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Abstract 

Background  Renal fibrosis and vascular rarefaction are significant complications of ischemia/reperfusion (I/R) injury. 
Human umbilical cord mesenchymal cell-derived exosomes (hucMSC-exos) have shown potential in mitigating these 
conditions. This study investigates the role of miR-29a-3p in exosomes and its therapeutic effects on I/R-induced renal 
damage.

Methods  Male C57BL/6 mice were subjected to unilateral renal ischemia for 28 min followed by reperfusion. 
Exosomes and miR-29a-3p mimics/inhibitors were injected into the mice. Renal function, histological analysis, 
and molecular assays were performed to evaluate fibrosis and vascular integrity.

Results  Exosome treatment significantly improved renal function and reduced fibrosis and vascular rarefaction 
post-I/R. MiR-29a-3p was highly expressed in hucMSC-exos but reduced in renal fibrosis models. MiR-29a-3p mimic 
reduced, while its inhibitor exacerbated I/R-induced renal fibrosis and vascular rarefaction. Collagen I and TNFR1 were 
identified as direct targets of miR-29a-3p in fibroblasts and endothelial cells, respectively. Exosomes overexpressing 
miR-29a-3p provided superior protection compared to unmodified hucMSC-exos.

Conclusion  HucMSC-exos, particularly those overexpressing miR-29a-3p, have potent therapeutic effects 
against renal fibrosis and vascular rarefaction post-I/R. MiR-29a-3p targets TNFR1 and collagen I, highlighting its 
potential in renal fibrosis therapy.
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Backgound
The development and progression of tubulointerstitial 
fibrosis (TIF) constitute a complex process involving a 
myriad of distinct cell types. Multiple cellular compo-
nents contribute to the advancement of TIF, including 
renal tubular epithelial cells, myofibroblasts, endothe-
lial cells, and inflammatory cells [1–4]. Upon activation, 
fibroblasts transform into myofibroblasts expressing 
α-smooth muscle actin (α-SMA), subsequently generat-
ing ECM components such as collagen-1a1 (COL1A1) 
and fibronectin (FN) [5, 6]. These processes directly 
contribute to the initiation and progression of renal 
fibrosis. Moreover, endothelial cell injury, resulting 
from inflammation and hypoxia, leads to endothelial 
collapse, capillary rarefaction, and impaired blood sup-
ply, further exacerbating renal fibrosis [7–11]. Despite 
the significant advancements in understanding the 
mechanisms of renal fibrosis in recent years, there are 
still no effective drugs available for its treatment [12].

Over the past decade, a promising trend has emerged 
in utilizing various types of mesenchymal stem cells 
(MSCs) to address organ fibrosis [13, 14]. A key mecha-
nism in MSC-based therapies is the paracrine activ-
ity of secreted factors, often mediated by extracellular 
vesicles (EVs). Exosomes, a subtype of EVs, are potent 
cell-to-cell communicators within the MSC secretome, 
known for their low immunogenicity and tumorigenic-
ity. Notably, exosomes released by hucMSCs have 
shown significant potential in improving tissue regen-
eration [15]. This improvement is largely attributed to 
small EVs (40–150 nm) carrying regulatory microRNAs 
(miRNAs), which are pivotal mediators of their thera-
peutic effects [16]. Among these miRNAs, miR-29a-3p 
has emerged as a key regulator of fibrosis in various 
organs, including the kidney [16, 17]. It has been impli-
cated in suppressing extracellular matrix production 
and modulating inflammatory responses [16]. How-
ever, the specific role of miR-29a-3p and MSC-derived 
exosomes in the context of renal I/R injury remains to 
be fully elucidated.

This study aims to investigate the therapeutic poten-
tial of MSC-derived exosomes, particularly those 
enriched with miR-29a-3p, in mitigating renal fibro-
sis and vascular rarefaction following I/R injury. We 
hypothesize that miR-29a-3p-enriched exosomes will 
exert superior protective effects compared to regular 
exosomes by targeting key molecular pathways involved 
in fibrosis and vascular damage. Through comprehen-
sive in vivo and in vitro analyses, we seek to delineate 
the mechanisms by which miR-29a-3p and hucMSC-
exos modulate renal fibrosis and vascular integrity, 
thereby providing insights into potential therapeutic 
strategies for renal fibrosis.

Method
Cell culture and intervention methods
Human Umbilical Vein Endothelial Cells (HUVECs) were 
obtained from the China Centre for Type Culture Col-
lection, which confirmed ethical approval and informed 
consent from donors (http://​cctcc.​whu.​edu.​cn/). Nor-
mal Rat Kidney Fibroblast Cells (NRK-49F) were 
obtained from the Shanghai Institute for Biological Sci-
ences. HUVECs were cultured in DMEM/F12 medium 
(Hyclone), while NRK-49F cells were cultured in high-
glucose Dulbecco’s Modified Eagle’s Medium (DMEM, 
Hyclone). Both media were supplemented with 1% peni-
cillin–streptomycin and 10% fetal bovine serum, and the 
cells were incubated at 37 °C in a humidified atmosphere 
with 5% CO2. HUVECs and NRK-49F cells were seeded 
at a density of 0.3 × 106 cells per 35 mm dish. HUVECs 
were treated with 20 ng/mL TNFα (R&D, 210-TA), while 
NRK-49F cells were treated with 10 ng/mL TGF-β.

In some experiments, HUVECs and NRK-49F cells 
were transfected with lentivirus-packaged miR-29a-3p 
mimics or corresponding negative controls (NC). The 
lentiviral vectors were obtained from GenePharma. The 
Mimics group was transfected with lentivirus-packaged 
miR-29a-3p mimics, while the NC group was transfected 
with an empty lentivirus. The multiplicity of infection 
(MOI) for both groups was 20, with 5 μg/ml Polybrene 
added to the medium. After 16 h of transfection, the 
medium containing lentivirus was replaced with fresh 
medium. Transfection efficiency was assessed 48 h later 
using an inverted fluorescence microscope. The work has 
been reported in line with the ARRIVE guidelines 2.0.

HucMSC‑exos isolation and purification
HucMSCs, donated by Hamilton Biology (Wuhan, 
China), were cultured in mesenchymal stem cell medium 
(ScienCell, USA) at 37°C in a humidified atmosphere 
containing 5% CO2. For MSC-exos preparation, hucM-
SCs (passages 2–6) were cultured in serum-free stem cell 
culture medium for 48 h, and the supernatant was col-
lected for MSC-exos extraction. MSC-exos were isolated 
through gradient centrifugation and filtration. Briefly, the 
supernatant was centrifuged at 2000 × g for 20 min, then 
at 13,500 × g for 30 min, filtered through a 0.22 μm filter, 
and ultracentrifuged at 200,000 × g for 120 min at 4  °C 
(Beckman Coulter Optima L-80 XP). The exosome pel-
let was resuspended in sterile phosphate-buffered saline 
(PBS), filtered again through a 0.22 μm membrane filter 
for purity, and stored at − 80 °C.

HucMSC‑exos identification
The morphology of hucMSC-exos was observed using 
transmission electron microscopy (TEM). Briefly, 
exosomes were fixed in 2% paraformaldehyde and loaded 
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onto a carbon-coated copper grid. After drying for 20 
min at room temperature, grids were stained with 2% 
uranyl acetate. Western blotting was used to detect cell 
surface markers, including exosome markers (Alix, 
CD63, Tsg101, CD9), and negative controls, such as 
Golgi markers (GM130).

Animal model and intervention methods
Male C57 BL/6J mice were purchased and housed at 
the Center of Experimental Animals at Wuhan Univer-
sity. All animal protocols were approved by the Animal 
Care and Use Committee of Renmin Hospital of Wuhan 
University. Prior to experimental procedures, mice were 
anesthetized with Pentobarbital Sodium administered 
intraperitoneally at a dose of 50 mg/kg to induce deep 
anesthesia. Additionally, Buprenorphine was adminis-
tered at a dose of 0.1 mg/kg to alleviate pain. Mice were 
subjected to 28 min of left renal pedicle clamping to 
induce I/R injury, as previously described [18]. The body 
temperature of the mice was monitored and maintained 
at ~ 36.5  °C using a homeothermic blanket control unit 
with sensitive rectal probe. Sham-operated mice under-
went kidney exposure without clamping. The sample size 
was estimated based on our previous publication without 
conducting a prior power analysis. No inclusion or exclu-
sion criteria were defined, and no animals were excluded 
from the analysis. All mice were sacrificed 14 days post-
surgery, and the right kidney was removed 24 h before 
sacrifice to observe renal function changes. In this study, 
randomization was used to allocate experimental units 
to control and treatment groups. The randomization 
sequence was generated using a random number genera-
tor. Humane endpoints were established to ensure animal 
welfare, including significant weight loss (> 30%), behav-
ioral changes (such as reduced activity), and signs of pain 
or discomfort.

To study the effect of hucMSC exosomes on I/R-
induced renal fibrosis, the hucMSC exosomes treatment 
group received 50 µg of hucMSC exosomes via tail vein 
injection at − 1  d, 0, 3  d, 6  d, and 9  d post-reperfusion, 
while the control group received an equal volume of 
vehicle. To investigate the impact of miR-29a-3p on I/R-
induced renal fibrosis, mice were randomly divided and 
injected with NC lentivirus, miR-29a-3p mimics lentivi-
rus, or miR-29a-3p Inhibitor lentivirus into the left renal 
cortex 10 days before I/R, as previously described [19]. 
All animals are kept in the same environment conditions, 
such as temperature, humidity, and light/dark cycles 
to minimize variability. At the end of the experiment, 
mice were euthanized humanely using CO₂ inhalation 
in a chamber followed by cervical dislocation to ensure 
death. We implemented blinding procedures so that the 

researchers conducting the measurements were unaware 
of the treatment groups, minimizing observer bias.

Patients
Kidney biopsy specimens were collected from CKD 
patients undergoing diagnostic evaluation in the Depart-
ment of Nephrology at Renmin Hospital of Wuhan 
University. The control group included kidney samples 
from the adjacent non-cancerous tissues of renal can-
cer patients. Detailed patient information is shown in 
Table 1.

Histopathology staining
Kidneys were fixed in 4% paraformaldehyde at room tem-
perature and embedded in paraffin. Sections were stained 
with HE and Masson trichrome to observe pathologi-
cal changes. Tubular injury was defined by the presence 
of cell lysis, loss of brush border, and cast formation. 
Tubular injury was scored by the percentage of damaged 
tubules: 0, no damage; 1, < 25%; 2, 25–50%; 3, 50–75%; 4, 
> 75%. Ten random fields per mouse kidney were scored 
for quantification, and the average value was used as the 
tubular injury score. Collagen volume fraction was calcu-
lated using Image J by measuring the percentage of the 
blue-stained area (collagen) in each field. Ten random 
fields per mouse kidney were selected at 200 × magnifica-
tion for quantification.

Western blotting
Immunoblotting was performed using standard methods 
as previously described [20].Total protein was extracted 
using RIPA buffer (Thermo Fisher Scientific, USA) con-
taining protease inhibitors. Proteins were separated by 

Table 1  Clinical data of CKD and non-CKD patients examined

(2-tailed student’s t-test for comparison). *Statistically significant difference 
between DKD and non-DKD group

Parameter CKD (n = 10) Control (n = 10) P value

Clinical indexes

sex M (8) F (2) M (5) F (5)

Age (year) 46.6 ± 13.00 47.6 ± 12.55 0.870

Hypertension 100% 30%

Diabetes 20% 10%

Diagnosis CKD (10) Para-cancer renal tissue (10)

Fibrosis 48 ± 13.3* 3 ± 1.71 < 0.001

Global sclerosis 56 ± 10.9* 12 ± 6.93 < 0.001

Laboratory data

BUN (mmol/L)* 8.2 ± 0.85* 5.42 ± 0.89 < 0.001

Scr (mmol/L)* 181.3 ± 42.75* 72.6 ± 8.90 < 0.001

ALB (G/L) 37.44 ± 2.83 40.35 ± 2.53 0.03

UTP (G/24H) 1.91 ± 0.60* 0.28 ± 0.11 < 0.001
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SDS-PAGE, transferred to PVDF membranes (Millipore, 
USA). The PVDF membranes were incubated overnight 
at 4℃ with primary antibodies against COL1A1 (Novus 
Biologicals, NBP1-30054; 1:500), FN1 (Abcam, ab2413; 
1:2000), ACTA2/α-SMA (Abcam, ab5694; 1:1000), TNFα 
(Santa Cruz, sc-8436; 1:250), ICAM-1 (Santa Cruz, 
sc-8439; 1:400), VCAM-1 (Abcam, ab13047; 1:2000), 
GAPDH (Proteintech, 60004–1-lg; 1:5000), CD9 (abcam, 
ab92726; 1:1000), TSG101 (Santacruz, Sc-7964; 1:800), 
CD63 (Santacruz, Sc-5275; 1:800), ALIX (Santacruz, 
Sc-53540; 1:800), IL-1β (Santacruz, Sc-52012; 1:1000), 
GM130 (Cell Signaling Technology, 12480; 1:1000). The 
PVDF membranes were incubated with the secondary 
antibody at room temperature for 1 h. The signal was 
then detected using an ECL kit (Thermo Fisher Scientific, 
USA) and quantified using ImageJ software.

Real‑time quantitative polymerase chain reaction (RT‑PCR)
Total RNA was extracted from cultured cells and tissue 
samples using TRIzol reagent (Invitrogen, USA) follow-
ing the manufacture’s instructions. RNA quality and 
concentration was determined with NanoDrop 2000 
specrophotometer (Thermo Scientific, USA). cDNA 
synthesis was performed using a reverse transcription 
kit (Thermo Fisher Scientific, USA). Target gene mRNA 
expression levels were measured using a real-time quan-
titative PCR system (Bio-Rad, USA). Primers for miR-
29a-3p were designed and synthesized by Sangon Biotech 
(Sangon Biotech). Procedures were performed according 
to the manufacturer’s instructions. Relative expression 
levels of target genes were calculated using the 2^(−
ΔΔCt) method. All reactions were performed in triplicate 
to ensure reproducibility.

Immunofluorescence analysis
Immunofluorescence assays were performed as previ-
ously described [21]. Cultured cells were permeabilized 
with 0.1% Triton X-100 for 30 min and blocked with 
5% bovine serum albumin (BSA) for 1 h at room tem-
perature. Primary antibodies for immunohistochemical 

staining included FN1 (Abcam, ab2413; 1:200), ACTA2/
α-SMA (Abcam, ab5694; 1:200), CD31 (Abcam, ab28364; 
1:50). Primary antibodies incubated with the cells over-
night at 4°C. After washing with phosphate-buffered 
saline (PBS), the samples were incubated with fluores-
cently labeled secondary antibodies, including Cy3-con-
jugated goat anti-mouse IgG and FITC-conjugated goat 
anti-rabbit IgG (both from Jackson lmmunoResearch), 
for 1 h at room temperature. Nuclei were counterstained 
with DAPI (4’,6-diamidino-2-phenylindole, Sigma-
Aldrich, USA). Positive staining areas were quantified 
using Image-ProPlus 6.0 software. Semi-quantitative 
histological and immunohistochemical staining was 
independently performed by two blinded pathologists to 
ensure consistency.

Luciferase reporter assay
NRK-49F cells were co-transfected with 3′UTR lucif-
erase reporter constructs (3′UTR-NC, 3′UTR-COL1A1-
wt, 3′UTR-COL1A1-mutant), miRNA (miRNA-NC or 
miR-29a-3p), and Renilla luciferase using GP-transfect-
Mate (GenePharma, China). Similarly, endothelial cells 
were co-transfected with 3′UTR luciferase reporter 
constructs (3′UTR-NC, 3′UTR-TNFR1-wt, 3′UTR-
TNFR1-mutant), miRNA (miRNA-NC or miR-29a-3p), 
and Renilla luciferase using GP-transfect-Mate (GeneP-
harma). After 48 h of transfection, luciferase activity 
was measured using a dual-luciferase reporter assay kit 
(Promega, USA) following the manufacturer’s protocol. 
Luminescence was detected on a Tecan Infinite M1000 
microplate reader.

Statistical analysis
All data represent at least three independent experi-
ments and were analyzed using GraphPad Prism 9. Data 
were expressed as mean ± SD. A t-test was employed to 
determine significant differences between two groups. 
One-way or two-way ANOVA was used with multiple 

Fig. 1  Exosomes intervention reduces TGF-β-induced fibroblast activation and TNF-α-induced endothelial cell injury. A Representative electron 
microscopy image of isolated exosomes. B Western blot analysis of exosome markers CD9, Tsg101, CD63, Alix, and the Golgi marker GM130. 
C Immunofluorescence staining of α-SMA and collagen I in fibroblast cells treated with vehicle (negative control, NC), TGF-β, low and high 
concentrations of exosomes. Nuclei are stained with DAPI. Scale bars: 20 μm. Quantification of α-SMA-positive signal and collagen I expression 
are shown as bar graphs. Data are presented as mean ± SD (n = 6). #p < 0.05 vs. TGF-β + NC. D Western blot analysis of COL1A1, α-SMA, and GAPDH 
in cells treated with TGF-β and exosomes. Densitometric analysis of Western blot bands normalized to GAPDH are shown as bar graphs. Data are 
presented as mean ± SD (n = 6). *p < 0.05 vs. Ctrl, #p < 0.05 vs. TGF-β + NC. E Immunofluorescence staining for ICAM-1 in endothelial cells treated 
with vehicle, TNF-α, and low or high concentrations of exosomes. Scale bar = 20 µm. Quantification of the area of ICAM-1-positive signal is shown 
on the right (mean ± SD, #p < 0.05 vs. TNF-α + NC). F Western blot analysis of ICAM-1, VCAM-1, and GAPDH in cells treated with TNF-α and exosomes. 
Quantification of the relative intensity of VCAM-1 and ICAM-1 signals are shown as bar graphs. Data are presented as mean ± SD (n = 6). *p < 0.05 vs. 
Ctrl, #p < 0.05 vs. TNF-α + NC

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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Fig. 2  Mesenchymal Cell-derived Exosomes Improve Renal Fibrosis and Vascular Rarefaction After I/R A Schematic diagram of the experimental 
design. Male C57BL/6 mice underwent 30 min of bilateral renal ischemia followed by reperfusion. Exosomes were administered intravenously 
at the indicated time points (− 1, 0, 3, 6, 9 days). Mice were sacrificed at 14 days post-I/R injury for analysis. B Serum creatinine (Scr) levels and C 
Blood urea nitrogen (BUN) levels were measured to assess renal function. Data are presented as mean ± SD (n = 6). *p < 0.05 vs. Sham + Vehicle, 
#p < 0.05 vs. I/R + Vehicle. D Representative images of kidney sections stained with Hematoxylin and Eosin (HE), Sirius Red, α-SMA, and CD31. Scale 
bars: 100 μm. E Quantification of tubular injury scores based on HE staining, area of fibrosis based on Sirius Red staining, area of α-SMA positive 
staining, and area of CD31 positive staining. Data are presented as mean ± SD (n = 5–7). *p < 0.05 vs. Sham + Vehicle, #p < 0.05 vs. I/R + Vehicle. F 
Western blot analysis of fibronectin (FN), α-SMA, ICAM-1, VCAM-1, and GAPDH in kidney tissues from different groups. G Densitometric analysis 
of Western blot bands normalized to GAPDH. Data are presented as mean ± SD (n = 6). *p < 0.05 vs. Sham + Vehicle, #p < 0.05 vs. I/R + Vehicle
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Fig. 3  miR-29a-3p is Highly Expressed in Mesenchymal Cell-derived Exosomes and Reduced in Renal Fibrosis Models A Heatmap showing 
the expression levels of various miRNAs in mesenchymal cell-derived exosomes compared to HEK293-derived exosomes, highlighting the high 
expression of miR-29a-3p. B Volcano plot displaying differentially expressed miRNAs in I/R-induced mouse renal fibrosis models compared 
to controls, indicating a significant reduction in miR-29a-3p expression in fibrosis models. C Quantification of relative miR-29a-3p expression 
in Sham and I/R groups. Data are presented as mean ± SD (n = 8). #p < 0.05 vs. Sham. D Representative images of kidney sections stained with α-SMA 
and CD31 in para-cancer tissue and chronic kidney disease (CKD) tissue. Scale bars: 50 μm. E Quantification of the area of α-SMA and CD31 positive 
signals in para-cancer tissue and CKD tissue. Data are presented as mean ± SD (n = 10). #p < 0.05 vs. Para-cancer tissue. F Quantification of relative 
miR-29a-3p expression in para-cancer tissue and CKD tissue. Data are presented as mean ± SD (n = 10). #p < 0.05 vs. Para-cancer tissue
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Fig. 4  miR-29a-3p mimic reduces renal fibrosis following ischemia–reperfusion (I/R) njury, while miR-29a-3p inhibitor exacerbates fibrosis. A 
Relative expression levels of miR-29a-3p in sham and I/R groups treated with vehicle, miR-29a-3p mimic, and miR-29a-3p inhibitor. B Serum 
creatinine (Scr) levels in sham and I/R groups treated with vehicle, miR-29a-3p mimic, and miR-29a-3p inhibitor. C Blood urea nitrogen (BUN) levels 
in sham and I/R groups treated with vehicle, miR-29a-3p mimic, and miR-29a-3p inhibitor. D Representative images of kidney sections stained 
for fibronectin (FN), Sirius Red, and α-SMA in sham and I/R groups treated with vehicle, miR-29a-3p mimic, and miR-29a-3p inhibitor. Scale bars: 
100 μm. E Quantification of FN-positive signal, fibrotic area and α-SMA-positive signal in kidney sections. F Western blot analysis of collagen I, 
α-SMA, and GAPDH in kidney tissues from sham and I/R groups treated with vehicle, miR-29a-3p mimic, and miR-29a-3p inhibitor. G Quantification 
of relative collagen I and α-SMA expression from Western blot data. Data are presented as mean ± SD (n = 6). *p < 0.05 vs. Sham + Vehicle; #p < 0.05 vs. 
I/R + Vehicle
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Fig. 5  miR-29a-3p Mimic Reduces, While miR-29a-3p Inhibitor Exacerbates Vascular Rarefaction Caused by I/R in Mice A Representative images 
of kidney sections stained with CD31 in Sham and I/R groups treated with Vehicle, miR-29a-3p inhibitor, or miR-29a-3p mimics. B Quantification 
of the area of CD31-positive signal, ICAM-1-positive signal, and VCAM-1-positive signal in Sham and I/R groups. Data are presented as mean ± SD 
(n = 7). *p < 0.05 vs. Sham + Vehicle, #p < 0.05 vs. I/R + Vehicle. C Western blot analysis of IL-1β, ICAM-1, VCAM-1, and GAPDH in kidney tissues 
from Sham and I/R groups. D Densitometric analysis of Western blot bands normalized to GAPDH, showing relative expression levels of IL-1β, 
ICAM-1, and VCAM-1. Data are presented as mean ± SD (n = 6). *p < 0.05 vs. Sham + Vehicle, #p < 0.05 vs. I/R + Vehicle
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comparisons. A p-value of less than 0.05 was considered 
statistically significant.

Result
Mesenchymal cell‑derived exosomes reduce 
TGF‑β‑induced fibroblast activation and decrease 
TNF‑α‑induced endothelial cell injury
To investigate the potential therapeutic effects of mes-
enchymal cell-derived exosomes on fibroblast activa-
tion and endothelial cell injury, we treated fibroblasts 
with TGF-β and endothelial cells with TNF-α, with 
and without exosome intervention. Transmission elec-
tron microscopy confirmed the successful isolation of 
exosomes (Fig.  1A). Western blot analysis verified the 
presence of exosome markers CD9, Tsg101, CD63, and 
ALIX, and the absence of the negative control marker 
GM130 (Fig. 1B). Immunofluorescence analysis revealed 
that exosome treatment significantly reduced α-SMA and 
collagen I expression in fibroblasts treated with TGF-β 
(Fig. 1C). Western blot analysis corroborated these find-
ings, showing reduced levels of collagen I and α-SMA 
in exosome-treated fibroblasts (Fig.  1D). In endothelial 
cells, exosomes decreased TNF-α-induced expression of 
ICAM-1 and VCAM-1 (Fig. 1E, F). These results indicate 
that mesenchymal cell-derived exosomes mitigate fibro-
blast activation and endothelial cell injury induced by 
TGF-β and TNF-α, respectively.

Mesenchymal cell‑derived exosomes improve renal fibrosis 
and vascular rarefaction after I/R
Given the promising results observed in  vitro, we 
next assessed the effects of mesenchymal cell-derived 
exosomes on renal fibrosis and vascular rarefaction 
following ischemia/reperfusion (I/R) injury in mice. 
Exosome treatment significantly improved renal func-
tion, as indicated by lower serum creatinine (Scr) and 
blood urea nitrogen (BUN) levels compared to the 
vehicle group (Fig. 2B, C). Histological analysis showed 
reduced tubular injury scores, fibrosis (Sirius Red 

staining), and α-SMA positive areas in exosome-treated 
mice (Fig.  2D, E). Western blot analysis demonstrated 
decreased expression of fibronectin (FN), α-SMA, 
ICAM-1, and VCAM-1 in the exosome-treated group 
(Fig.  2F, G). These findings suggest that hucMSC-exos 
have a protective effect against renal fibrosis and vascu-
lar rarefaction post-I/R.

miR‑29a‑3p is highly expressed in mesenchymal 
cell‑derived exosomes and reduced in renal fibrosis models
To further explore the molecular mechanisms underly-
ing the therapeutic effects of mesenchymal cell-derived 
exosomes, we focused on the role of miR-29a-3p. Heat-
map analysis revealed high expression of miR-29a-3p 
in mesenchymal cell-derived exosomes (Fig.  3A). 
Conversely, miR-29a-3p expression was significantly 
reduced in both mice post-ischemic fibrosis models 
and human chronic renal fibrosis samples (Fig.  3B, C, 
F). Immunohistochemical analysis showed increased 
α-SMA and decreased CD31 positive signals in chronic 
kidney disease (CKD) tissues compared to para-cancer 
tissues, confirming the fibrotic phenotype (Fig. 3D, E). 
Further experimental results indicated that the rela-
tive expression level of miR-29a-3p was significantly 
reduced in CKD tissues compared to para-cancer tis-
sues (Fig.  3F and Table  1). These results suggest that 
miR-29a-3p may play a critical role in renal fibrosis.

miR‑29a‑3p mimic reduces renal fibrosis caused by I/R 
in mice, while miR‑29a‑3p inhibitor exacerbates fibrosis
Given the observed reduction of miR-29a-3p in fibrosis 
models, we hypothesized that modulating miR-29a-3p 
levels could impact fibrosis outcomes. miR-29a-3p mimic 
treatment significantly reduced Scr and BUN levels com-
pared to I/R + Vehicle and I/R + miR-29a-3p inhibitor 
groups (Fig.  4B, C). Histological analysis showed that 
the mimic treatment reduced the fibrotic area, FN, and 
α-SMA positive signals, while the inhibitor exacerbated 

(See figure on next page.)
Fig. 6  Collagen-1 is a Target of miR-29a-3p in Fibroblasts A Venn diagram showing the overlap of predicted targets of miR-29a-3p identified 
by Targetscan, miRDB, and microT-CDS databases. B Sequence alignment of miR-29a-3p with the 3’ UTR of COL1A1 mRNA, highlighting the target 
binding site. C Sequence of the wild-type (WT) and mutant (Mut) COL1A1 3’ UTR used in luciferase reporter assays. D Luciferase activity assay 
showing the relative luciferase activity in cells transfected with WT or Mut COL1A1 3’ UTR constructs and miR-29a-3p mimics. Data are presented 
as mean ± SD (n = 4). #p < 0.05 vs. WT COL1A1 3’ UTR + NC. E Western blot analysis of COL1A1 and GAPDH in fibroblasts transfected with NC 
or miR-29a-3p mimics. F Quantification of COL1A1 protein expression normalized to GAPDH. Data are presented as mean ± SD (n = 6). *p < 0.05 
vs. NC. G Representative immunofluorescence images of fibroblasts treated with vehicle or TGF-β and transfected with NC or miR-29a-3p mimics, 
stained for α-SMA and collagen I. Scale bars: 20 μm. H Quantification of the relative intensity of α-SMA and collagen I positive staining in fibroblasts. 
Data are presented as mean ± SD (n = 5). *p < 0.05 vs. Vehicle + NC mimic, #p < 0.05 vs. TGF-β + NC mimic. I Western blot analysis of fibronectin (FN), 
collagen I (COL1A1), α-SMA, and GAPDH in fibroblasts treated with vehicle or TGF-β and transfected with NC or miR-29a-3p mimics. J Quantification 
of α-SMA and collagen I protein expression normalized to GAPDH. Data are presented as mean ± SD (n = 6). *p < 0.05 vs. Vehicle + NC mimic, 
#p < 0.05 vs. TGF-β + NC mimic
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these markers (Fig.  4D, E). Western blot analysis con-
firmed these results, showing decreased levels of collagen 
I and α-SMA in the miR-29a-3p mimic group (Fig. 4F, G). 
These findings indicate that miR-29a-3p mimic alleviates, 
while its inhibitor worsens, I/R-induced renal fibrosis.

miR‑29a‑3p mimic reduces vascular rarefaction caused 
by I/R in mice, while miR‑29a‑3p inhibitor exacerbates it
To determine the specific effects of miR-29a-3p on vas-
cular rarefaction post-I/R, we examined CD31 staining. 
The results showed that miR-29a-3p mimic increased 
the area of CD31-positive signals, whereas the inhibitor 

Fig. 6  (See legend on previous page.)
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exacerbated vascular rarefaction (Fig.  5A, B). Western 
blot analysis revealed that the mimic reduced ICAM-
1, and VCAM-1 expression, while the inhibitor had the 
opposite effect (Fig.  5C, D). These results demonstrate 
that miR-29a-3p mimic protects against, and its inhibitor 
exacerbates, vascular rarefaction caused by I/R.

Collagen‑1 is a target of miR‑29a‑3p in fibroblasts
To elucidate the molecular targets of miR-29a-3p in 
fibroblasts, we conducted sequence alignment and Lucif-
erase Reporter Assays. These assays identified collagen I 
(COL1A1) as a direct target of miR-29a-3p (Fig. 6B, C). 
miR-29a-3p mimic significantly reduced COL1A1 pro-
tein levels in fibroblasts (Fig. 6E, F). Immunofluorescence 
and Western blot analyses confirmed that miR-29a-3p 
mimics decreased α-SMA and collagen I expression in 
fibroblasts treated with TGF-β (Fig.  6G–J). These find-
ings suggest that miR-29a-3p regulates fibroblast activa-
tion by targeting collagen I.

miR‑29a‑3p mimics target TNFR1 in endothelial cells
Next, we explored the mechanisms by which miR-
29a-3p exerts its protective effects in endothelial 
cells. Sequence alignment and luciferase reporter 
assays demonstrated that miR-29a-3p directly tar-
gets the 3’ UTR of TNFRSF1A mRNA (Fig.  7A–C). 
miR-29a-3p mimics reduced TNFR1 protein levels 
in endothelial cells (Fig.  7D, E). Additionally, miR-
29a-3p mimic treatment decreased the expression of 
ICAM-1 and VCAM-1 in endothelial cells treated with 
TNF-α (Fig.  7F, G). These results indicate that miR-
29a-3p targets TNFR1 to exert its protective effects in 
endothelial cells.

Exosomes overexpressing miR‑29a‑3p are more effective 
than regular exosomes in protecting against renal fibrosis 
caused by I/R in mice
Finally, we compared the efficacy of exosomes overex-
pressing miR-29a-3p to regular exosomes in protecting 

against I/R-induced renal fibrosis. We performed 
PCR to detect the expression of miR-29a-3p in vari-
ous organs, including the heart, spleen, lungs, and 
kidneys with or without exosomes treatment. The 
results showed a significant increase in miR-29a-3p 
levels specifically in the injured kidney, suggesting 
that the exosomes successfully homed to the site of 
injury (Fig. 8A). Exosomes overexpressing miR-29a-3p 
had higher levels of miR-29a-3p compared to regular 
exosomes (Fig.  8B). These exosomes provided supe-
rior protection, as evidenced by significantly lower Scr 
and BUN levels, reduced tubular injury scores, and 
decreased fibrosis and collagen I-positive areas com-
pared to regular exosome treatment (Fig. 8C–F). West-
ern blot analysis confirmed these protective effects, 
showing lower levels of TNFR1, ICAM-1, VCAM-1, 
collagen I, and α-SMA in the miR-29a-3p overexpress-
ing exosome group (Fig.  8G–J). Overall, these find-
ings highlight the enhanced therapeutic potential of 
exosomes overexpressing miR-29a in renal fibrosis.

Conclusion
In conclusion, our study demonstrates that exosomes 
derived from hucMSCs, especially those enriched with 
miR-29a-3p, effectively mitigate renal fibrosis and vascu-
lar rarefaction following I/R injury. miR-29a-3p targets 
COL1A1 in fibroblasts to reduce fibrosis and TNFR1 
in endothelial cells to preserve vascular integrity. These 
findings highlight the therapeutic potential of miR-29a-
3p-enriched exosomes in treating renal fibrosis and 
improving kidney function post-ischemia.

Discussion
Our study uncovered several critical findings that high-
light the therapeutic potential of stem cell-derived 
exosomes in treating renal fibrosis. Firstly, exosome treat-
ment significantly reduced post-ischemic fibrosis by act-
ing on multiple cell types. Secondly, we observed that 
miR-29a-3p expression is reduced during renal fibrosis, 
whereas mesenchymal cell-derived exosomes are rich in 

Fig. 7  miR-29a-3p Mimics Target TNFR1 in Endothelial Cells A Sequence alignment of miR-29a-3p with the 3’ UTR of TNFRSF1A mRNA, highlighting 
the target binding site. B Sequence of the wild-type (WT) and mutant (Mut) TNFRSF1A 3’ UTR used in luciferase reporter assays. C Luciferase 
activity assay showing the relative luciferase activity in cells transfected with WT or Mut TNFRSF1A 3’ UTR constructs and miR-29a-3p mimics. 
Data are presented as mean ± SD (n = 3). #p < 0.05 vs. NC + WT TNFRSF1A 3’UTR. D Western blot analysis of TNFR1 and GAPDH in endothelial cells 
transfected with NC or miR-29a-3p mimics. E Quantification of TNFR1 protein expression normalized to GAPDH. Data are presented as mean ± SD 
(n = 6). #p < 0.05 vs. NC. F Representative immunofluorescence images of endothelial cells treated with vehicle or TNF-α and transfected with NC 
or miR-29a-3p mimics, stained for ICAM-1 and VCAM-1. Scale bars: 20 μm. G Quantification of the relative intensity of ICAM-1 and VCAM-1 positive 
staining in fibroblasts. Data are presented as mean ± SD (n = 5). *p < 0.05 vs. Vehicle + NC mimic, #p < 0.05 vs. TNF-α + NC mimic. #p < 0.05 vs. NC. 
H Western blot analysis of ICAM-1, VCAM-1, and GAPDH in endothelial cells treated with TNF-α and transfected with NC or miR-29a-3p mimics. I 
Quantification of ICAM-1 and VCAM-1 protein expression normalized to GAPDH. Data are presented as mean ± SD (n = 6). *p < 0.05 vs. Ctrl + NC, 
#p < 0.05 vs. TNF-α + NC

(See figure on next page.)
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miR-29a-3p. Overexpressing miR-29a-3p in the kidney 
improved both renal function and the degree of fibrosis 
following ischemic injury. Thirdly, miR-29a-3p binds to 
the 3’ UTRs of COL1A1 mRNA in fibroblasts, thereby 
decreasing the secretion of fibrotic factors, and targets 

TNFR1 in endothelial cells, reducing endothelial cell 
damage. Finally, exosomes overexpressing miR-29a-3p 
were found to more effectively alleviate I/R-induced 
fibrosis. These findings underscore the multifaceted ther-
apeutic potential of miR-29a-3p-enriched exosomes in 

Fig. 7  (See legend on previous page.)
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mitigating renal fibrosis and enhancing kidney function 
post-ischemia.

The progression of CKD follows a common path-
way where normal renal parenchyma is progressively 
replaced by matrix proteins such as collagen I, III, IV, and 
fibronectin [1]. Initially, the deposition of fibrotic matrix 
post-injury can aid the tissue repair process, and in cases 
of mild injury, it is subsequently resorbed during tissue 
remodeling [22]. Various cell types, including endothelial 
cells, renal tubular epithelial cells, and myofibroblasts, 
are involved in the progression of TIF. However, dur-
ing chronic injury in CKD, the continuous deposition of 
fibrotic matrix disrupts the organ’s architecture, reduces 
blood supply, and impairs its function. To address both 
acute injury and chronic fibrosis phases, we administered 
50 μg of mesenchymal cell-derived exosomes overex-
pressing miR-29a-3p at −1 d, 0 d, 3 d, 6 d, and 9 d post-
IRI. This multi-dose regimen, based on the long-term 
nature of fibrosis and findings from prior studies demon-
strating dose-dependent exosome efficacy, showed sig-
nificant therapeutic benefits. For example, Liu et al. [23] 
and Zeng et al. [24] reported optimal effects with doses 
of 100 μg in similar models. Our repeated dosing strategy 
was effective in improving fibrosis and vascular rarefac-
tion without observable adverse effects, highlighting its 
potential advantages over single-dose protocols. These 
results suggest that multiple administrations may be cru-
cial for sustained therapeutic outcomes in chronic con-
ditions like fibrosis. Future studies could further refine 
dosing regimens and explore exosome biodistribution to 
enhance therapeutic efficacy.

Stem cells are promising for treating post-ischemic 
fibrosis due to their self-renewal capability, differen-
tiation potential, and paracrine functions [25]. However, 
the mechanisms behind their effectiveness are not fully 
understood. Studies suggest that the therapeutic benefits 
of stem cells are likely due to their ability to modulate 
the local microenvironment rather than direct differ-
entiation into target cells [25]. Our study showed that 
stem cell-derived exosomes improved renal fibrosis in 
mice post-I/R. Exosomes are small extracellular vesicles 
(40–100 nm) rich in proteins and RNAs, particularly 

miRNAs, which are key to their function. We found that 
miR-29a-3p is highly expressed in mesenchymal stem 
cell-derived exosomes, whereas its expression decreases 
in renal tissue following I/R injury. This led us to hypoth-
esize that stem cells might exert their anti-fibrotic 
effects via exsosomal delivery of miR-29a-3p. HucMSCs 
exosomes improved renal function and reduced fibrosis 
after I/R injury, with miR-29a-3p being highly expressed 
in the exosomes. Further in vivo and in vitro experiments 
confirmed that miR-29a-3p is crucial for the therapeutic 
effects of stem cells. Injecting miR-29a-3p mimics into 
the kidney improved renal function and reduced fibro-
sis post-I/R, while miR-29a-3p inhibitors worsened these 
conditions. These findings suggest that miR-29a-3p has a 
protective effect against I/R-induced renal fibrosis.

The deposition of fibrotic matrix post-injury facili-
tates tissue repair and is subsequently reabsorbed 
during the remodeling phase in cases of mild injury. 
However, during chronic injury in CKD, this fibrotic 
matrix deposition continues unchecked, ultimately dis-
rupting organ structure, reducing blood supply, and 
impairing function. Collagen I is the most abundant 
matrix protein in renal fibrosis, but other collagens, 
including types III, V, VI, VII, and XV, and adhesive 
glycoprotein fibronectin also accumulate [26]. Through 
luciferase reporter assays, we validated that the 3’ 
UTRs of COL1A1 are direct targets of miR-29a-3p. 
miR-29a-3p inhibits COL1A1 synthesis, reducing ECM 
production and alleviating renal fibrosis caused by I/R 
injury. Renal I/R injury induces renal interstitial fibro-
sis [6]. Fibroblast activation, characterized by α-SMA 
expression and the production of large amounts of 
ECM components, is a hallmark of kidney fibrogen-
esis. In  vitro, we established a TGF-β1-induced acti-
vation model of NRK-49F fibroblasts, which exhibited 
increased expression of α-SMA and COL1A1. miR-
29a-3p mimics significantly reduced fibroblast pro-
liferation and downregulated α-SMA and COL1A1 
expression, demonstrating miR-29a-3p’s involvement 
in TGF-β-induced fibrosis. By targeting COL1A1, miR-
29a-3p reduces ECM production and inhibits the pro-
gression of renal interstitial fibrosis.

(See figure on next page.)
Fig. 8  Exosomes Overexpressing miR-29a-3p Are More Effective Than Regular Exosomes in Protecting Against Renal Fibrosis Caused by I/R in Mice 
A Relative expression of miR-29a-3p after administration of exosomes overexpressing miR-29a-3p in kidney, lung, heart and spleen. *p < 0.05 vs. 
Ctrl + Vehicle, #p < 0.05 vs. I/R + Vehicle. B Relative expression of miR-29a-3p in regular exosomes and exosomes overexpressing miR-29a-3p. C Serum 
creatinine (Scr) levels in different groups. D Blood urea nitrogen (BUN) levels in different groups. E Representative images of kidney sections stained 
with Hematoxylin and Eosin (HE), Sirius Red, collagen I, and ICAM-1. Scale bars: 100 μm. F Quantification of tubular injury scores, positive Sirius Red 
staining area, and positive collagen I staining area. G Western blot analysis of TNFR1, ICAM-1, VCAM-1, and GAPDH in kidney tissues from indicated 
groups. H Densitometric analysis of Western blot bands normalized to GAPDH. I Western blot analysis of collagen I, α-SMA, and GAPDH in kidney 
tissues from different groups. J Densitometric analysis of Western blot bands normalized to GAPDH. Data are presented as mean ± SD (n = 6). 
*p < 0.05 vs. Ctrl, #p < 0.05 vs. I/R + Vehicle, &p < 0.05 vs. I/R + Exosome
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Fig. 8  (See legend on previous page.)
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Damage to endothelial cells leading to microvascular 
rarefaction is a characteristic of CKD. Under the influ-
ence of inflammatory cytokines (such as interleukin-1β 
(IL-1β), interleukin-6 (IL-6), and TNF-α (tumor necro-
sis factor-α)), endothelial cells (ECs) undergo inflamma-
tory activation, resulting in increased surface expression 
of cell adhesion molecules such as ICAM-1, VCAM-1, 
and E-selectin. TNFR1, encoded by the TNFRSF1A gene, 
is one of the primary TNF receptors [27]. TNFRSF1A 
is mainly expressed in endothelial cells in the kidney. 
TNFR1 induces various intracellular signaling pathways, 
including the nuclear factor-κB (NF-κB) and mitogen-
activated protein kinase (MAPK) pathways. In our 
experiments, we found that TNFα significantly induces 
the expression of endothelial dysfunction biomark-
ers (VCAM-1, ICAM-1), providing direct evidence that 
TNFα plays a crucial role in endothelial dysfunction. 
Therefore, targeting the reduction of TNFR1 expression 
by transfecting miR-29a-3p mimic may be the reason 
for the protective effect of miR-29a-3p against TNFα-
induced endothelial dysfunction, consistent with previ-
ous studies. Thus, the reduction of adhesion molecules 
caused by transfection with miR-29a-3p mimic indicates 
that miR-29a-3p plays a vital role in regulating endothe-
lial dysfunction.

Although miRNAs also exist in the extracellular envi-
ronment, miRNAs encapsulated in exosomes are pro-
tected from degradation and can more effectively target 
damaged sites to exert therapeutic effects [28]. It has 
been found that MSC-exo can localize to the injury sites 
after renal IRI and exert protective effects in a targeted 
manner [29]. We transfected stem cells with miR-29a-3p 
mimics, extracted the exosomes, and injected them into 
mice via the tail vein, which improved renal function 
and reduced renal fibrosis after I/R. In vivo experiments 
confirmed the protective effect of exosomal miR-29a-3p 
on renal fibrosis following I/R. Exosomes, which medi-
ate cell–cell communication by delivering DNA, RNA, 
and proteins, are ideal drug delivery vehicles. First, 
unlike stem cells, they are safe and do not have tumori-
genic potential. Second, MSC-derived non-immunogenic 
exosomes are well tolerated in vivo, have a longer circu-
lation half-life, and lower immunogenicity compared to 
cells. Third, hucMSCs are a convenient and cost-effective 
source for drug delivery exosomes. Therefore, hucMSC-
exos hold great promise as therapeutic agents. However, 
there are still obstacles to applying hucMSC-exos to POI 
therapy: there is an urgent need for scalable and cost-
effective methods for the production and purification of 
exosomes, and further research is needed on the homing 
and immunomodulatory effects of hucMSC-exos.

In summary, our results demonstrate that mes-
enchymal cell-derived exosomes, particularly those 

overexpressing miR-29a-3p, have potent anti-fibrotic and 
vascular protective effects in renal fibrosis models. miR-
29a-3p exerts its protective effects by targeting TNFR1 in 
endothelial cells and collagen I in fibroblasts, underscor-
ing its therapeutic potential for renal fibrosis and vascu-
lar diseases.
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