
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Qin et al. Journal of Nanobiotechnology          (2025) 23:287 
https://doi.org/10.1186/s12951-025-03367-1

Journal of Nanobiotechnology

†Mengran Qin and Yan Wang contributed equally to this work.

*Correspondence:
Qianyun Xi
xqy0228@scau.edu.cn
Jianxiong Ma
yjslwtg@126.com
1Tianjin Hospital, Tianjin University, Tianjin 300211, China
2Tianjin Orthopedic Institute, Tianjin 300050, China

3Tianjin Key Laboratory of Orthopedic Biomechanics and Medical 
Engineering, Tianjin 300050, China
4College of Animal Science, Guangdong Province Key Laboratory of 
Animal Nutritional Regulation, National Engineering Research Center for 
Breeding Swine Industry, State Key Laboratory of Livestock and Poultry 
Breeding, South China Agricultural University, Guangzhou 510642, 
Guangdong, China
5Tianjin Key Laboratory of Agricultural Animal Breeding and Healthy 
Husbandry, College of Animal Science and Veterinary Medicine, Tianjin 
Agricultural University, Tianjin 300392, China

Abstract
This study investigates how miR-146a-5p, found in adipose tissue-derived small extracellular vesicles (sEV), 
influences mitochondrial autophagy and its impact on delaying skeletal muscle aging through the targeting 
of Fbx32. The findings highlight miR-146a-5p as crucial in skeletal muscle development and aging, influencing 
autophagy, apoptosis, differentiation, and proliferation, collectively impacting muscle atrophy. In C2C12 cells, miR-
146a-5p mimics decreased apoptosis, autophagy, and reactive oxygen species (ROS) levels, while enhancing ATP 
production; conversely, miR-146a-5p inhibitors had the opposite effects. Furthermore, miR-146a-5p-enriched sEV 
from adipose tissue alleviated skeletal muscle atrophy in aged mice and promoted muscle fiber growth and repair 
by regulating mitochondrial autophagy and apoptosis. Mechanistically, miR-146a-5p modulated mitochondrial 
autophagy in myoblasts by targeting Fbx32 and impacting the FoxO3 signaling pathway. This led to a notable 
decrease in apoptosis-related gene expression, reduced ROS production, and elevated ATP levels. In conclusion, 
miR-146a-5p derived from WAT-sEV modulates myoblast autophagy, apoptosis, ROS, and differentiation through 
the Fbx32/FoxO3 signaling axis. This work presents a novel molecular target and theoretical framework for delaying 
skeletal muscle aging and developing therapies for skeletal muscle-related disorders.
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Introduction
Adipose tissue functions as a vital energy reserve and 
endocrine organ, influencing metabolic regulation in 
various organs, including skeletal muscle. This is accom-
plished through the secretion of sEV, which carries 
microRNA (miRNAs) and other regulatory molecules. 
These vesicles facilitate intercellular communication by 
entering target cells through endocytosis, membrane 
fusion, or receptor-mediated mechanisms, significantly 
contributing to the interaction between adipose tissue 
and skeletal muscle [1–3]. sEV influences adipose tissue 
and skeletal muscle functions through complex interac-
tions [4, 5]. Skeletal muscle wasting is a common con-
sequence of conditions such as fasting, aging, cancer, 
diabetes, sepsis, renal failure, and denervation [6, 7]. 
F-box protein 32 (Fbx32), or Atrogin-1, is a crucial E3 
ubiquitin ligase involved in muscle protein degradation 
and significantly contributes to muscle atrophy. FoxO3 
transcription factor controls the expression of Fbx32 [8]. 
Increased Fbx32 levels accelerate protein degradation 
and promote muscle atrophy by enhancing mitochondrial 
autophagy, which is essential for maintaining muscle cell 
function [9–11]. Age-related mitochondrial dysfunction 
is a key contributor to skeletal muscle wasting.

miRNAs are a class of small non-coding RNA mol-
ecules that play a key role in controlling gene expression 
[12]. Prior studies indicate that miR-146a-5p, transported 
via sEV from skeletal muscle, affects the PPARγ signal-
ing pathway by targeting GDF5, thus suppressing adi-
pogenesis [13]. Similarly, Yu et al. Research has shown 
that skeletal muscle cells can absorb miR-27a from adi-
pose-derived sEV [14]. Despite these insights, the role of 
adipose-derived sEV and their mechanisms in adipose-
skeletal muscle communication remain underexplored. 
This research investigates miR-146a-5p’s influence on 
mitochondrial autophagy in skeletal muscle via adipose-
derived sEV, utilizing both cellular and animal models. 
Our findings reveal that miR-146a-5p inhibits mitochon-
drial autophagy by downregulating Fbx32 expression, 
ultimately slowing skeletal muscle atrophy. This research 
investigates the molecular interactions between adipose 
tissue and skeletal muscle, providing a foundation for 
understanding the regulatory mechanisms of muscle 
aging.

Materials and methods
Animals
Animals for the study were sourced from a commercial 
farm in Xinfeng County, Shaoguan City, Guangdong 
Province, China. A total of 20 male pigs were selected, 
including 5 lean-type piglets (LR) and 5 Chinese fat-type 
piglets (LT) at 1  day of age, as well as 5 lean-type pigs 
(CS) at 60 and 90 days of age. Adipose tissue and samples 

from the longest dorsal muscle were swiftly harvested 
and preserved in liquid nitrogen for future analysis.

Adipose-specific miR-146a-5p knockout (aKO) mice 
were created utilizing the Cre-loxP system (Cyagen, 
Suzhou, China). The breeding process involved crossing 
miR-146a-5p flox/flox (miR-146a-5p flox+/+, Flox) mice 
with adipose tissue-specific Cre mice. The resulting F1 
generation (miR-146a-5p flox+/−, Cre+/−) was then bred 
with miR-146a-5p flox+/+ mice to generate aKO (miR-
146a-5p flox+/+, Cre+/−) and control Flox (miR-146a-5p 
flox+/+) mice. The mice were housed in individually ven-
tilated cages under pathogen-free conditions at 24℃, 
maintained on a 12-hour light/dark cycle, and provided 
with a standard diet from the Tianjin Hospital Animal 
Experiment Center (Tianjin, China). The study predomi-
nantly used male mice aged 8 to 12 weeks, with additional 
groups of younger (4 weeks) and older (18 months) mice 
for specific analyses. All experimental procedures com-
plied with the National Institutes of Health guidelines 
for laboratory animal care and use and were approved by 
the Tianjin Hospital Animal Research Ethics Committee 
(Ethical approval number: 2024YLS208).

Immunofluorescence
Muscle tissue samples were rapidly frozen in isopentane 
cooled with liquid nitrogen and embedded in Tissue-Tek 
OCT (Fisher Scientific/Thermo Scientific). Cryosections, 
10  μm thick, were prepared at -25℃ and fixed with 4% 
paraformaldehyde for 10  min. The sections underwent 
three 5-minute washes with PBS, followed by block-
ing with a solution containing PBS, 0.5 mL goat serum, 
0.2 g BSA, 0.2 mL 10% Triton X-100, and 0.01 g sodium 
azide. Primary antibodies were incubated overnight at 
4  °C, comprising mouse anti-MyoD (1:100, Santa Cruz, 
sc-377460), rabbit anti-laminin (1:1000, Thermo Fisher, 
PA1-16730), mouse anti-MyHC (1:2000, R&D Systems, 
MAB4470), and mouse anti-Pax7 (1:50, DSHB, 528428). 
Following three PBS washes, the sections were incubated 
at room temperature for 1  h with secondary antibod-
ies: goat anti-mouse IgM/Alexa Fluor 555 (1:2000, bs-
0368G-AF555, Bioss) and goat anti-rabbit FITC (1:2000, 
bs-0295G-FITC, Bioss). To minimize background stain-
ing, the sections were treated with 0.05% Sudan black for 
5 min. Fluorescent images were obtained using a Nikon 
Eclipse Ti inverted microscope (Tokyo, Japan).

C2C12 cells were fixed with 4% paraformaldehyde and 
permeabilized with 0.4% Triton X-100 in PBS, each for 
20 min at room temperature. Cells were initially blocked 
with 5% goat serum for 1 h and then incubated overnight 
at 4℃ with primary antibodies: anti-MyoD (sc-377460, 
Santa Cruz), anti-MyHC (MAB4470, R&D Systems), 
and anti-Pax7 (528428, DSHB). The cells were then incu-
bated in the dark at room temperature for 1 h with goat 
anti-mouse IgM conjugated to Alexa Fluor 555 (1:2000, 
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bs-0368G-AF555, Bioss). Nuclei were DAPI-stained. 
Fluorescent images were acquired with a Nikon Eclipse 
Ti microscope, and myotube diameters were quantified 
using ImageJ software.

Skeletal muscle satellite cell extraction and culturing
Muscles from both mice and piglets were used as tis-
sue sources for isolating skeletal muscle satellite cells 
(MuSCs). Mice, approximately 10 days old, were eutha-
nized by cervical dislocation and processed under asep-
tic conditions. After sterilizing the mice in 75% ethanol, 
the hind limb skin was carefully removed, and blood 
vessels, connective tissue, fat, and bone were discarded, 
leaving only the muscle tissue. For piglets, euthanasia 
was performed via cardiac puncture, and the longissi-
mus dorsi muscle was aseptically isolated. The muscle 
tissue was then washed with PBS until the rinse solution 
was clear, and it was minced into approximately 1 mm³ 
pieces. The minced muscle was incubated in 0.2% col-
lagenase II at 37℃ for 1  h in a water bath shaker, with 
gentle agitation every 10 min. Post-digestion, the mixture 
was centrifuged at 1000 rpm for 10 min at 4℃, and the 
supernatant was removed. The pellet was treated with 
0.25% trypsin at 37  °C for 30  min, with agitation every 
10 min. Trypsin activity was inhibited by adding a growth 
medium containing 20% fetal bovine serum (FBS) and 1% 
penicillin-streptomycin (P/S) (Gibco). The cell suspen-
sion was filtered through 100, 200, and 400 mesh filters 
in sequence, then centrifuged at 1000 rpm for 10 min at 
4℃. The pellet was resuspended in fresh growth medium 
and transferred to 25 cm² culture flasks after the super-
natant was discarded. The cells were incubated at 37℃ 
in a 5% CO₂ environment. To purify MuSC, a differen-
tial apposition technique was used. The isolated muscle 
cells were incubated for two hours, enabling fibroblasts 
to attach to the surface while the satellite cells remained 
in suspension. Non-adherent cells were moved to new 
culture flasks, and on day 4, the medium was changed 
to eliminate residual blood and dead cells. Cell growth 
was monitored, and cells were passaged upon reach-
ing 75-90% confluence. At each passaging, a 30-minute 
differential walling was performed to further eliminate 
fibroblasts.

Cell culture
C2C12 myoblasts were maintained in 12-well plates 
(Corning) with high-glucose DMEM (Gibco), supple-
mented with 10% FBS and 1% P/S. Upon reaching 
confluence, the culture medium was replaced with a dif-
ferentiation medium containing DMEM and 2% horse 
serum (HS, Gibco) for a 6-day induction period. Replace 
the medium every two days. MuSCs or C2C12 cells were 
seeded at 1 × 10⁵ cells per well in 12-well plates for trans-
fection experiments. Cells at 60–70% confluence were 

exposed to 40 nM miR-146a-5p mimics, 80 nM miR-
146a-5p inhibitor, 50 nM si-Fbx32 or 10  µg/mL sEV. 
Transfection utilized siRNAs from GenePharma and 
Tsingke Biological Technology, China, in conjunction 
with Lipofectamine 2000 (Thermo Fisher), adhering to 
the manufacturer’s guidelines.

CCK-8 assay
Cells were seeded in a 96-well plate and treated accord-
ing to the experimental design. After incubation, Cell 
Counting Kit-8 (CCK-8) solution was added to each well, 
and the plate was further incubated. Absorbance was 
measured at 450 nm using a microplate reader to deter-
mine cell viability. Cell viability was evaluated with the 
CCK-8 assay. C2C12 cells were plated in 96-well plates at 
a density of 10,000 cells per well, with six replicates per 
condition. Following treatment, each well received 10 µL 
of CCK-8 reagent and 90 µL of the medium mix, then 
incubated for 1 h. Absorbance at 450 nm was measured 
using a BioTek microplate reader, with blank wells as con-
trols. Cell viability and proliferation were assessed fol-
lowing the manufacturer’s guidelines (Beyotime, Haimen, 
China).

EdU incorporation assay
Cell proliferation was evaluated using the BeyoClick™ 
EdU Cell Proliferation Kit with Alexa Fluor 488 (Beyo-
time, C0071) according to the manufacturer’s protocol. 
C2C12 cells were plated in 96-well plates at a density of 
1.0 × 10⁴ cells per well and incubated with 10 µM EdU for 
2 h at 37℃ in a CO₂ incubator. Following incubation, the 
cells were fixed in 4% paraformaldehyde for 20 min, then 
permeabilized with 0.3% Triton X-100 for 15  min. The 
Click Reaction Mixture was incubated at room temper-
ature in the dark for 30 min, then stained with Hoechst 
33,342 for 10  min. EdU-positive cells were quantified 
using ImageJ software [15].

Flow cytometric analysis of cell apoptosis
Apoptosis was assessed via flow cytometry (BD FACS-
Calibur) using the Annexin V-FITC/PI Apoptosis Detec-
tion Kit (BD Biosciences). Cells were first harvested by 
trypsinization and transferred into 15 mL centrifuge 
tubes. After centrifuging at 1,000 g for 5 min, the super-
natant was discarded, and the cell pellet was washed 
twice with cold PBS. Following each wash, the cells were 
re-centrifuged, resuspended in PBS, and counted to 
ensure the correct concentration. For apoptosis analysis, 
50,000 to 100,000 cells underwent additional centrifuga-
tion, followed by supernatant removal. The pellet was 
resuspended in 500 µL of Annexin V binding buffer, then 
5 µL of Annexin V-FITC and 5 µL of propidium iodide 
(PI) were added. The mixture was gently vortexed and left 
to incubate in the dark at room temperature (20–25℃) 
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for 15 min. Apoptosis levels were assessed post-incuba-
tion via flow cytometry, allowing for the distinction of 
early apoptotic, late apoptotic, and necrotic cells.

Transmission Electron microscopy
Mice were humanely euthanized and perfused with 100 
mM sodium phosphate buffer (pH 7.4). The tissues were 
immersed in a phosphate buffer (PB) fixative containing 
2.5% glutaraldehyde and 1% paraformaldehyde. The tibi-
alis anterior (TA) muscle was carefully dissected, cut into 
smaller pieces, and stored overnight in the same fixa-
tive at 4℃. After a PB rinse, samples were incubated in 
0.2 M imidazole for 15 min and subsequently fixed with 
1% osmium tetroxide. Following an additional rinse with 
high-purity water, the samples were incubated overnight 
at 4℃ in a 1% aqueous lead nitrate solution. A series of 
graded acetone solutions were employed for dehydra-
tion, and the samples were subsequently embedded in 
epoxy resin at a temperature of 60℃ for 24 h. Ultra-thin 
sections were then prepared using an ultramicrotome, 
placed on copper grids, and examined with a transmis-
sion electron microscope under conditions of double-
blind analysis [16].

sEV isolation, characterization, and administration
sEV were isolated from the white adipose tissue of 
3-month-old mice. The tissue was rinsed thrice with PBS 
and cut into pieces under 3 mm. The culture was kept in 
75 cm² flasks containing 25 mL of DMEM, with the addi-
tion of 1% P/S and 10% sEV-depleted FBS, for 24  h at 
37℃. After incubation, the supernatant was centrifuged 
in stages: first at 300×g for 10 min to remove suspended 
cells, then at 2,000×g for 10 min to eliminate dead cells, 
and finally at 10,000×g for 30 min to clear cellular debris. 
The supernatant was concentrated using a 100 kDa pro-
tein concentrator (Macrosep) and subsequently purified 
with a 0.22 μm PVDF filter (Millipore). The concentrated 
sample underwent ultracentrifugation at 120,000×g for 
90  min using a 38.5 mL Beckman Coulter tube. After 
ultracentrifugation, the sEV were washed with PBS, 
resuspended, and aliquoted into 100 µL portions in PBS 
for storage at -80℃. The sEV isolated from the white adi-
pose tissue (WAT) of Flox and aKO mice were labeled as 
Flox-sEV and aKO-sEV, respectively.

Western blot analysis was conducted to character-
ize the sEV using extracellular vesicle markers TSG101, 
Alix, CD9, and CD63, with Calnexin serving as a nega-
tive control for the endoplasmic reticulum. The concen-
tration and size distribution of sEV were evaluated using 
a Nanosight instrument, and their morphology was ana-
lyzed through transmission electron microscopy (TEM) 
[17].

For in vivo administration, recipient mice received 
three weekly injections of 100 µg sEV into the TA muscle. 

In vitro, cells were treated with sEV at a concentration of 
10 µg/mL. The uptake of sEV was tracked by labeling the 
vesicles with PKH67 fluorescent dye, as per the manufac-
turer’s guidelines (Sigma-Aldrich).

Dual-Luciferase reporter assay
To evaluate gene expression, a dual-luciferase reporter 
assay was performed. HEK293T cells were cultured in 
96-well plates (Corning) at a density of 2.5 × 10⁴ cells per 
well and allowed to reach 60-70% confluence. Cells were 
co-transfected with 100 ng of a dual-luciferase reporter 
plasmid (containing wild-type, mutant, or deleted target 
sequences) and 3 pmol of either the miR-146a-5p mimic 
or a negative control. After 24 h of incubation, luciferase 
activities were measured using the Dual-GLO luciferase 
assay system (Promega), following the manufacturer’s 
instructions. Firefly luciferase activity was normalized to 
Renilla luciferase activity to correct for transfection effi-
ciency [18].

Detection of reactive oxygen species (ROS)
Intracellular ROS levels in C2C12 cells were measured 
using the ROS assay kit (S0033, Beyotime, Shanghai, 
China) according to the manufacturer’s instructions. 
Fluorescent emissions were visualized and documented 
using a fluorescence microscope.

Cellular ATP level analysis
ATP levels in cell lysates were quantified using the ATP 
assay kit (Beyotime, Cat# S0026). A 20 µL aliquot of 
lysate was mixed with 10 µL of ATP detection reagent, 
and luminescence was measured using a BioTek micro-
plate reader. Protein concentrations were measured using 
the Pierce BCA assay kit. ATP levels were then normal-
ized to the protein content for calculation.

Quantitative Real-Time PCR
Total RNA was extracted following the manufactur-
er’s protocol using TRIzol reagent (Thermo Fisher). To 
remove genomic DNA contamination, RNA samples 
underwent treatment with DNase I (EZB, Shanghai, 
China). cDNA was synthesized by reverse transcribing 
1–2 µg of RNA using the EZB 4×EZscript Reverse Tran-
scription Mix II (EZB, Shanghai, China). Quantitative 
real-time PCR (qPCR) was performed on the Bio-Rad 
C1000 Touch (QuantStudio Real-Time PCR System) with 
the 2×RealStar Fast SYBR qPCR Mix (GenStar, Cat No. 
A301), as per the manufacturer’s guidelines. GAPDH 
served as the internal control for mRNA quantification, 
while U6 RNA was used to normalize miRNA expression 
levels. The 2-ΔΔCt method was used to quantify relative 
mRNA levels [19].
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Western blotting
The expression of various functional proteins was evalu-
ated using Western blotting. Protein samples were lysed 
using RIPA buffer and quantified with Thermo Fisher’s 
Rapid Gold BCA Protein Assay Kit. Each sample’s 15 µg 
protein underwent SDS-PAGE and was transferred to 
PVDF membranes (Millipore) for analysis. Primary anti-
bodies included anti-TSG101 (rabbit, ZEN BIO, 381538), 
anti-Alix (rabbit, Sangon Biotech, D262028), anti-Cal-
nexin (rabbit, Sangon Biotech, D262986), anti-CD63 
(rabbit, Sangon Biotech, D160973), anti-Wnt 10b (rab-
bit, Bioss, bs-3662R), anti-CD9 (rabbit, Abcepta, AP68-
965), anti-Cyclin A2 (rabbit, GeneTex, GTX103042), 
anti-Cyclin D1 (rabbit, CST, 2978 S), anti-Cyclin E1 (rab-
bit, ZEN BIO, 340298), anti-PCNA (mouse, ZEN BIO, 
200947), anti-MyHC (mouse, R&D Systems, MAB4470), 
anti-MyoD (rabbit, ZEN BIO, 252249), anti-MyoG (rab-
bit, ZEN BIO, 382257), anti-Fbx32 (rabbit, Abclonal, 
A3193), anti-MuRF (rabbit, Abclonal, A3101), anti-Pax7 
(rabbit, Abclonal, A7335), anti-Bcl-2 (rabbit, ZEN BIO, 
380709), anti-Bax (rabbit, Sangon Biotech, D290151), 
anti-Caspase 3 (rabbit, ZEN BIO, 300968), anti-LC3 
(mouse, abcam, ab243506), anti-P62 (rabbit, Abclonal, 
A19700), and anti-Tubulin (rabbit, Bioworld, AP0064). 
The membrane was incubated with the primary antibody 
overnight, followed by a one-hour exposure to the sec-
ondary antibody (Bioworld) at room temperature. Pro-
tein bands were visualized by a gel imaging system and 
normalized using Tubulin as an internal control. Quanti-
tative results of protein bands were expressed in arbitrary 
units (AU) relative to the control. Data analysis was con-
ducted using ImageJ software [20].

Statistical analysis
Statistical analyses, comprising one-way ANOVA, inde-
pendent t-tests, and data visualization, were conducted 
using SPSS (v27) and GraphPad Prism (v9.0). Data are 
presented as means ± standard error of the mean (SEM). 
Groups were compared using either an unpaired Stu-
dent’s t-test or one-way ANOVA for statistical analy-
sis. Statistical significance was defined as *P < 0.05 and 
**P < 0.01. The letters a, b, and c denote varying signifi-
cance levels between groups; distinct letters indicate a 
significant difference, while identical letters imply no sig-
nificant difference [21].

Results
Expression of miR-146a-5p in pig skeletal muscle tissues 
and skeletal muscle development characteristics
The formation and development of skeletal muscles in 
pigs is a highly intricate process, with notable varia-
tions in growth rates and meat quality across various pig 
breeds. Skeletal muscle fiber growth and development 
are impacted by various factors, with breed and age being 

key contributors. This study examined miR-146a-5p 
expression in adipose and skeletal muscle tissues and 
investigated gene expression differences associated with 
skeletal muscle development in 1-day-old Chinese fat-
type Langtang (LT) and lean-type Landrace (LR) piglets. 
The findings indicated that miR-146a-5p expression lev-
els in the fat and skeletal muscle of LR piglets were nota-
bly greater than those in LT piglets (Fig. 1a). Western blot 
analysis showed a significant reduction in the expression 
of cell proliferation-related proteins, such as Cyclin A2, 
Cyclin D1, Cyclin E1, and PCNA, in the skeletal muscle of 
LR piglets compared to LT piglets (Fig. 1b-c). RT-qPCR 
and Western Blot were simultaneously employed to 
assess mRNA and protein expression of genes associated 
with skeletal muscle differentiation. Additionally, mRNA 
and protein expression of MyoG and MyoD significantly 
increased, along with a notable rise in MyHC protein lev-
els. The skeletal muscle of LR piglets exhibited a signifi-
cant reduction in Fbx32 and MuRF expression (Fig. 1d-f ). 
This study analyzed miR-146a-5p expression and changes 
in skeletal muscle development-related genes in 1-day-
old lean-type LR piglets, 60-day-old lean-type ternary 
hybrid (CS) pigs, and 90-day-old CS pigs. The findings 
indicated that LR piglets had the highest miR-146a-5p 
expression compared to the other pig groups, whereas 
90-day-old CS pigs had the lowest expression (Fig.  1g). 
RT-qPCR analysis indicated that in 90-day-old CS pigs, 
there was a significant down-regulation of MyoD and 
MyoG mRNA levels, alongside a significant up-regulation 
of Fbx32 and MuRF levels (Fig. 1h). Western blot analy-
sis confirmed a marked decrease in MyoG, MyoD, and 
MyHC protein levels in 90-day-old CS pigs. In contrast, 
the protein levels of Fbx32 and MuRF were markedly ele-
vated (Fig.  1i-j). miR-146a-5p expression is significantly 
linked to skeletal muscle development in pigs, with nota-
ble differences across breeds and ages.

Expression and developmental characteristics of miR-
146a-5p in mouse skeletal muscle tissue
The study examined miR-146a-5p’s impact on skeletal 
muscle growth in both young and aged wild-type mice. 
Examination of TA muscle sections revealed that aged 
mice exhibited an increase in smaller skeletal muscle 
fiber areas (0–200 μm²) and a notable reduction in larger 
fiber areas (1000–3000  μm²) compared to young mice 
(Fig.  2a-b). RT-qPCR analysis revealed significantly 
reduced miR-146a-5p expression in the skeletal muscles 
of aged mice compared to young mice (Fig. 2c). Western 
blot analysis demonstrated a notable increase in prolifer-
ation-related proteins, such as PCNA, Cyclin D1, Cyclin 
A2, and Cyclin E1, in the skeletal muscles of aged mice 
relative to young mice (Fig.  2d-e). RT-qPCR and West-
ern Blot analyses revealed a significant decline in MyHC 
protein levels, along with reduced mRNA expression 
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and protein abundance of the differentiation markers 
MyoD and MyoG, in the skeletal muscles of aged mice. 
Both mRNA expression and protein levels of the skeletal 
muscle atrophy genes Fbx32 and MuRF increased con-
currently (Fig. 2f-h). In conclusion, reduced miR-146a-5p 
levels in aged mice hindered skeletal muscle differentia-
tion and worsened muscle atrophy, underscoring its criti-
cal role in muscle development and aging regulation.

Effect of miR-146a-5p on proliferation and differentiation 
of porcine MuSCs
This study isolated pig MuSCs to investigate the bio-
logical roles of miR-146a-5p, particularly its effects on 
cell proliferation and differentiation. First, the extracted 

MuSCs were characterized. In growth medium (GM), 
the early proliferative myofibroblast marker Pax7 was 
positive in cells up to 85%, indicating that these cells were 
myogenic precursor cells. When changed to differentia-
tion medium (DM), an increase in the number of myo-
tubes and a more pronounced fusion were observed on 
the 5th day, and the differentiation marker MyHC was 
successfully enriched in MuSCs-DM (Fig.  3a). Western 
Blot analysis indicated significantly elevated expression 
levels of Cyclin A2, Cyclin D1, Cyclin E1, and Pax7 in GM 
culture relative to DM (Fig. 3b). In DM, the expression of 
MyoG and MyoD was significantly elevated compared to 
GM (Fig.  3c). These outcomes confirmed the successful 
extraction of porcine MuSCs. We investigated the impact 

Fig. 1  Expression of miR-146a-5p in pig skeletal muscle tissues and skeletal muscle development characteristics. (a) The expression level of miR-146a-5p 
was quantified (n = 5). (b, c) Western blotting was used to evaluate the protein abundance of proliferation-related markers, including Cyclin A2, Cyclin D1, 
Cyclin E1, and PCNA (n = 4). (d) qPCR analysis was performed to quantify the mRNA levels of muscle differentiation markers MyoD and MyoG, along with 
muscle atrophy-associated genes Fbx32 and MuRF (n = 4). (e, f) Protein expression of muscle differentiation markers MyHC, MyoD, MyoG, and muscle at-
rophy-related proteins Fbx32 and MuRF were measured by Western blot, followed by statistical analysis (n = 4). (g) miR-146a-5p expression was measured 
(n = 5). (h) The mRNA levels of MyoD, MyoG, Fbx32, and MuRF were assessed by qPCR (n = 5). (i, j) Western blot analysis was conducted to detect protein 
levels of MyHC, MyoD, MyoG, Fbx32, and MuRF, and the results were statistically analyzed (n = 4). Note: LT1D, 1 day after the birth of Lantang piglets; LR1D, 
1 day after the birth of Landrace piglets; CS60D, 60 days after the birth of ternary hybrid pigs; CS90D, 90 days after the birth of ternary hybrid pigs. Data 
are presented as means ± SEM. Statistical analysis was performed using either an unpaired Student’s t-test or one-way ANOVA to compare groups. A 
significance level of *P < 0.05 and **P < 0.01 was considered statistically significant. The letters a, b, and c represent different levels of significance between 
groups: distinct letters indicate a significant difference, whereas identical letters suggest no significant difference
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of miR-146a-5p on MuSCs proliferation and differentia-
tion through cell transfection using miR-146a-5p mim-
ics and its negative control (NC), as well as miR-146a-5p 
inhibitors and its inhibitor negative control (INC) (Fig. 3d 
and k). The use of miR-146a-5p mimics significantly 
reduced both the number of EdU-positive cells and cell 
viability, as shown by EdU staining and CCK-8 assays, 
with these effects being counteracted by the miR-146a-5p 
inhibitor (Fig.  3e-g). miR-146a-5p mimics significantly 
reduced the protein levels of PCNA and both mRNA and 
protein expression of Cyclin D1, Cyclin A2, and Cyclin 
E1, while miR-146a-5p suppression produced the oppo-
site effect (Fig.  3h-j). miR-146a-5p mimics enhanced 
MyoG and MyoD mRNA expression and reduced Fbx32 
and MuRF mRNA levels in MuSCs. Conversely, the miR-
146a-5p inhibitor produced opposite effects (Fig.  3l). 

Western blot analysis revealed that miR-146a-5p mimics 
increased MyHC protein levels in MuSCs, while the miR-
146a-5p inhibitor markedly decreased MyHC expression 
(Fig. 3m-n). Overall, miR-146a-5p is crucial in controlling 
the growth and differentiation of MuSCs and might influ-
ence their biological activities by modulating cell cycle 
proteins and skeletal muscle differentiation markers.

Effects of adipose-specific miR-146a-5p knockdown on 
skeletal muscle differentiation, mitochondrial autophagy, 
and apoptosis in mice
The study utilized CRISPR-Cas9 to create an adipose-
specific miR-146a-5p knockout mouse model (aKO mice, 
Cre+/−Loxp+/+) to examine the effects of miR-146a-5p 
deletion in adipose tissue on skeletal muscle develop-
ment, using Flox mice (Loxp+/+) as controls (Fig.  4a). 

Fig. 2  Expression and developmental characteristics of miR-146a-5p in mouse skeletal muscle tissue. (a, b) TA staining was performed using Laminin 
(green) (scale bar = 50 μm), and muscle fiber area distribution was statistically analyzed (n = 8). (c) miR-146a-5p expression was quantified (n = 4). (d, e) 
Western blotting was performed to evaluate the protein levels of proliferation-related markers Cyclin A2, Cyclin D1, Cyclin E1, and PCNA, followed by 
statistical analysis (n = 4). (f) The mRNA expression of muscle differentiation markers MyoD and MyoG, and muscle atrophy markers Fbx32 and MuRF, was 
assessed via qPCR (n = 4). (g, h) Protein levels of muscle differentiation markers MyHC, MyoD, MyoG, and atrophy-related proteins Fbx32 and MuRF were 
determined using Western blotting, with statistical evaluation (n = 4). Data are expressed as means ± SEM, with significance determined by unpaired 
Student’s t-test or one-way ANOVA between groups: *P < 0.05, **P < 0.01
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Both genotype identification (Fig. 4a) and real-time fluo-
rescence quantitative PCR (Fig.  4b) analyses confirmed 
a significant reduction in miR-146a-5p expression in the 
WAT of aKO mice compared to Flox mice, validating the 
successful establishment of the aKO mouse model. In 
aKO mice, the TA muscle showed a marked reduction 
in miR-146a-5p expression. This research evaluated the 
impact of deleting adipose-specific miR-146a-5p on mus-
cle development by comparing skeletal muscle growth 
in young and aged 146aKO mice. Histological analysis 
of TA muscles showed more pronounced muscle wast-
ing in older 146aKO mice compared to their younger 
counterparts. The study observed an increase in smaller 
muscle fibers (0–200  μm²) and a decrease in larger 
fibers (1000–5000 μm²) (Figure S1a-b). RT-qPCR analy-
sis revealed that miR-146a-5p levels were significantly 
lower in the TA muscle of aged 146aKO mice compared 
to their younger counterparts (Figure S1c). RT-qPCR 

and Western Blot analyses confirmed elevated levels of 
proliferation-related proteins in the skeletal muscle of 
aged 146aKO mice (Figure S1d-e). In aged 146aKO mice, 
mRNA and protein levels of atrophy-related genes Fbx32 
and MuRF were significantly elevated, whereas differ-
entiation-related gene expression was notably reduced 
compared to younger mice (Figure S1f-h). These findings 
are similar to those characterizing skeletal muscle devel-
opment in wild-type mice at different ages, further con-
firming that adipose-specific miR-146a-5p deletion has 
an age-dependent effect on skeletal muscle development.

MuSCs are vital for the maintenance and regenera-
tion of skeletal muscle. MuSCs were isolated from the 
muscle tissues of Flox and aKO mice to evaluate the 
impact of adipose-specific miR-146a-5p deletion on 
their proliferation and differentiation. The study demon-
strated a notable decrease in miR-146a-5p expression in 
MuSCs derived from aKO mice (aKO-MuSCs) (Fig. 4c). 

Fig. 3  Effect of miR-146a-5p on proliferation and differentiation of porcine skeletal muscle satellite cells. (a) Immunofluorescence staining was performed 
to visualize GM, a proliferation marker (Pax7), and DM, a differentiation marker (MyHC), followed by analysis under a fluorescence microscope (n = 4). (b) 
Protein expression levels of Cyclin A2, Cyclin D1, Cyclin E1, and Pax7 were evaluated using Western blot (n = 4). (cc) The expression of MyoD and MyoG 
proteins was assessed by Western blotting (n = 4). (d) The relative expression of miR-146a-5p was measured (n = 6). (e, f) Immunofluorescence results and 
statistical analysis of the EdU proliferation assay were performed (n = 6). (g) CCK8 assay results were obtained. (h) mRNA levels of Cyclin A2, Cyclin D1, 
and Cyclin E1 were quantified by qPCR (n = 4). (i, j) Western blotting was used to analyze the protein expression of proliferation markers Cyclin A2, Cyclin 
D1, Cyclin E1, and PCNA, followed by statistical evaluation (n = 4). (k) miR-146a-5p expression was quantified (n = 6). (l) The mRNA expression of muscle 
differentiation markers MyoD and MyoG, along with muscle atrophy genes Fbx32 and MuRF, was measured by qPCR (n = 6). (m, n) Western blot analy-
sis and statistical evaluation of protein levels of muscle differentiation markers MyHC, MyoD, MyoG, and atrophy-related genes Fbx32 and MuRF were 
conducted (n = 4). Data are expressed as means ± SEM, with significance determined by unpaired Student’s t-test or one-way ANOVA between groups: 
*P < 0.05, **P < 0.01
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Additionally, adipose-specific deletion of miR-146a-5p 
led to a notable increase in cell viability and EdU-posi-
tive rates in aKO-MuSCs (Fig.  4e-f ). Furthermore, the 
mRNA levels of PCNA, Cyclin D1, Cyclin A2, and Cyclin 
E1 were markedly elevated in aKO-MuSCs (Fig.  4g), 
with Western Blot confirming a similar trend at the pro-
tein level (Fig.  4h, Figure S2a). Myotube diameter and 
nuclear fusion index were significantly lower in aKO-
MuSCs (Fig.  4i-k). The expression levels of MyoD and 
MyoG, both at the mRNA and protein levels, along with 

MyHC protein, were significantly reduced. The mRNA 
and protein levels of the atrophy-related genes Fbx32 
and MuRF significantly increased (Fig. 4l-m, Figure S2b). 
These findings suggest that adipose-specific miR-146a-5p 
knockdown exacerbates MuSCs atrophy in mice. This 
study investigated apoptosis and autophagy in the skel-
etal muscle of aKO mice, given the association between 
miR-146a-5p deletion and MuSCs atrophy, as well as 
the established links between skeletal muscle atrophy, 
apoptosis, and autophagy. RT-qPCR analysis indicated a 

Fig. 4  Effects of adipose-specific miR-146a-5p knockdown on skeletal muscle differentiation, mitochondrial autophagy, and apoptosis in mice. (a) Sche-
matic overview and genotypic characterization of aKO mice. (b) miR-146a-5p expression was measured in the WAT and TA muscles of Flox and aKO mice 
(n = 6). (c) The relative expression of miR-146a-5p in Flox-MuSCs and aKO-MuSCs was quantified (n = 6). (d) CCK-8 assay results for Flox-MuSCs and aKO-
MuSCs were obtained (n = 4). (e, f) EdU staining images and corresponding statistical analysis for Flox-MuSCs and aKO-MuSCs (scale bar = 50 μm) (n = 5). 
(g) RT-qPCR analysis of Cyclin A2, Cyclin D1, Cyclin E1, and PCNA expression in Flox-MuSCs and aKO-MuSCs (n = 4). (h) Protein levels of Cyclin A2, Cyclin 
D1, Cyclin E1, and PCNA were determined by Western blot in Flox-MuSCs and aKO-MuSCs (n = 4). (i-k) Immunofluorescence images of MyHC-stained 
muscle fibers in Flox-MuSCs and aKO-MuSCs (n = 6) (scale bar = 50 μm). (l) mRNA expression of muscle differentiation markers MyoD and MyoG, as well 
as atrophy-related genes Fbx32 and MuRF, was assessed by qPCR in Flox-MuSCs and aKO-MuSCs (n = 6). (m) Protein expression of MyHC, MyoD, MyoG, 
Fbx32, and MuRF was analyzed by Western blot in Flox-MuSCs and aKO-MuSCs (n = 6). (n) The relative mRNA expression of Bax, Caspase-3, and Caspase-9 
in TA muscles of Flox and aKO mice was quantified. (o, p) Western blot analysis of Bcl-2, Bax, and Caspase-3 protein levels in TA muscles of Flox and aKO 
mice. (q) Electron microscopy of mitochondrial autophagy in TA muscle from Flox and aKO mice, with red arrows indicating autophagic vacuoles (scale 
bar = 1 μm). (r) RT-qPCR analysis of ULK1, ULK2, ATG16L1, P62, LC3a, and LC3b expression in TA muscles of Flox and aKO mice (n = 6). (s-u) Western blot 
analysis of LC3 and P62 protein expression in TA muscles of Flox and aKO mice, with statistical analysis (n = 4). Data are expressed as means ± SEM, with 
significance determined by unpaired Student’s t-test or one-way ANOVA between groups: *P < 0.05, **P < 0.01

 



Page 10 of 18Qin et al. Journal of Nanobiotechnology          (2025) 23:287 

marked increase in the expression of pro-apoptotic genes 
Bax, Caspase-3, and Caspase-9 in the TA muscle of aKO 
mice (Fig. 4n).

Immunoblotting revealed a significant decrease in 
Bcl-2 protein levels, accompanied by increased Bax and 
Caspase-3 levels in the TA muscles of aKO mice (Fig. 4o-
p). Electron microscopy analysis showed swelling and 
autophagic vacuoles in mitochondria in TA muscles of 
aKO mice (Fig.  4q). RT-qPCR analysis demonstrated a 
notable elevation in mRNA levels of autophagy-related 
genes ULK1, ULK2, ATG16L1, P62, LC3a, and LC3b in 
the TA muscles of aKO mice relative to controls (Fig. 4r). 
Western blot analysis further confirmed the increased 
expression of autophagy-related proteins LC3 and P62 
in the TA muscles of aKO mice (Fig. 4s-u). Experiments 
demonstrated that aKO-MuSCs exhibited a significant 
decrease in Bcl-2 mRNA and protein levels, while Bax 
and Caspase-3 levels were notably elevated, accompanied 
by an upregulation of Caspase-9 mRNA (Figure S2c-e). 
RT-qPCR and Western blot analyses similarly indicated 
that autophagy-related genes and proteins were signifi-
cantly upregulated in aKO-MuSCs, reflecting the changes 
observed in the skeletal muscle tissues of aKO mice (Fig-
ure S2f-i). In summary, the adipose-specific miR-146a-5p 
deletion in the mouse model enhanced MuSCs prolif-
eration while simultaneously hindering skeletal muscle 
differentiation and worsening muscle atrophy. These 
changes, possibly through apoptosis and autophagy path-
ways, underscore miR-146a-5p’s crucial role in muscle 
development and provide a new understanding of the 
molecular mechanisms behind skeletal muscle atrophy.

Effect of miR-146a-5p on apoptosis, autophagy, ROS, and 
ATP during C2C12 cell differentiation
We examined the impact of miR-146a-5p on apopto-
sis, autophagy, ROS, and ATP levels in C2C12 cells by 
transfecting them with miR-146a-5p mimics or inhibi-
tors and conducting various experiments (Fig. 5a). Flow 
cytometry analysis revealed that miR-146a-5p mimics 
significantly decreased apoptosis, whereas the inhibitor 
enhanced it (Fig. 5b-c). RT-qPCR analysis demonstrated 
that mimics increased Bcl-2 expression while decreas-
ing Bax, Caspase-3, and Caspase-9 levels, with these 
effects being reversed by the inhibitor (Fig. 5d). Western 
blot analysis confirmed miR-146a-5p’s regulatory influ-
ence on apoptosis-related proteins (Fig. 5e-f ). Regarding 
autophagy, RT-qPCR showed that the miR-146a-5p mim-
ics markedly reduced the mRNA levels of autophagy-
related genes (ULK1, ULK2, ATG16L1, P62, LC3a, and 
LC3b), whereas the inhibitor significantly elevated their 
expression (Fig. 5g). Immunoblotting revealed that miR-
146a-5p mimics notably decreased LC3 and P62 pro-
tein levels, while the inhibitor markedly elevated their 
expression (Fig.  5h-j). Moreover, ROS are crucial in the 

atrophy and aging of skeletal muscle and help maintain 
mitochondrial balance by encouraging mitochondrial 
autophagy. Our experiments demonstrated that elevated 
miR-146a-5p expression significantly reduced ROS 
production and increased ATP levels in C2C12 cells. 
Conversely, miR-146a-5p inhibitor enhanced ROS gen-
eration and reduced ATP levels (Fig. 5k-m). miR-146a-5p 
appears to significantly influence cell differentiation in 
C2C12 cells by inhibiting apoptosis, autophagy, and ROS 
production, although reduced ATP levels might activate 
autophagy.

Overexpression of miR-146a-5p in Wat adipose tissue sEV 
alleviates myofiber atrophy, apoptosis, and autophagy
sEV are crucial for intercellular communication, trans-
porting biomolecules like lipids, proteins, and miRNAs 
to target cells. This study aimed to explore whether adi-
pocytes influence myofiber development via sEV con-
taining miR-146a-5p. First, we extracted WAT-derived 
sEV (WAT-sEV) from Flox mice and aKO mice, observed 
their morphology using transmission electron micros-
copy (Fig. 6a), and determined that their diameters were 
mainly distributed between 20 and 170 nm by nanome-
ter particle size analyzer (Fig. 6b). Furthermore, Western 
blot analysis confirmed the presence of typical sEV mark-
ers Alix, TSG101, CD63, and CD9 in WAT-sEV, while 
the endoplasmic reticulum marker calnexin was not 
detected (Fig.  6c), validating the successful isolation of 
WAT-sEV. qPCR analysis indicated a notable decrease in 
miR-146a-5p levels in sEV derived from adipose tissue of 
aKO mice relative to Flox mice (Fig. 6d). To further verify 
the biological function of WAT-sEV, we treated C2C12 
cells with PKH67 fluorescent labeling and observed their 
intracellular uptake after 12  h. Immunofluorescence 
staining results showed that sEV successfully entered the 
cytoplasm (Fig.  6e). In subsequent cell culture experi-
ments, co-transfection of C2C12 cells with sEV from Flox 
mice (Flox-sEV) or aKO mice (aKO-sEV) alongside miR-
146a-5p mimics (aKO-sEV + M) led to a notable increase 
in myofiber diameter and nuclear fusion percentage. 
C2C12 cells co-transfected with either aKO-sEV or Flox-
sEV alongside the miR-146a-5p inhibitor (Flox-sEV + I) 
exhibited a significant reduction in both myofiber diam-
eter and nuclear fusion ratio (Fig. 6f-g, Figure S3). West-
ern Blot analysis revealed that treatments with Flox-sEV 
and aKO-sEV + M significantly elevated the expression 
of muscle-specific markers MyHC and MyoD while 
reducing the levels of atrophy-related proteins Fbx32 
and MuRF. Conversely, aKO-sEV and Flox-sEV + I treat-
ments showed the opposite effect, significantly reducing 
MyHC and MyoD levels while elevating Fbx32 and MuRF 
(Fig.  6g-i). Western blot analysis demonstrated that 
Flox-sEV and aKO-sEV + M increased Bcl-2 expression 
while decreasing Caspase-3 and Bax levels. Conversely, 
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aKO-sEV and Flox-sEV + I counteracted these effects by 
decreasing Bcl-2 levels and increasing Bax and Caspase-3 
levels (Fig. 6j-k). The analysis of autophagy revealed that 
Flox-sEV and aKO-sEV + M significantly reduced the 
expression of LC3 and P62 autophagy markers, while 
aKO-sEV and Flox-sEV + I enhanced their expression 
(Fig.  6l-m). Our findings indicate that overexpressing 
miR-146a-5p counteracts aKO-sEV-induced inhibition of 
myofiber differentiation, atrophy, apoptosis, and autoph-
agy while enhancing C2C12 cell differentiation. This 
research highlights miR-146a-5p’s crucial role in myofi-
ber development through WAT-sEV, suggesting a poten-
tial therapeutic approach for skeletal muscle dystrophies.

MiR-146a-5p regulates skeletal muscle differentiation, 
regenerative repair, mitochondrial autophagy, and 
apoptosis through WAT-sEV in mice
To further validate the role of WAT-sEV and its contained 
miR-146a-5p in regulating skeletal muscle differentiation, 
atrophy, repair and regeneration, mitochondrial autoph-
agy, and apoptosis in mice. In this study, wild-type aged 
mice were selected as experimental subjects. Initially, 
PKH67 was employed to fluorescently label WAT-sEV. 
Labeled WAT-sEV was administered into the TA mus-
cle of mice. The findings indicated that these particles 
were primarily localized in the gastrocnemius (GAS) 
and TA muscles. Once in the systemic circulation, they 

Fig. 5  Effect of miR-146a-5p on apoptosis, autophagy, ROS, and ATP during C2C12 cell differentiation. (a) Expression of miR-146a-5p was measured in 
C2C12 cells following transfection with mimics and inhibitors (n = 6). (b, c) Flow cytometry analysis was performed to determine the apoptotic rate (n = 4). 
(d) mRNA levels of Bcl-2, Bax, Caspase-3, and Caspase-9 in C2C12 cells were quantified (n = 9). (e, f) Protein expression of Bcl-2, Bax, and Caspase-3 was 
assessed by Western blot, followed by statistical analysis (n = 4). (g) RT-qPCR analysis was conducted to evaluate the expression of ULK1, ULK2, ATG16L1, 
P62, LC3a, and LC3b mRNA in C2C12 cells (n = 9). (h-j) Western blotting was used to determine protein levels of LC3 and P62, with statistical analysis of the 
results (n = 4). (k, l) ROS levels were quantified through fluorescence microscopy (green fluorescence) with representative images and a scale bar of 50 μm 
(n = 6). (m) Intracellular ATP levels were measured to assess cellular energy status (n = 4). Data are expressed as means ± SEM, with significance determined 
by unpaired Student’s t-test or one-way ANOVA between groups: *P < 0.05, **P < 0.01
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accumulated in epididymal WAT and inguinal WAT, as 
well as intestinal fat (Fig. 7a-b). PBS, Flox-sEV, and aKO-
sEV were continuously injected into the TA muscle over 
a 17-day cycle, with muscle samples collected on day 19 
for analysis (Fig. 7c). The study found significantly higher 
miR-146a-5p levels in the TA muscle of aged mice treated 
with Flox-sEV compared to the aKO-sEV group (Fig. 7d). 
Concurrently, the expression of differentiation-related 
genes was markedly upregulated, while proliferation and 
atrophy-related genes were significantly downregulated 
(Fig. 7e-f, Figure S4a-d). In addition, the changes in myo-
fiber morphology further supported this result, as the 
area of myofibers (> 5000  μm²) in TA muscles of aged 
mice was significantly increased and smaller myofibers 
(< 200  μm²) were significantly decreased after Flox-sEV 

injection, compared with the aKO-sEV group (Fig.  7g-
h). Further analysis revealed a significant rise in MyoD 
and Pax7 fluorescence intensity in the TA muscle of Flox-
sEV-injected mice, indicating enhanced skeletal muscle 
repair and regeneration (Fig. 7i-l). Additionally, apoptosis 
markers were notably reduced in the TA muscles of aged 
mice treated with Flox-sEV (Fig.  7m-n). Importantly, 
autophagy was significantly improved in the TA muscles 
of aged mice receiving Flox-sEV, while mitochondrial 
autophagy was observed in the aKO-sEV group (Fig. 7o-
q, Figure S4e-f ). These findings underscore the essential 
function of miR-146a-5p, abundant in Flox-sEV, in facili-
tating skeletal muscle recovery by promoting differentia-
tion, repair, and regeneration, as well as inhibiting muscle 

Fig. 6  Overexpression of miR-146a-5p in wat adipose tissue small extracellular vesicles alleviates myofiber atrophy, apoptosis, and autophagy. (a) Elec-
tron microscopy results of WAT-sEV in vitro (scale bar = 200 nm). (b) Size distribution of WAT-sEV. (c) Expression of marker proteins Alix, TSG101, CD9, and 
CD63 in WAT-derived sEVs, and Calnexin, a marker for the endoplasmic reticulum, in WAT (n = 4). (d) miR-146a-5p expression was quantified by quantita-
tive PCR in four types of WAT-sEVs (Flox-sEV and aKO-sEV) (n = 4). (e) Fluorescence images were captured of C2C12 cells treated with PKH67-labeled sEVs 
(n = 4). (f) Immunofluorescence staining of C2C12 cells induced to differentiate and mature after treatment with aKO-sEV, Flox-sEV, or co-incubation 
with mimics or inhibitors. MyHC signals denote the myofibril phenotype, while DAPI staining identifies the nucleus (scale bar = 50 μm) (n = 6). (g) MyHC 
myofiber area was quantified. (h, i) Western blot analysis and statistical evaluation of MyHC, MyoD, Fbx32, and MuRF protein levels following treatment of 
C2C12 cells with aKO-sEV, Flox-sEV, or co-incubation with mimics and inhibitors (n = 4). (j, k) Western blot analysis and statistical evaluation of Bcl-2, Bax, 
and Caspase-3 protein levels in C2C12 cells treated with aKO-sEV or Flox-sEV, with or without mimics and inhibitors (n = 4). (l, m) Statistical results of P62 
and LC3 protein expression after C2C12 cells were treated with aKO-sEV, Flox-sEV, or co-incubated with mimics and inhibitors (n = 4). Data are presented 
as means ± SEM. Statistical analysis was performed using either an unpaired Student’s t-test or one-way ANOVA to compare groups. A significance level 
of *P < 0.05 and **P < 0.01 was considered statistically significant. The letters a, b, and c represent different levels of significance between groups: distinct 
letters indicate a significant difference, whereas identical letters suggest no significant difference

 



Page 13 of 18Qin et al. Journal of Nanobiotechnology          (2025) 23:287 

atrophy and modulating apoptosis and mitochondrial 
autophagy.

MiR-146a-5p regulates skeletal muscle cell differentiation, 
mitochondrial autophagy, and apoptosis by targeting 
Fbx32
Transcriptomic and bioinformatics analyses indicate that 
miR-146a-5p potentially affects mitochondrial autophagy 
in skeletal muscle through its interaction with Fbx32 
(Fig. 8a). To directly assess this interaction, we performed 
mutational analysis of the miR-146a-5p binding site on 
Fbx32 mRNA. Fbx32 wild-type (pmirGLO-WT), muta-
tion (pmirGLO-MUT), and deletion (pmirGLO-DEL) 

constructs were co-transfected with either a negative 
control (NC) or miR-146a-5p mimics in 293T cells. The 
co-transfection of miR-146a-5p mimics with pmirGLO-
WT significantly reduced dual luciferase activity, con-
firming the interaction between miR-146a-5p and Fbx32. 
In contrast, the pmirGLO-Mutation and pmirGLO-Dele-
tion constructs showed no change in luciferase activity, 
demonstrating that the mutation or deletion of the miR-
146a-5p binding site abrogates the regulatory effect of 
miR-146a-5p on Fbx32 expression (Fig. 8b). These results 
provide direct evidence of the miR-146a-5p binding site’s 
critical role in regulating Fbx32 expression through post-
transcriptional mechanisms. Next, three siRNAs for 

Fig. 7  MiR-146a-5p regulates skeletal muscle differentiation, regenerative repair, mitochondrial autophagy, and apoptosis through WAT-sEV in mice. (a) In 
vivo imaging of PKH67-labeled WAT-sEVs 12 h after injection into the TA muscle of aged mice. (b) Imaging of various organs following injection of PKH67-
labeled WAT-sEVs into the TA muscle of aged mice for 12 h. The isolated organs (from left to right) include the heart, liver, spleen, lungs, kidneys, brown 
fat, iWAT, eWAT, GAS muscle, soleus muscle, TA muscle, extensor digitorum longus muscle, and intestinal fat. (c) Schematic representation of TA muscle 
injections of PBS, Flox-sEV, and aKO-sEV in 18-month-old aged mice. (d) miR-146a-5p expression in the TA muscle of aged mice 12 h after receiving PBS, 
Flox-sEV, or aKO-sEV (n = 6). (e) mRNA expression levels of skeletal muscle differentiation genes MyoD and MyoG, and atrophy-related genes Fbx32 and 
MuRF in the TA muscle after injection of PBS, Flox-sEV, or aKO-sEV (n = 6). (f) Western blot analysis of protein expression for skeletal muscle differentiation 
and atrophy markers in the TA muscle following PBS, Flox-sEV, or aKO-sEV injections (n = 4). (g, h) Representative plots of MyHC staining cross-sectional 
areas and statistical analysis in the TA muscle after PBS, Flox-sEV, or aKO-sEV treatment (scale bar = 50 μm) (n = 6). (i, j) Quantification and statistical analysis 
of MyoD staining and immunofluorescence in the TA muscle after injections of PBS, Flox-sEV, or aKO-sEV (scale bar = 50 μm) (n = 6). (k, l) Statistical analysis 
of Pax7 staining and immunofluorescence in the TA muscle after injection of PBS, Flox-sEV, or aKO-sEV (scale bar = 50 μm) (n = 6). (m) Quantitative PCR 
analysis of Bcl-2, Bax, Caspase-3, and Caspase-9 mRNA expression in the TA muscle after PBS, Flox-sEV, or aKO-sEV injection (n = 6). (n) Western blot as-
sessment of Bcl-2, Bax, and Caspase-3 protein expression in the TA muscle of aged mice after treatment with PBS, Flox-sEV, or aKO-sEV (n = 4). (o) Electron 
microscopy of mitochondrial autophagy in the TA muscle after PBS, Flox-sEV, or aKO-sEV injections, with autophagic vacuoles indicated by red circles 
(scale bar = 500 nm). (p) RT-qPCR analysis of ULK1, ULK2, ATG16L1, P62, LC3a, and LC3b mRNA expression in the TA muscle following PBS, Flox-sEV, or 
aKO-sEV injection (n = 6). (q) Protein levels of LC3 and P62 in the TA muscle after injection of PBS, Flox-sEV, or aKO-sEV, determined by Western blot (n = 4). 
Data are presented as means ± SEM. Statistical analysis was performed using either an unpaired Student’s t-test or one-way ANOVA to compare groups. A 
significance level of *P < 0.05 and **P < 0.01 was considered statistically significant. The letters a, b, and c represent different levels of significance between 
groups: distinct letters indicate a significant difference, whereas identical letters suggest no significant difference
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Fbx32 were constructed in this study and verified by pro-
tein knockdown efficiency, and siFbx32-1 was selected 
for subsequent experiments (Fig.  8c-d). The experiment 
comprised three groups: NC, si-Fbx32, and si-Fbx32 with 
a miR-146a-5p inhibitor (si-Fbx32 + miR-146a-5p I). In 
C2C12 cells, si-Fbx32 transfection significantly increased 

miR-146a-5p levels, while a si-Fbx32 + miR-146a-5p I 
notably reduced its expression (Fig.  8e). Western blot 
analysis demonstrated that si-Fbx32 transfection mark-
edly reduced the protein levels of Cyclin A2, Cyclin D1, 
Cyclin E1, and PCNA. In contrast, co-transfection with 
the miR-146a-5p inhibitor counteracted this decrease, 

Fig. 8  MiR-146a-5p regulates skeletal muscle cell differentiation, mitochondrial autophagy, and apoptosis by targeting Fbx32. (a) Diagram depicting the 
binding sites of miR-146a-5p on Fbx32. (b) Results of a double luciferase assay showing fluorescence values for miR-146a-5p and Fbx32 interaction. (c-d) 
Immunoblotting and analysis of Fbx32 protein levels in C2C12 cells transfected with Fbx32 siRNA for 48 h (n = 6). (e) RT-qPCR assessment of relative miR-
146a-5p expression in C2C12 cells transfected with si-Fbx32 and si-Fbx32 + miR-146a-5p inhibitor (n = 6). (f, g) Western blot analysis of proliferation-related 
proteins Cyclin A2, Cyclin D1, Cyclin E1, and PCNA in C2C12 cells treated with si-Fbx32 or si-Fbx32 + miR-146a-5p inhibitor (n = 4). (h, i) EdU proliferation 
assay images and statistical analysis in C2C12 cells transfected with si-Fbx32 or si-Fbx32 + miR-146a-5p inhibitor (n = 6). (j-l) Immunofluorescence staining 
for MyHC in C2C12 cells transfected with si-Fbx32 or si-Fbx32 + miR-146a-5p inhibitor, including quantification of myotube diameter and nucleus fusion 
(scale bar = 50 μm) (n = 6). (m, n) Immunofluorescence analysis of MyoD (red) and DAPI (blue) after transfection with si-Fbx32 or si-Fbx32 + miR-146a-5p 
inhibitor (scale bar = 50 μm) (n = 6). (o, p) Immunofluorescence staining and statistical analysis of Pax7 (red) and DAPI (blue) in C2C12 cells transfected 
with si-Fbx32 or si-Fbx32 + miR-146a-5p inhibitor (scale bar = 50 μm) (n = 6). (q) Quantitative PCR analysis of Fbx32, MuRF, MyoD, and MyoG expression 
after treatment with si-Fbx32 or si-Fbx32 + miR-146a-5p inhibitor (n = 6). (r) Western blot assessment of MyHC, MyoD, MyoG, Fbx32, MuRF, and p-FoxO3/
FoxO3 protein expression in C2C12 cells following si-Fbx32 or si-Fbx32 + miR-146a-5p inhibitor transfection (n = 4). (s) mRNA expression levels of Bcl-2, 
Bax, Caspase-3, Caspase-9, ULK1, ULK2, ATG16L1, P62, LC3a, and LC3b measured by RT-qPCR in C2C12 cells transfected with si-Fbx32 or si-Fbx32 + miR-
146a-5p inhibitor (n = 6). (t) Western blot detection of Bcl-2, Bax, Caspase-3, LC3, and P62 protein expression in C2C12 cells after transfection with si-Fbx32 
or si-Fbx32 + miR-146a-5p inhibitor (n = 4). (u, v) Representative images and quantification of ROS levels in C2C12 cells transfected with si-Fbx32 or si-
Fbx32 + miR-146a-5p inhibitor using fluorescence microscopy (green fluorescence, scale bar = 50 μm) (n = 6). (w) Measurement of relative intracellular 
ATP levels in C2C12 cells transfected with si-Fbx32 or si-Fbx32 + miR-146a-5p inhibitor (n = 4).Data are expressed as means ± SEM, with significance deter-
mined by unpaired Student’s t-test or one-way ANOVA between groups: *P < 0.05, **P < 0.01
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resulting in increased protein expression (Fig. 8f-g). EdU 
assays demonstrated that transfection with si-Fbx32 sig-
nificantly reduced the EdU-positive rate in C2C12 cells, 
while si-Fbx32 + miR-146a-5p I substantially increased 
the positivity rate (Fig. 8h-i). Transfection with si-Fbx32 
notably enhanced myofiber diameter and myotubular cell 
nuclear fusion rate; however, these improvements were 
substantially reduced by co-transfection with a miR-
146a-5p inhibitor (Fig.  8j-l). In C2C12 cells, si-Fbx32 
transfection markedly enhanced MyoD and Pax7 fluores-
cence intensity, while co-transfection with a miR-146a-5p 
inhibitor notably decreased their intensity (Fig.  8m-p). 
RT-qPCR analysis revealed that si-Fbx32 transfection 
notably reduced the mRNA levels of the skeletal muscle 
atrophy markers Fbx32 and MuRF, and enhanced the 
mRNA expression of the skeletal muscle differentia-
tion markers MyoD and MyoG. In contrast, the opposite 
results were observed in the si-Fbx32 + miR-146a-5p I 
group (Fig. 8q). Western blot analysis confirmed the RT-
qPCR findings, showing that si-Fbx32 transfection mark-
edly elevated skeletal muscle differentiation markers and 
reduced atrophy-related protein levels. The combined 
application of si-Fbx32 and the miR-146a-5p inhibitor 
reversed the alterations (Fig. 8r, Figure S5b). KEGG path-
way analysis indicated that miR-146a-5p may be involved 
in regulating the FoxO3 signaling pathway (Figure S5a). 
Western blot analysis indicated a reduction in FoxO3 
phosphorylation after si-Fbx32 transfection, while co-
transfection with the miR-146a-5p inhibitor resulted in 
increased FoxO3 phosphorylation (Fig.  8r, Figure S5b). 
Transfection with si-Fbx32 markedly decreased the 
mRNA and protein expression of apoptosis and autoph-
agy-related genes in C2C12 cells. In contrast, co-trans-
fection with the miR-146a-5p inhibitor increased gene 
expression levels (Figs.  8s-t, S5c). In terms of ROS, si-
Fbx32 transfection significantly lowered ROS levels and 
boosted ATP levels, while the si-Fbx32 + miR-146a-5p 
I group promoted ROS production and decreased ATP 
levels (Fig. 8u-w). In conclusion, this study demonstrated 
that miR-146a-5p modulates key biological processes 
like skeletal muscle cell differentiation, mitochondrial 
autophagy, ROS, and apoptosis by targeting the Fbx32/
FoxO3 signaling pathway, offering new insights into its 
potential therapeutic roles in skeletal muscle diseases.

Discussion
Skeletal muscle development and maintenance decline 
progressively with age, a phenomenon that has been 
extensively validated in animal models such as pigs and 
mice [22–24]. The development, regulation, and mainte-
nance of skeletal muscle function rely on multiple molec-
ular mechanisms, notably involving miR-146a-5p [25]. 
sEV plays a crucial role in both normal and pathological 
processes, such as the maintenance and degeneration 

of skeletal muscle tissue [26]. MiR-146a-5p may signifi-
cantly facilitate communication between adipose and 
skeletal muscle tissues via sEV [27]. Research consis-
tently demonstrates a significant association between 
miR-146a-5p and the advancement of various diseases. 
miR-146a-5p is linked to muscle mass loss in post-
menopausal osteoporotic women and shows increased 
expression in LPS-treated C2C12 myotubes, indicat-
ing its role in muscle catabolism due to acute inflam-
mation from LPS treatment [28, 29]. MiR-146a-5p is a 
potential biomarker for myocardial injury in dermato-
myositis and may have therapeutic potential in mitigat-
ing fibrosis following skeletal muscle damage [30, 31]. 
Alterations in miR-146a-5p expression during aging are 
closely linked to skeletal muscle atrophy development. 
Research indicates that aging disrupts the miR-146a-5p-
regulated MMP2/16-MLCK3-p-MLC2 pathway, leading 
to impaired contractile function and increased heart fail-
ure risk [32]. Additionally, miR-146a-5p is recognized as 
a marker of cellular senescence, with its circulating levels 
being involved in inflammation and aging, particularly in 
senescent endothelial cells [33]. Research indicates that 
melatonin can counteract β-cell senescence induced by 
stearic acid by suppressing miR-146a-5p, which leads 
to increased Mafa expression [34–36]. Furthermore, it 
was discovered that senescent hepatocellular carcinoma 
cells suppress aerobic glycolysis by secreting exosomal 
miR-146a-5p, which activates the CHK2/p53/p21 sig-
naling cascade through the targeting of IRF7, contribut-
ing to the decline of hepatocellular carcinoma cells [37]. 
MiR-146a-5p is involved in several biological pathways 
linked to skin aging, such as circadian rhythms, intercel-
lular communication, cellular repair, cell proliferation, 
and collagen synthesis, positioning it as a potential tar-
get for addressing skin aging [38]. The research highlights 
the critical role of miR-146a-5p in the development and 
degeneration of skeletal muscle. Notably, its expression 
was significantly diminished in a senescent mouse model, 
exacerbating skeletal muscle atrophy and functional 
decline. A comparative study showed that miR-146a-5p 
expression increases with aging in both pigs and mice, 
indicating a similar regulatory pattern. Research utilizing 
an aKO mouse model demonstrated that miR-146a-5p 
deficiency impairs skeletal muscle differentiation and is 
associated with muscle degradation. The study highlights 
miR-146a-5p’s crucial involvement in regulating skel-
etal muscle aging and atrophy. Ultimately, miR-146a-5p 
holds considerable significance in the aging process, as it 
modulates various molecular pathways that govern skel-
etal muscle development, deterioration, and loss of func-
tion. MiR-146a-5p offers a significant understanding of 
the molecular mechanisms of skeletal muscle aging and 
serves as a potential therapeutic target for combating 
age-related muscle atrophy.
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In aKO mice, the deletion of miR-146a-5p led to 
marked skeletal muscle atrophy, along with pathological 
changes such as mitochondrial autophagy and apoptosis. 
In osteoarthritis patients, miR-146a-5p is upregulated 
in knee cartilage, where it negatively impacts NUMB 
expression, induces apoptosis, and suppresses autophagy. 
However, elevating NUMB levels counteracted these 
effects, and intra-articular delivery of a miR-146a-5p 
antagonist mitigated apoptotic and autophagic altera-
tions in chondrocytes [39]. Silencing hsa-miR-146a-5p 
safeguarded SH-SY5Y cells against AB1-42-induced 
apoptosis, inhibited proliferation, and reduced autopha-
gic vesicle accumulation [40]. Fluid shear stress-induced 
downregulation of miR-146a-5p alleviated osteoblast 
apoptosis by targeting SMAD4 [41]. In addition, miR-
146a-5p attenuated adriamycin-induced cardiotoxic-
ity through the modulation of the TAF9b/P53 pathway, 
thereby reducing apoptosis and regulating autophagic 
activity [42]. MiR-146a-5p is also involved in regulating 
mitochondrial RNAs, including several mRNAs, where 
its inhibition may disrupt mitochondrial mRNA trans-
lation due to either dysfunction of the mitochondrial 
ribosome or its interference with translation or cleavage 
processes [43]. MiR-146a-5p alleviates neuroinflamma-
tion and cognitive deficits caused by intermittent hypoxia 
in mice by targeting HIF1α to regulate mitochondrial 
ROS, influencing the secretion of NLRP3 inflammatory 
vesicles and inflammatory factors [44, 45]. RNA-seq 
analysis revealed that changes in miR-146a-5p expression 
are significantly linked to pathways involved in insulin 
secretion, apoptosis, and the regulation of mitochon-
drial function. In non-obese diabetic mice, the elevated 
levels of miR-146a-5p correlated with impaired mito-
chondrial activity, suggesting its potential role in β-cell 
damage through the inhibition of mitochondrial function 
[46]. In skeletal muscle, miR-146a-5p deficiency not only 
affects skeletal muscle development but also aggravates 
skeletal muscle degeneration during aging. The protec-
tive role of adipose tissue-derived miR-146a-5p on skel-
etal muscle, facilitated by sEV, has garnered significant 
interest. The study showed that injecting miR-146a-5p-
enriched adipose-derived sEV into the TA muscle of aged 
mice significantly reduced muscle atrophy and partially 
enhanced muscle function, indicating a potential strategy 
for addressing age-related skeletal muscle degeneration. 
In contrast, injecting adipose-derived sEV without miR-
146a-5p (aKO-sEV) not only failed to improve skeletal 
muscle health but also worsened skeletal muscle atrophy, 
with notable mitochondrial autophagy. We previously 
demonstrated that miR-146a-5p derived from skeletal 
muscle sEVs suppresses adipogenesis through the GDF5-
PPARγ signaling pathway [13]. This underscores the cru-
cial role of miR-146a-5p in maintaining the integrity and 
function of adipose and skeletal muscle tissues.

Fbx32, a critical E3 ubiquitin ligase associated with 
skeletal muscle wasting, has been implicated in pro-
moting protein breakdown in muscle tissues under 
conditions such as aging, malnutrition, and various 
pathological states [47–51]. Our study demonstrates 
that miR-146a-5p mitigates skeletal muscle atrophy by 
directly targeting and inhibiting Fbx32 expression, under-
scoring its protective role against muscle degradation. By 
decreasing Fbx32 levels, miR-146a-5p diminishes protein 
breakdown in myocytes, contributing to a reduction in 
muscle degeneration and damage. Apoptotic signaling 
pathways play a crucial role in regulating protein degra-
dation mechanisms, such as the ubiquitin-proteasome 
system and autophagy-lysosome pathway, during skel-
etal muscle atrophy [52]. MiR-146a-5p inhibited Fbx32 
expression, leading to decreased mitochondrial autoph-
agy and apoptosis, which helped maintain skeletal mus-
cle structure and function. Targeting miR-146a-5p could 
potentially address aging-related skeletal muscle atrophy 
by regulating Fbx32. Previous research indicates that 
miR-146a-5p facilitates skeletal muscle differentiation 
and inhibits atrophy by targeting IGF1R, thereby activat-
ing the PI3K/AKT/mTOR signaling pathway [25]. This 
pathway is crucial for regulating muscle cell proliferation, 
differentiation, and metabolism, significantly contribut-
ing to muscle development and regeneration [53–55]. 
Research indicates that miR-146a-5p influences the 
PI3K/AKT/mTOR pathway via IGF1R and inhibits the 
FoxO3 pathway by targeting Fbx32, establishing a self-
regulating feedback loop. FoxO transcription factors are 
closely linked to skeletal muscle atrophy, with FoxO acti-
vation promoting protein degradation and accelerating 
muscle functional decline [56, 57]. By suppressing FoxO 
activity, miR-146a-5p effectively slows skeletal muscle 
decline and is closely associated with mitochondrial 
autophagy and apoptosis. Furthermore, miR-146a-5p 
contributes to maintaining skeletal muscle balance by 
decreasing mitochondrial autophagy and apoptosis in 
myocytes, thus mitigating muscle wasting. MiR-146a-5p 
plays a vital role in preserving skeletal muscle integrity by 
modulating essential signaling pathways like PI3K/AKT/
mTOR and FoxO, providing valuable insights for devel-
oping therapies against muscle atrophy.
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