight, followed by incubation with an
HRP-labeled secondary antibody at 25 °C for 1 h. The
immunoreactivity of each protein band was detected via
an enhanced chemiluminescence kit (ECL) (MAO0186,
Meilunbio, Dalian8-1-lg) under an automatic chemilu-
minescence image analysis system (Tanon, Shanghai,
China).

Cell counting Kit-8 (CCK-8) array

A CCK-8 assay was conducted to detect cell viability
according to the manufacturer’s instructions (C0038,
Beyotime). In brief, mMCs were seeded into 96-well
plates at a density of 5x 10%/well overnight and were
treated with NG, MA, HG, HG+EVs/EVs-NC or
HG +EVs-KD for the indicated durations. Then, CCK-8
solution was added to each well for 2 h at 37 °C. The opti-
cal density (OD) value was measured at 450 nm via a
microplate reader (Thermo Fisher Scientific).

5-Ethynyl-2’-deoxyuridine (EdU) assay

An EdU assay was performed to assess cell proliferation
according to the manufacturer’s instructions (C0071S,
Beyotime). In brief, mMCs were seeded on glass slides
in 24-well plates at a density of 1x 10%*/well overnight.
mMCs were treated with NG, MA, HG, HG+EVs/
EV-NC or HG +EV-KD for 72 h, followed by treatment
with 10 uM EdU for 2 h. Then, the cells were fixed, per-
meabilized, subjected to nuclear staining and photo-
graphed via a fluorescence microscope (Leica, Germany).

Total RNA extraction and quantitative real-time PCR

Total RNA was extracted from mMCs or renal cortical
tissue via TRIzol reagent (Solarbio, China). cDNA was
synthesized from template RNA via TransScript One-
Step gDNA Removal and ¢cDNA Synthesis SuperMix
(Trans, China). Quantitative real-time PCR (RT-qPCR)
was performed via Hieff JPCR SYBR Green Master Mix
(No Rox) (YEASEN, China). The expression level of genes
was normalized to that of f-actin. The expression level of
microRNA (miRNA) was normalized to that of U6 (Ribo-
Bio, Guangzhou, China). The primers used are listed in
Supplementary Table 1.

Statistical analysis

All data in this study are presented as the means * stan-
dard errors of the means (SEMs). Statistical analyses
were performed via GraphPad Prism 8.3.0 (GraphPad
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Software, San Diego, CA). One-way analysis of variance
(ANOVA) with post hoc Tukey’s test was employed for
multiple-group comparisons, and an unpaired two-tailed
Student’s t test was used for two-group comparisons.
P<0.05 was considered statistically significant.

Results

Characteristics of MSC-EVs

EVs isolated from the culture supernatant of hP-MSCs
were characterized via transmission electron microscopy
(TEM), dynamic light scattering (DLS), and Western blot
analysis (WB). TEM revealed that the morphology of the
MSC-EVs was a canonical round cup-shaped membrane
structure (Fig. 1A). DLS analysis revealed that the aver-
age diameter of the MSC-EVs was 114.41 nm (Fig. 1B).
Western blot analysis confirmed the expression of the
EV-associated markers CD9, TSG101 and Alix, while the
MSC marker calnexin was absent in EVs (Fig. 1C). The
above results indicated that the EVs derived from hP-
MSCs were successfully isolated.

MSC-EVs improved renal injury and fibrosis and promoted
the activation of autophagy in the kidneys of STZ-induced
diabetic mice

To investigate the protective role of MSC-EVs in DKD,
a STZ-induced DKD mouse model was established, and
100 pg/200 uL MSC-EVs were injected into the mice via
the tail vein (Fig. 2A). We first detected FBG, relative kid-
ney weight, proteinuria, serum creatinine and blood urea
nitrogen. The results revealed that the level of FBG did
not obviously change in DKD mice treated with MSC-
EVs, indicating that MSC-EVs had no effect on blood
glucose levels (Figure S1A). The relative kidney weight,
proteinuria and serum creatinine level were greater in
DKD mice than in normal controls. However, with MSC-
EV treatment, these indices were obviously decreased,
suggesting that MSC-EVs relieve DKD-induced renal
dysfunction (Fig. 2B, C). Pathologically, glomerular
hypertrophy, the mesangial matrix and the thickness of
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the glomerular basement membrane were significantly
increased in the kidneys of DKD mice and were obvi-
ously reduced after treatment with MSC-EVs (Fig. 2D, E).
Immunohistochemical staining revealed that MSC-EV
treatment reduced the number of PCNA-positive cells
(Fig. 2F, G). Western blot analysis revealed a similar trend
(Figure S1B, C). In addition, MSC-EV treatment notably
decreased collagen deposition in the kidney glomeruli of
DKD mice (Fig. 2H, I). Moreover, immunofluorescence
staining revealed that MSC-EV treatment inhibited the
expression of a-SMA, fibronectin and collagen IV in
the kidney glomeruli of DKD mice (Fig. 2], K). There-
fore, MSC-EV treatment attenuated renal pathological
changes and alleviated fibrosis in DKD model mice.

Given the role of dysregulated autophagy in the patho-
genesis of DKD, we investigated whether the protec-
tive effect of MSC-EVs on DKD kidneys is related to
autophagy. Western blot analysis was performed to
measure the levels of autophagy-related molecules. The
results revealed that the ratio of LC3II/I was dramati-
cally decreased and that the p62 level was dramatically
increased in the kidneys of DKD mice. These effects were
reversed by MSC-EV treatment (Fig. 2L, M), indicating
that autophagy, which was suppressed in the kidneys of
DKD mice, was promoted by MSC-EVs. Taken together,
these data demonstrated that MSC-EVs promoted the
activation of autophagy and alleviated renal injury and
fibrosis induced by DKD.

MSC-EVs inhibited HG-induced mesangial cell proliferation
and ECM accumulation and promoted autophagy

Glomerular mesangial expansion due to the prolifera-
tion and excessive ECM production of mesangial cells
is a key feature of DKD. To identify the role of MSC-
EVs in glomerular mesangial cells in DKD, mMCs were
induced with HG and treated with MSC-EVs. The results
of the CCK-8 assay suggested that cell viability was mark-
edly increased in HG-induced mMCs, but MSC-EV
treatment reduced cell viability in HG-induced mMCs

o
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Fig. 1 Characteristics of MSC-EVs. (A) The morphology of MSC-EVs was analyzed via transmission electron microscopy (TEM). Scale bar, 100 um. (B) The
size distribution of MSC-EVs was measured via dynamic light scattering (DLS). (C) Western blot analysis was performed to detect the expression of the
EV-associated markers Alix, TSG101, and CD9 and the EV-negative marker calnexin in MSC-EVs. The full-length blots are presented in Supplementary Fig. 5
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Fig. 2 MSC-EVs ameliorated renal injury and fibrosis and promoted autophagy in STZ-induced DKD mice. (A) Schematic diagram of the animal experi-
mental procedures. The mice were intraperitoneally administered 55 mg/kg STZ to induce a diabetic model. After 8 weeks, EVs derived from hP-MSCs
(100 pg/200 pL) were administered via the tail vein for 12 weeks. (B) Relative kidney weights of the mice. n=4 or 5. (C) Renal function of the mice was
evaluated by detecting the urinary albumin-to-creatinine ratio (UACR), serum creatinine (Scr), and blood urea nitrogen (BUN). n=4 or 5 (D, E) Repre-
sentative images of periodic acid Schiff (PAS) staining and quantification of the mesangial matrix index in mouse kidneys. n=4. Scale bar, 100 ym. (F, G)
Immunohistochemical staining of PCNA in renal sections. The number of PCNA-positive cells in each glomerulus was measured. n=4. Scale bar, 100 um.
(H, 1) Representative images of Masson’s trichrome-stained mouse renal sections. The percentage of collagen area in each glomerulus was quantified.
n=3.Scale bar, 100 um. (J, K) Immunofluorescence staining of a-SMA, fibronectin and Col IV (green) in mouse renal sections. The percentages of a-SMA-,
fibronectin- and Col IV-positive areas in each glomerulus were quantified. n=3. Scale bar, 100 um. (L, M) Representative western blot images and quanti-
fication of the expression of LC3II/LC3l and p62 in the renal cortex of a mouse. 3-actin was used as a loading control. The full-length blots are presented
in Supplementary Fig. 6; n=3. The data are expressed as the means+ SEMs. Statistical analysis was performed via one-way ANOVA with Tukey's multiple
comparison tests. P<0.05 versus NC; fp <0.05 versus DKD. Abbreviations: STZ, streptavidin. Fn, fibronectin. Col IV, Collagen IV. PCNA, Proliferating Cell
Nuclear Antigen

(Fig. 3A). Moreover, western blot analysis revealed that
the expression of PCNA was obviously increased in HG-
induced mMCs but was suppressed by MSC-EV treat-
ment (Fig. 3B, C). In addition, an EdU assay revealed
that the percentage of EdU-positive cells in HG-induced
mMCs was markedly increased, whereas MSC-EV treat-
ment reduced the percentage of EdU-positive cells in
HG-induced mMCs, suggesting that MSC-EVs inhibited
HG-induced proliferation of mMCs (Fig. 3D, E). Then,
immunofluorescence staining and RT-qPCR were used
to measure fibrosis-related indicators. The results dem-
onstrated that the expression of a-SMA, fibronectin
and collagen IV in HG-induced mMCs was significantly

upregulated, and MSC-EV treatment downregulated the
expression of these indicators in HG-induced mMCs,
demonstrating that MSC-EVs inhibited ECM accumula-
tion in HG-induced mMCs (Fig. 3F, G, Figure S2).

Next, we investigated whether MSC-EVs affect autoph-
agy in mesangial cells. Western blot analysis revealed that
the expression of LC3II/I was dramatically decreased and
that the expression of p62 was dramatically increased
in HG-induced mMCs. These effects were reversed by
MSC-EV treatment (Fig. 3H, I). Collectively, these data
indicate that MSC-EV treatment promoted autophagy
and inhibited cell proliferation and ECM accumulation in
HG-induced mesangial cells.
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Fig. 3 MSC-EVs inhibited mMC proliferation and ECM accumulation and promoted autophagy. (A) Cell viability of mMCs was measured by a CCK-8
assay under conditions of NG, M, HG or HG plus MSC-EVs for 24, 48 and 72 h. (B, C) Representative western blot images and quantitative analysis of PCNA
expression in mMCs. 3-actin was used as a loading control. The full-length blots are presented in Supplementary Fig. 7. (D, E) EdU incorporation assay in
mMCs subjected to different treatments and quantification of the number of EdU-positive cell nuclei (green)/total number of cell nuclei (blue). Nuclei
were counterstained with Hoechst 33,342. Scale bar, 100 um. (F, G) Immunofluorescence staining and quantification of a-SMA (green), fibronectin (red)
and Col IV (red) expression in mMCs subjected to different treatments. Nuclei (blue) were counterstained with DAPI. Scale bar, 100 um. (H, I) Representa-
tive western blot images and quantitative analysis of LC31I/LC3] and p62 expression in mMCs. -actin was used as a loading control. The full-length blots
are presented in Supplementary Fig. 7; n=3. The data are expressed as the means+ SEMs. Statistical analysis was performed via one-way ANOVA with
Tukey’s multiple comparison tests. P<0.05 versus NG; #p <0.05 versus HG. Abbreviations: NG, normal glucose. MA, mannitol. HG, high glucose. PCNA,
Proliferating Cell Nuclear Antigen. Fn, fibronectin. Col IV, Collagen IV
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miR-99b-5p-enriched MSC-EVs inhibited the expression of
mTOR

To determine the underlying mechanisms by which
MSC-EVs mediate autophagy, we performed further
studies. Zhang et al. identified the top 37 miRNAs in EVs
derived from hP-MSCs, of which the fifth most abun-
dant miRNA, miR-99b-5p, was the molecule of interest
[3]. The miRNA-gene relationship prediction websites
TargetScan, mirDIP, and miRDB predicted that miR-
99b-5p participated in the regulation of mTOR, a critical
regulator of autophagy (Fig. 4A). Bioinformatics analysis
revealed that mTOR was a target of miR-99b-5p (Fig. 4B).
To confirm the internalization of miR-99b-5-enriched
MSC-EVs by mMCs, Dil-EVs or EVs were incubated
with mMCs. Fluorescence microscopy and RT-qPCR
revealed that MSC-EVs were internalized by mMCs and
that miR-99b-5p expression was upregulated in mMCs,
whereas mTOR expression was downregulated (Fig. 4C,
D). To confirm the role of miR-99b-5p in MSC-EV-medi-
ated mTOR inhibition, hP-MSCs were transfected with
an inhibitor-negative control or a miR-99b-5p inhibitor.
Inhibitor-negative control MSC-EVs (EVs-NC) and miR-
99b-5p-knockdown MSC-EVs (EVs-KD) were isolated
from the supernatant of hP-MSCs. RT-qPCR analysis
confirmed the decreased expression of miR-99b-5p in the
EV-KD group compared with the EV-NC group (Fig. 4E).
Then, the mMCs were incubated with EVs-NC or EVs-
KD for 24 h, and western blot analysis demonstrated
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that miR-99b-5p downregulated the expression of mTOR
(Fig. 4F). In summary, these results suggested that miR-
99b-5p delivered by MSC-EVs directly targeted the
mTOR gene.

miR-99b-5p delivered by MSC-EVs inhibited proliferation
and ECM accumulation in HG-induced GMCs via mTOR-
mediated autophagy

Next, we investigated the effects of miR-99b-5p in MSC-
EVs on the proliferation and ECM synthesis of HG-
induced mMCs. A CCK-8 assay revealed that, under
HG conditions, treatment with EVs-NC markedly sup-
pressed the viability of mMCs, whereas EV-KD treat-
ment increased the viability of mMCs (Fig. 5A). Western
blot analysis revealed that EV-NC treatment obviously
decreased the expression of PCNA in HG-induced
mMCs, whereas EV-KD treatment reversed this effect
(Fig. 5B, C). In addition, an EdU assay revealed that the
percentage of EdU-positive cells was markedly decreased
in HG-induced mMC:s treated with EVs-NC, which was
reversed by EVs-KD (Fig. 5D, E), indicating that delivery
of miR-99b-5p into mMCs via MSC-EVs inhibited HG-
induced cell proliferation. Then, immunofluorescence
staining and RT-qPCR were used to measure the expres-
sion of fibrosis-related indicators in HG-induced mMCs.
The results demonstrated that treatment with EVs-NC
significantly downregulated the expression of a-SMA,
fibronectin and collagen IV in HG-induced mMCs. In

Dil-EVs

C PBS

3’ UTR

G
PBS + - - 515
EVs-NC - + - c8 )
EVs-KD - - + g 510 *
Sy *
MTOR | W wan == 3,9 0.5
>
. = E
B-actin | ne— 8 0.0 B
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Fig.4 mTOR was the target of miR-99b-5p transferred by MSC-EVs. (A) Bioinformatics analysis was performed via the TargetScan, mirDIP and miRDB data-
bases to predict potential interactions between mTOR and miR-99b-5p. (B) Scheme of the putative binding sites between the 3'UTR of mTOR mRNA and
miR-99b-5p. (C, D) The relative expression of miR-99b-5p and mTOR in mMCs incubated with MSC-EVs for 24 h was detected by RT—-qPCR. n=3. P<0.05
versus PBS. (E) The relative expression of miR-99b-5p in the miR-99b-5p inhibitor-stimulated MSC-EVs was assessed via RT-qPCR. n=3. "P<0.05 versus
EVs-NC. (F, G) Western blot analysis and quantification of mTOR and p-mTOR expression in mMCs treated with EV-NC or EV-KD for 24 h. 3-actin was used
as a loading control. The full-length blots are presented in Supplementary Fig. 8; n=3. 'P<0.05 versus PBS; *p < 0.05 versus EV-KD. The data are expressed
as the means + SEMs. For (C, D and E), statistical analysis was performed via a two-tailed unpaired Student’s t test. For (F), statistical analysis was performed
via one-way ANOVA with Tukey’s multiple comparison test
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Fig. 5 miR-99b-5p delivered by MSC-EVs inhibited HG-induced proliferation

and ECM accumulation by promoting mTOR-mediated autophagy in mMCs.

(A) Cell viability of mMMCs was measured by a CCK-8 assay under conditions of NG, MA, HG, and HG with EVs-NC or HG with EVs-KD for 24,48 and 72 h. (B,
C) Representative Western blot images and quantitative analysis of PCNA expression in mMCs subjected to different treatments. 3-actin was used as a
loading control. The full-length blots are presented in Supplementary Fig. 9. (D, E) EdU incorporation assay in mMCs subjected to different treatments and
quantification of the number of EdU-positive cell nuclei (green)/total number of cell nuclei (blue). Nuclei were counterstained with Hoechst 33,342. Scale
bar, 100 um. (F, G) Immunofluorescence staining and quantification of a-SMA (green), fibronectin (red) and Col IV (red) expression in mMCs subjected to
different treatments. Nuclei (blue) were counterstained with DAPI. Scale bar, 100 um. (H, 1) Representative western blot images and quantitative analysis of
mTOR, p-mTOR, LC3II/LC3I and p62 expression in mMCs subjected to different treatments. 3-actin was used as a loading control. The full-length blots are
presented in Supplementary Fig. 9; n=3.The data are expressed as the means + SEMs. Statistical analysis was performed via one-way ANOVA with Tukey's
multiple comparison tests. "P < 0.05 versus NG; *p < 0.05 versus HG. ¥p < 0.05 versus HG + EV-NC. Abbreviations: NG, normal glucose. HG, high glucose

contrast, EV-KD resulted in increased expression of these
indicators (Fig. 5F, G, Figure S3), demonstrating that the
transfer of miR-99b-5p by MSC-EVs suppressed HG-
induced ECM accumulation in mMCs.

We subsequently investigated the role of miR-99b-5p
delivered by MSC-EVs in the protection of HG-induced
mMCs via mTOR-mediated autophagy. Western blot-
ting analysis revealed that treatment with EVs-NC led

to significantly downregulated expression of mTOR,
p-mTOR and p62 accompanied by increased expres-
sion of LC3II/I in HG-induced mMCs, whereas EV-KD
obviously elevated the expression of mTOR, p-mTOR
and p62 accompanied by reduced expression of LC3II/I
(Fig. 5H, I). These data suggest that miR-99b-5p deliv-
ered by MSC-EVs inhibits mTOR expression, resulting
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in the promotion of autophagy and the inhibition of HG-
induced mMC injury.

miR-99b-5p delivered by MSC-EVs ameliorated renal injury
and fibrosis via mTOR-mediated autophagy in STZ-induced
diabetic mice

To investigate the effects of miR-99b-5p transferred by
MSC-EVs in DKD, EVs-NC or EVs-KD were administered
intravenously into STZ-induced diabetic mice. Function-
ally, the results revealed that EV-NC treatment obvi-
ously reduced the levels of proteinuria, serum creatinine
and blood urea nitrogen in DKD mice, whereas EV-KD
markedly increased the levels of proteinuria, serum cre-
atinine and blood urea nitrogen (Fig. 6A). Pathologically,
PAS staining revealed that glomerular hypertrophy, the
mesangial matrix and the thickness of the glomerular
basement membrane were significantly alleviated in the
kidneys of DKD mice treated with EV-NC, and EV-KD
aggravated these histopathological changes (Fig. 6B, C).
Immunohistochemical staining revealed that EV-NC
treatment reduced the number of PCNA-positive cells
in the kidney glomeruli of DKD mice, and these effects
were reversed by EV-KD treatment (Fig. 6D, E), which
was confirmed by Western blot analysis (Figure S4). In
addition, EV-NC treatment notably decreased collagen
deposition in the kidney glomeruli of DKD mice, and
EV-KD treatment resulted in increased collagen deposi-
tion (Fig. 6F, G). Moreover, immunofluorescence staining
revealed that EV-NC treatment inhibited the expression
of a-SMA, fibronectin and collagen IV in the kidney
glomeruli of DKD mice, and these effects were reversed
by EV-KD treatment (Fig. 6H, I). Therefore, delivery of
miR-99b-5p via MSC-EVs attenuated renal injury and
alleviated fibrosis in DKD model mice.

Western blot analysis was used to investigate the role
of miR-99b-5p delivered by MSC-EVs in the renoprotec-
tion of DKD via mTOR-mediated autophagy. The results
demonstrated that treatment with EVs-NC led to signifi-
cantly downregulated expression of mTOR and p-mTOR
accompanied by increased expression of LC3II/I in the
kidneys of DKD mice, whereas EV-KD treatment obvi-
ously elevated the expression of mTOR, p-mTOR and
p62 accompanied by reduced expression of LC3II/I
(Fig. 6], K). These data suggest that the delivery of miR-
99b-5p by MSC-EVs inhibits mTOR expression, result-
ing in the promotion of autophagy and the inhibition of
DKD-induced renal injury.

Discussion

DKD is a severe complication of diabetes mellitus and is
characterized by progressive ECM accumulation in the
glomerular mesangium and basement membrane thick-
ening, ultimately leading to glomerulosclerosis. Mesan-
gial cells, as key intrinsic components of the glomerulus,
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undergo aberrant alterations that contribute to mesangial
expansion and glomerulosclerosis, driving DKD pro-
gression. Recently, MSC-EVs have emerged as promis-
ing therapeutics for DKD. In this study, we investigated
the therapeutic effects and underlying mechanisms of
MSC-EVs in DKD. Our findings demonstrated that MSC-
EVs attenuate kidney damage and fibrosis by inhibiting
cell proliferation and ECM accumulation in glomeru-
lar mesangial cells. Mechanistically, MSC-EVs delivered
miR-99b-5p, which enhanced autophagy by suppressing
mTOR expression. This process inhibited both cell pro-
liferation and ECM accumulation in high glucose (HG)-
induced mesangial cells. In summary, our study revealed
that MSC-EVs mitigate diabetic kidney injury and fibro-
sis by promoting mTOR-mediated autophagy through
the transfer of miR-99b-5p (Fig. 7).

MSC-EVs have been demonstrated to have effective
therapeutic effects on DKD through various pathways,
including antiapoptotic, anti-inflammatory, antifibrotic,
and antioxidative mechanisms, as well as through the
enhancement of autophagy [36]. These effects are medi-
ated by the transfer of genetic materials and proteins.
For example, EVs derived from human umbilical cord
MSCs enriched with miR-424-5p have been shown to
protect renal tubular epithelial cells from apoptosis and
epithelial-mesenchymal transition (EMT) by inhibiting
YAP1 activity [29]. In addition, small EVs derived from
MSCs promoted the ubiquitination of YAP in mesangial
cells and attenuated renal interstitial fibrosis to allevi-
ate DKD progression by delivering CK18/B-TRCP [37].
Another study indicated that miR-22-3p delivered by
human umbilical cord MSC-derived EVs targeted the
NLRP3 inflammasome to protect podocytes and diabetic
mice from inflammation [28]. In this study, we found that
miR-99b-5p-enriched hP-MSC-derived EVs restrained
the proliferation and ECM accumulation of glomerular
mesangial cells in DKD by promoting autophagy. More-
over, studies have revealed that MSC-EVs have therapeu-
tic effects on diabetes mellitus (DM) and other diabetic
complications. In addition, human umbilical cord MSC-
derived EVs improved B-cell function in T2DM mice via
the inhibition of NRF2-mediated ferroptosis through the
AKT/ERK signaling pathway [38]. Mouse bone MSC-
derived EVs ameliorate diabetes-induced cardiomyopathy
by reducing TAK1-pJNK-NFKB inflammation-associated
expression and cardiac hypertrophy and fibrosis [39].
Thus, MSC-EVs may be a potential therapeutic modality
for DM and diabetic complications, and the clinical appli-
cation of MSC-EVs is being explored. However, further
research should be conducted to address the challenges
associated with the translational application of MSC-EVs,
including the complex pathogenesis of DKD, the thera-
peutic efficacy of MSC-EVs for patients with DKD, and
the preparation and quality control of MSC-EVs [40].
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Fig.6 miR-99b-5p delivered by MSC-EVs ameliorated renal injury in STZ-induced DKD mice by promoting mTOR-mediated autophagy. (A) Renal function
of the mice was evaluated by detecting the urinary albumin-to-creatinine ratio (UACR), serum creatinine (Scr), and blood urea nitrogen (BUN). n=6. (B, C)
Representative images of periodic acid-Schiff (PAS) staining and quantification of the mesangial matrix index in mouse kidneys. n=4. Scale bar, 100 um.

(D, E) The percentage of PCNA-positive cells in the kidney glomeruli of the

mice was quantified via immunohistochemical staining. n=4. (F, G) Represen-

tative images of Masson staining of mouse kidney sections and quantification of the collagen deposition area in the glomerulus. Scale bar, 100 um. (H,
1) Immunofluorescence staining and quantification of a-SMA, fibronectin and Col IV (green) expression in kidney sections. n=4. Scale bar, 100 pm. (J, K)
Representative western blot images and quantification showing the expression of mTOR, p-mTOR, LC3II/LC3l and p62 in the renal cortex of mice. 3-actin
was used as a loading control. The full-length blots are presented in Supplementary Fig. 10; n=4. The data are expressed as the means + SEMs. Statistical
analysis was performed via one-way ANOVA with Tukey's multiple comparison tests. "P<0.05 versus NC; *p < 0.05 versus DKD. ép <0.05 versus DKD + EVs-
NC. Abbreviations: STZ, streptavidin. Fn, fibronectin. Col IV, Collagen IV. PCNA, Proliferating Cell Nuclear Antigen

MicroRNAs (miRNAs) are small noncoding RNAs
that degrade or repress the translation of target mRNAs
to silence gene expression. Many studies have shown
the critical role of microRNAs in DKD pathogenesis
[41]. For example, exosomal miR-92a-1-5p released by

proximal tubular epithelial cells induced endoplasmic
reticulum stress and epithelial-mesenchymal transi-
tion in mouse mesangial cells through reticulocabin-3
modulation in DKD [42]. MiR-99b-5p contributes to a
variety of biological processes, including proliferation,
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invasion, metastasis, irradiation resistance and neuroin-
flammation. Aberrant regulation of miR-99b-5p has been
demonstrated in various cancers and tissue damage [43,
44]. The results of miRNA sequencing revealed that the
expression of miR-99b-5p is high in EVs derived from hP-
MSCs [3]. In the present study, our data indicated that
miR-99b-5p delivered by MSC-EVs obviously improved
DKD-induced renal injury and fibrosis by repressing the
proliferation and accumulation of ECM in mesangial
cells, indicating a therapeutic function of miR-99b-5p
in DKD. Convincing evidence shows that miR-99b-5p is
involved in diabetic complications [45, 46]. For example,
abnormal expression of miR-99b-5p has been observed
in diabetic neuropathy, and miR-99b-5p in EVs derived
from bone marrow MSCs promoted the growth and
angiogenesis of HG-treated HUVECs to improve diabetic
wounds [45, 46].

Progressive deposition of the ECM in the glomerular
mesangium and hyperplasia in glomerular mesangial
cells are the landmarks of DKD. Autophagy can inhibit
mesangial cell activation and epithelial-mesenchymal
transition in renal tubular epithelial cells to alleviate renal
glomerular fibrosis and tubulointerstitial fibrosis in DKD
[47, 48]. In line with these observations, we found that
MSC-EVs promoted autophagy in both HG-stimulated
mMCs and the kidneys of DKD model mice, relieving
DKD-induced renal injury. mTOR, a conserved protein
kinase in all species, is hyperactivated in the diabetic
kidney to accelerate kidney injury [49]. Suppression of
mTOR by rapamycin, an inhibitor of mTOR, ameliorated
morphological disorders and renal dysfunctions in dia-
betic animal models [50, 51]. Furthermore, accumulat-
ing evidence has demonstrated that mTOR acts as the
master negative regulator of autophagy in DKD [12, 18].
The present study revealed that the phosphorylation of
mTOR was induced in mMCs and kidneys under diabetic
conditions, with the suppression of autophagy. MSC-EV

treatment markedly inhibited the expression and activity
of mTOR, promoting autophagy, which was reversed by
miR-99b-5p knockdown. Therefore, miR-99b-5p trans-
ferred by MSC-EVs into mMCs targets mTOR, thereby
promoting autophagy to alleviate HG-induced prolifera-
tion and ECM accumulation in mMCs.

However, the limitations of the present study were
that we did not identify the possible influence of other
cargos in MSC-EVs on DKD. Therefore, further studies
should be conducted to explore the exact mechanism
by which MSC-EVs improve DKD. The efficacy of EVs is
determined mainly by their cargo, targeting, and route
of administration. Exogenously injected MSC-EVs can
be successfully engrafted into the kidneys of DKD mice,
but a large proportion of MSC-EVs accumulate in the
liver [52]. Thus, novel strategies to increase the kidney-
targeting ability of MSC-EVs are urgently needed. More-
over, whether the inhibition of tubulointerstitial fibrosis
is associated with the autophagy activation induced by
MSC-EVs and the underlying mechanism of action need
to be verified in our future studies.

Conclusions

In conclusion, our study demonstrated that EVs derived
from hP-MSCs could effectively protect against the pro-
gression of DKD. miR-99b-5p carried by MSC-EVs inhib-
its proliferation and ECM accumulation in glomerular
mesangial cells by regulating mTOR-mediated autophagy
under diabetic conditions. Our findings suggest that EVs
derived from hP-MSCs may constitute a promising cell-
free therapeutic strategy for patients with DKD in the
future.
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