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Abstract. Skeletal muscle satellite cells (MuSCs) play a 
central role in muscle regeneration; however, their capacity 
declines with age, contributing to sarcopenia. A disinte‑
grin and metalloproteinase with thrombospondin motifs‑1 
(ADAMTS‑1) regulates MuSC activation and differentiation. 
The present study aimed to investigate the potential of recom‑
binant ADAMTS‑1 (rADAMTS‑1) as a therapeutic strategy to 
enhance MuSC proliferation and improve regeneration. After 
barium chloride injection, mice received daily intraperitoneal 
injections of rADAMTS‑1 at 5 or 10 mg/kg for 1, 3, 7, or 14 days 
to monitor recovery. Primary skeletal muscle and C2C12 cells 

were also treated with rADAMTS‑1 to evaluate its effects on 
gene and protein expression during proliferation and differ‑
entiation in vitro. The number of MuSCs and the expression 
of myogenic markers increased in all injured groups by day 3 
post‑injury in vivo. These levels were particularly elevated in 
the high‑dose rADAMTS‑1 group and remained sustained until 
day 14. Grip strength recovered to normal levels by day 7 in 
the high‑dose rADAMTS‑1 group, suggesting improved func‑
tional recovery compared with the untreated controls. In vitro, 
rADAMTS‑1 treatment induced a dose‑dependent increase in 
muscle fiber length and upregulation of regeneration‑related 
factors in primary skeletal muscle cells. Furthermore, C2C12 
cells treated with rADAMTS‑1 exhibited enhanced expression 
of myocyte developmental genes during differentiation. The 
findings highlighted the therapeutic potential of rADAMTS‑1 
for sarcopenia, potentially addressing limitations associated 
with conventional MuSC‑based treatments.

Introduction

Sarcopenia is a progressive and multifactorial condition 
characterized by the loss of skeletal muscle mass, strength, 
and function and is frequently observed in older adults (1). 
This age‑associated decline contributes to frailty, functional 
deterioration, and increased healthcare costs (2,3). Despite 
the clinical burden, no approved pharmacological treatments 
are available to effectively enhance muscle regeneration in 
patients with sarcopenia (4,5). Developing novel strategies to 
improve muscle repair remains a significant challenge.

Impaired function of skeletal muscle satellite cells 
(MuSCs), which are indispensable for post‑injury muscle 
regeneration, is recognized as a central mechanism underlying 
sarcopenia. In response to muscle damage, MuSCs become 
activated, proliferate, and differentiate along the myogenic 
lineage to support effective repair of damaged fibers (6,7). 
Aging leads to a decline in both the number and functional 
capacity of MuSCs, resulting in impaired regenerative ability 
and exacerbated muscle wasting  (8). Although direct cell 
transplantation has been proposed as a potential approach, 
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clinical application is limited by technical and immunological 
barriers, such as challenges in determining the optimal timing, 
delivery route, and transplantation site (9,10). Therefore, stem 
cell‑mediated therapy has gained attention as a potential 
strategy to support muscle regeneration in aging muscles, 
particularly to overcome the practical challenges associated 
with transplantation‑based therapies (5).

Among various candidates, a disintegrin and metallo‑
proteinase with thrombospondin motifs 1 (ADAMTS‑1) has 
been identified as a regulator of early myogenesis  (11). Its 
expression increases during MuSC proliferation and promotes 
myogenic differentiation, partly by reducing the Notch intra‑
cellular domain (NICD), which modulates the Notch signaling 
pathway (12). Given the importance of Notch signaling in 
balancing MuSC quiescence and activation, targeting this axis 
via ADAMTS‑1 may offer therapeutic benefits for enhancing 
muscle regeneration in aging populations (13).

The present study investigated whether recombinant 
ADAMTS‑1 (rADAMTS‑1), comprising a condensed 
pro‑domain and metalloproteinase domain, enhances 
MuSC‑mediated regeneration by modulating myogenic 
signaling. The effects of rADAMTS‑1 on MuSC proliferation, 
differentiation, and functional recovery were evaluated using 
in vivo and in vitro models. A barium chloride (BaCl2)‑induced 
acute skeletal muscle injury model was employed to induce 
localized myofiber necrosis while sparing MuSCs, thereby 
enabling reproducible assessment of muscle regeneration (14). 
Although this model does not mimic the chronic features 
of sarcopenia, it provides a robust platform for studying 
rapid muscle damage and subsequent MuSC self‑renewal 
and myoblast expansion (15). Findings from this model may 
contribute to the development of strategies to address delayed 
muscle regeneration in the elderly, where impaired MuSC 
function and altered regeneration timing hinder effective 
recovery (8).

The present study evaluated whether rADAMTS‑1 
promoted MuSC proliferation and differentiation, highlighting 
its role in muscle regeneration and the Notch signaling 
pathway. This approach may help overcome limitations associ‑
ated with MuSC transplantation and support the advancement 
of targeted therapies for sarcopenia.

Materials and methods

Production and purification of rADAMTS‑1. The cloning 
and mutagenesis of ADAMTS‑1 were performed following 
protocols previously described by Lee et al (13). Full‑length 
ADAMTS‑1 cDNA was generated by reverse transcription 
(RT)‑PCR using a human cDNA library and subcloned into 
a mammalian expression pEF/V5‑polyhistidine (His) vector 
(Invitrogen; Thermo Fisher Scientific, Inc.). Various randomly 
deleted ADAMTS‑1 mutants were generated using In‑Fusion® 
cloning tools (Takara Bio, Inc.). The ADAMTS‑1 expression 
plasmid used in the present study was prepared in‑house and a 
1 mg/ml stock was generated for transfection.

Chinese hamster ovary (CHO)‑K1 cells (CCL‑61; ATCC) 
were used for the production of rADAMTS‑1. rADAMTS‑1 
overexpressed CHO cells were cultured in an ExpiCHO 
expression medium (cat. no. A2910002; Gibco; Thermo Fisher 
Scientific, Inc.) at 37˚C in a humidified 5% CO2 incubator. 

Cells were transfected with 4 µg plasmid DNA per 100 mm 
dish using Lipofectamine® 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.). After 24 h of incubation at 37˚C, and single 
cell‑derived clones were selected using 5 µg/ml blasticidin 
(cat. no. SBR00022; MilliporeSigma) for ~2 weeks to establish 
stable clonal CHO cells. A stable CHO‑K1 line transfected 
with the pEF/V5‑His empty vector was generated in parallel 
and used as the negative control.

rADAMTS‑1 was purified from cell culture supernatants 
of stable clones using a nickel nitrilotriacetic acid agarose 
column (cat. no. 31314; Qiagen GmbH). Proteins were bound 
for 1 h at 16˚C with gentle agitation, followed by washing and 
elution. The eluted rADAMTS‑1 proteins were dialyzed at 4˚C 
overnight in phosphate‑buffered saline (PBS) and used for 
intraperitoneal (IP) injection in mice or in vitro experiments. 
Overexpression of rADAMTS‑1 was confirmed by western 
blot analysis (Fig. S1).

Animal study. A total of 96 mice were used in the present 
study and weighed 20‑22 g at the start of the experiment. 
Specific‑pathogen‑free male C57BL/6 mice (7 weeks old) were 
obtained from Samtako Bio Korea Co., Ltd. The mice were 
housed under standard laboratory conditions (22±2˚C with 
55±5% humidity and a 12‑h light/dark cycle) with ad libitum 
access to tap water and standard rodent chow (Samyang Foods 
Co., Ltd.). All experimental procedures received approval 
from Chungnam National University Animal Care and Use 
Committee (approval no. 202310A‑CNU‑169).

After 1‑week acclimation period, the mice were divided 
into four groups based on time points post‑injection: 1, 3, 
7 and 14 days (dpi). Each time point included four subgroups 
(n=6 per group): i)  the non‑injured control (NC), ii) BaCl2 
(cat. no. 202738; MilliporeSigma): BaCl2 intramuscular (IM) 
injection, iii) low‑dose rADAMTS‑1 [rADAMTS‑1 (L)]: BaCl2 
IM + 5 mg/kg rADAMTS‑1 IP injection and iv) high‑dose 
rADAMTS‑1 [rADAMTS‑1 (H)]: BaCl2 IM + 10  mg/kg 
rADAMTS‑1 IP injection. A single injection of 1.2% (w/v) 
BaCl2 solution in saline was injected into the tibialis anterior 
(TA) of each mouse (except the NC group) under 2% isoflu‑
rane anesthesia. Anesthesia was induced over 5‑7 min and 
maintained throughout the procedure to minimize pain and 
distress. Daily IP administration of rADAMTS‑1 at low and 
high concentrations was continued until autopsy.

In addition, to examine whether rADAMTS‑1 alone affects 
myogenic marker expression under non‑injury conditions, a 
separate validation experiment was conducted. Mice received 
IP injection of rADAMTS‑1 (10 mg/kg) without BaCl2‑induced 
injury, and TA muscles were analyzed using western blotting.

The dose of 5  and  10  mg/kg rADAMTS‑1 were 
selected based on pilot experiments, in which a higher 
dose (20 mg/kg) did not produce a substantial difference 
compared with 10 mg/kg (Fig. S2). Therefore, 5 and 10 mg/kg 
were chosen as effective and practical doses for subsequent 
analyses. IP administration was employed because it ensures 
minimizing stress and potential injury to rodent (16). In addi‑
tion, IP injection allows rapid and efficient absorption while 
avoiding degradation or modification in the gastrointestinal 
tract (17).

Autopsies were performed at 1, 3, 7, and 14 dpi to evaluate 
the temporal progression of muscle recovery after injury. 
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Mice were euthanized by 5% of isoflurane inhalation prior to 
mortality and loss of respiration and reflexes was confirmed 
before tissue collection. For pharmacokinetic profiling, blood 
samples were collected at 0 (immediately after dosing), 0.5, 1, 
2, 4, 8, 24, and 48 h after a single IP injection of rADAMTS‑1 
(10 mg/kg) and plasma rADAMTS‑1 concentrations were 
quantified using an immunoassay according to the manufac‑
turer's protocol.

Grip strength. The grip strength test is widely used to assess 
skeletal muscle function (18). A computerized grip‑strength 
meter (cat. no. 47200; Ugo Basile SRL) was used to measure 
grip strength in mice. To prevent interference during the 
assessment, the mice were gently held at the base of the tail 
and allowed to grasp a wooden stick with their forepaws. The 
hind paws then grasped the transducer metal bar of the appa‑
ratus, while the conductor pulled the mice backward by the 
tails until the grip was released. The device recorded the peak 
force exerted during this procedure in grams (g). All measure‑
ments were performed in a blinded manner. Each mouse 
underwent a minimum of 10 trials, and the median force 
value was recorded. Grip strength values were normalized to 
body weight to account for weight fluctuations throughout the 
experimental period.

Histopathological analysis of skeletal muscle tissue. TA 
tissue samples were preserved in 10% (v/v) neutral‑buffered 
formalin, and fixation was performed at 20‑23˚C. After 1 week 
of fixation, the tissues were dehydrated using an automated 
tissue processor (TP1020; Leica Biosystems), which sequen‑
tially transferred the samples through graded ethanol (70, 80, 
95, and 100%) and xylene solutions, with each step lasting 
1 h. The processed tissues were then paraffin‑embedded, 
with the transverse plane positioned downward, and 
sectioned into 4‑µm‑thick slices using HistoCore BIOCUT 
(cat.  no.  149BIO000C1; Leica Biosystems). Following a 
standard rehydration procedure, the slides were stained with 
hematoxylin and eosin (cat. nos. H08‑500R and EY07‑500R; 
TissuePro Technology). The slides were then mounted using 
VectaMount® Express mounting medium (cat. no. H5700; 
VectorLabs).

MuSC counts in TA. The harvested TA muscles were minced 
and digested in 0.2% collagenase type II (cat. no. 17101015; 
Gibco; Thermo Fisher Scientific, Inc.) in Dulbecco's Modified 
Eagle's medium (DMEM; cat. no. SH30243.01; Cytiva) for 
90 min at 37˚C, following a modified isolation protocol previ‑
ously reported (19). The digested suspensions were centrifuged 
at 250 x g for 10 min at 4˚C, and then passed through 70‑ and 
40‑µm cell strainers (cat. no. 93070, 93040; SPL Life Sciences). 
Cell counting was performed using a hemocytometer, and the 
suspensions were diluted to 1x106 cells/ml in staining buffer 
(cat. no. 554657; BD Pharmingen) for analysis. All the cells were 
stained with antibodies recognizing MuSC markers, including 
cluster of differentiation (CD) 45 (1:100; cat. no. 557235; BD 
Biosciences), CD 31 (1:100; cat. no. 558738; BD Biosciences), 
and vascular cell adhesion molecule‑1 (VCAM‑1; 1:100; 
cat. no. orb623587; Biorbyt, Ltd.), and stem cell antigen 1 
(Sca1; 1:100; cat. no. 108122; BioLegend, Inc.). Staining was 
conducted on ice for 30 min in the dark. After washing, flow 

cytometry data were collected using the BD Accrui C6 Plus 
flow cytometer (BD Biosciences).

Immunofluorescence. Histological sections underwent 
antigen retrieval in citrate buffer (pH 6.0; cat.  no. 21545; 
MilliporeSigma) for 15 min at 95˚C. Subsequently, sections 
were blocked/permeabilized with PBS containing 0.1% 
Triton X‑100 and 1% bovine serum albumin (cat. no. A3311; 
MilliporeSigma) for 30 min at 25˚C. Slides were stained with 
primary antibodies and diluted in blocking buffer at  4˚C 
overnight. MuSCs were visualized by staining for paired 
box protein 7 (Pax7; 1:100; cat. no. ab187339; Abcam), and 
regenerating myofibers were identified through MyoD 
staining (1:100; cat. no. GTX636812; GeneTex, Inc.). After 
staining, all samples were washed with PBS containing 
0.1% Tween 20 (0.1% PBST) and incubated at 25˚C for 1 h 
with Goat Anti‑Rabbit IgG H&L (Alexa Fluor® 488; 1:500; 
cat.  no.  ab150081; Abcam). Nuclei were visualized using 
DAPI mounting medium (cat. no.  ab104139; Abcam). The 
samples were viewed using a fluorescence microscope (Leica 
Microsystems GmbH), and quantitative image analysis was 
performed using ImageJ software (NIH; 1.49v).

Primary skeletal muscle cells were seeded at a density of 
5x104 cells/well in a 24‑well plate containing 1 ml of complete 
expansion medium. After the cells reached >90% conflu‑
ence, rADAMTS‑1 protein was added to the skeletal muscle 
differentiation medium at concentrations of 0.001, 0.01, 0.1, 
1, and 10 ng/ml. After 72 h of differentiation, the cells were 
fixed, washed, and treated with anti‑myosin heavy chain anti‑
bodies (1:100; cat. no. 05‑716; MilliporeSigma). Differentiated 
myotubes were visualized with goat anti‑mouse IgG Alexa 
Fluor 555 antibodies (1:500; cat. no. A‑21422; Invitrogen; 
Thermo Fisher Scientific, Inc.) via fluorescence microscopy. 
Fluorescence images were obtained using a microscope 
(Nikon Eclipse Ts2‑FL; Nikon Corporation). Myotube length 
was measured and calculated as the average of five samples 
using NIS‑Elements imaging software (Nikon Corporation; 
5.00v).

Immunohistochemistry. Embryonic myosin heavy chain 
(eMyHC) expression in TA tissues was evaluated using 
VECTASTAIN® Elite® ABC‑HRP Kits (cat. no. PK‑6101 and 
PK‑6102; Vector Laboratories, Inc.) following the manufac‑
turer's instructions. The paraffin sections were deparaffinized, 
rehydrated, and subjected to antigen retrieval for 5  min 
at 121˚C in citric acid buffer (pH 6.0). The slides were subse‑
quently blocked with 10% goat serum supplied within the kit 
(Vector Laboratories, Inc.) for 30 min at 20‑23˚C and incubated 
with the primary antibody (eMyHC; 1:100; cat. no. F1.652; 
Developmental Studies Hybridoma Bank) overnight at 4˚C. 
The biotinylated secondary antibody working solution was 
prepared according to the manufacturer's drop‑based protocol 
and applied for 30 min at 20‑23˚C. The ABC reagent was 
prepared using the manufacturer's recommended drop‑based 
protocol and incubated with the avidin‑biotin‑peroxidase 
complex for 30  min at  20‑23˚C. Protein expression was 
analyzed using a 3,3'‑diaminobenzidine substrate kit 
(cat. no. ab64238; Abcam). The sections were counterstained 
with hematoxylin for 30  sec at  20‑23˚C and images were 
captured using a light microscope, with scale bars indicated 
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in the figure legends. The quantitative analysis was performed 
using ImageJ software (NIH; 1.49v).

Western blotting. The harvested TA tissues were homog‑
enized at a 1:10 (w/v) ratio in tissue lysis/extraction reagent 
(cat. no. C3228; MilliporeSigma) supplemented with protease 
and phosphatase inhibitors (cat. nos. 04693116001, 4906837001; 
Roche Diagnostics). Homogenization was performed using a 
BIOPREP‑24R (Hangzhou Allsheng Instruments Co., Ltd.). 
Protein concentrations were determined using bicinchoninic 
acid reagents (cat. nos. 23228 and 1859078; Thermo Fisher 
Scientific, Inc.). Equal amounts of total protein (20 µg) were 
separated by 6, 10 and 15% sodium dodecyl sulfate‑polyacryl‑
amide gel electrophoresis and transferred onto polyvinylidene 
fluoride membranes (cat. no. IPVH00010; MilliporeSigma). 
The membranes were blocked for 1 h at 20‑23˚C in 5% bovine 
serum albumin (cat. no. A9418; Sigma‑Aldrich; Merck KGaA) 
in 0.1% PBST, and then incubated overnight at  4˚C with 
primary antibodies: myoblast determination protein 1 (MyoD) 
(1:1,000; cat.  no.  ab64159; Abcam), myogenin (MyoG) 
(1:1,000; cat. no. ab124800; Abcam), ADAMTS‑1 (1:1,000; 
cat. no. ab276133; Abcam), NICD (1:500; cat. no. ab52301; 
Abcam), and Hes‑1 (1:1,000; cat.  no.  ab71559; Abcam). 
After two washes with 0.1% PBST, the membranes were 
incubated at 25˚C for 2 h with a 1:5,000 dilution of horse‑
radish peroxidase‑conjugated secondary antibody (rabbit: 
cat. no. LF‑SA8001; mouse: cat. no. LF‑SA8002; Abfrontier 
Co., Ltd.). Next, the blots were washed twice with 0.1% PBST 
and developed using an enhanced chemiluminescence kit 
(cat. no. BWF0100; Biomax Co., Ltd.). Protein bands were 
visualized using a ChemiDoc device (io‑Rad Laboratories, 
Inc.) and quantified using ImageJ software (NIH; 1.49v). Total 
protein loading was assessed by Ponceau S staining (Fig. S3), 
which served as the normalization standard instead of house‑
keeping proteins such as β‑actin, GAPDH, or α‑tubulin, 
whose expression varies in skeletal muscle (20,21). Following 
previous reports (22,23), the intensity of each target band was 
normalized to the total lane density, calculated as the sum of 
all visible bands within the same lane, and expressed as rela‑
tive intensity.

Primary skeletal muscle cells were treated with 
rADAMTS‑1 protein at a concentration of 10 ng/ml at the 
onset of differentiation using skeletal muscle differentiation 
tool medium. After 3 days of differentiation, the cells were 
harvested for western blot analysis. Primary skeletal muscle 
cells were lysed in CelLytic M buffer (cat.  no.  C2978; 
MilliporeSigma) and all subsequent steps followed the same 
procedures as described for the in vivo western blot protocol.

Cell culture and differentiation. Primary skeletal muscle 
cells (cat.  no.  PCS‑950‑010; ATCC) were cultured in 
a complete expansion medium (cat.  no.  PCS‑500‑030; 
ATCC) using a primary skeletal muscle cell growth kit 
(cat.  no.  PCS‑950‑040; ATCC). For differentiation, the 
cells were treated with a skeletal muscle differentiation tool 
(cat. no. PCS‑950‑050; ATCC) upon reaching 90% conflu‑
ence. Mouse myoblast C2C12 cells (cat.  no.  CRL‑1772; 
ATCC) were obtained from ATCC. C2C12 cells were cultured 
in DMEM (Gibco; Thermo Fisher Scientific, Inc.) supple‑
mented with 10% fetal bovine serum (cat. no. 35‑015‑CV; 

Corning Life Sciences). C2C12 cells were incubated in 
DMEM containing 2% horse serum until they reached 
90% confluence. Cells were used within 10 passages from 
thawing to ensure phenotypic consistency.

Bromodeoxyuridine (BrdU) assay. Primary skeletal 
muscle cells were seeded in 96‑well plates at a density of 
1x104 cells/well and incubated with 10X BrdU solution from 
the BrdU assay kit (cat. no. 6813; Cell Signaling Technology, 
Inc.) at concentrations of 0.001, 0.01, 0.1, 1, or 10  ng/ml 
rADAMTS‑1 for 24 h. The cells were fixed and treated with 
a detection antibody solution at 24˚C for 1 h. After removing 
the solution and washing the plate three times, the cells 
were incubated with a horseradish peroxidase‑conjugated 
secondary antibody for 30 min at 24˚C. The cells were then 
incubated at 24˚C for 30 min with 3,3',5,5'‑tetramethylbenzi‑
dine substrate, and absorbance was measured at 450 nm.

RNA‑seq analysis. C2C12 cells were treated with 
10 ng/ml rADAMTS‑1 and differentiated for 3 days. Total 
RNA was isolated using the Quant‑it RiboGreen RNA assay 
kit (cat. no. R11490; Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. The total RNA 
integrity of the samples was assessed using the TapeStation 
RNA ScreenTape (cat. no. 5067‑5576; Agilent Technologies, 
Inc.). Only high‑quality RNA samples (RNA integrity 
number >7.0) were used for RNA library preparation. cDNA 
was prepared using SuperScript II Reverse Transcriptase 
(cat. no. 18064014; Invitrogen; Thermo Fisher Scientific, Inc.) 
and random primers. The products were purified and enriched 
using PCR to construct a final cDNA library. Library concen‑
tration was measured using KAPA Library Quantification 
kits for Illumina sequencing platforms, following the qPCR 
Quantification Protocol Guide (Kapa Biosystems, Inc.), and 
their quality was assessed using TapeStation ScreenTape 
(Agilent Technologies, Inc.). Indexed libraries were submitted 
for paired‑end (2x100 bp) sequencing on the Illumina NovaSeq 
platform (Illumina Inc.), which was conducted by Macrogen 
Inc.

Reverse transcription‑quantitative (RT‑q) PCR. For RT‑qPCR 
validation, total RNA was extracted using the easy‑BLUE Total 
RNA Extraction Kit (cat. no. 17061; iNtRON Biotechnology 
DR), and 1 µg RNA was reverse transcribed using the HiSense 
cDNA Synthesis Master Mix (cat. no. CDS‑400, CellSafe Co., 
Ltd.) following the manufacturer's instructions. The qPCR was 
performed using the QuantStudio 3 Real‑Time PCR System 
(cat. no. A28567; Applied Biosystems; Thermo Fisher Scientific, 
Inc.) and SYBR Green PCR Master Mix (cat. no. 4344463; 
Applied Biosystems; Thermo Fisher Scientific, Inc.). The 
thermocycling protocol was: Initial denaturation at 95˚C for 
10 min, followed by 40 cycles of 95˚C for 15 sec, 60˚C for 
15 sec, and 72˚C for 45 sec. A melting curve analysis was 
performed from 60˚C to 95˚C to verify amplification speci‑
ficity. Gene expression levels were calculated using the 2ΔΔCq 
method (24) and all reactions were performed in triplicates. 
The following primers were used (5'‑3'): Myomixer (Mymx), 
forward (F): GAC​CAC​TCC​CAG​AGG​AAG​GA, reverse (R): 
GGA​CCG​ACG​CCT​GGA​CTA​AC; myogenic factor 6 (Myf6), 
F: TGC​TAA​GGA​AGG​AGG​AGC​AA, R: CCT​GCT​GGG​TGA​
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AGA​ATG​TT; myosin heavy chain 1 (Myh1), F: CGG​AGG​
AAC​AAT​CCA​ATG​TC, R: TGG​TCA​CTT​TCC​TGC​ACT​TG; 
myosin heavy chain 2 (Myh2), F: TCT​CAG​GCT​TCA​GGA​
TTT​GG, R: CAG​CTT​GTT​GAC​CTG​GGA​CT; myosin heavy 
chain 4 (Myh4), F: CGT​CAA​GGG​TCT​TCG​TAA​GC, R: ATT​
GTT​CCT​CAG​CCT​CCT​CA; and glyceraldehyde‑3‑phosphate 
dehydrogenase (GAPDH), F: CCA​ATG​TGT​CCG​TCG​TGG​
ATC​T, R: GTT​GAA​GTC​GCA​GGA​GAC​AAC​C. All primers 
were synthesized by Bioneer.

Statistical analysis. Quantitative data were presented as 
mean ± standard deviation. Data normality was assessed using 
the Shapiro‑Wilk test. For normally distributed data, one‑way 
analysis of variance with Tukey's post hoc test was used to 
evaluate differences among groups. The data were analyzed 
and the statistical graphs were constructed using GraphPad 
Prism 8.0 (Dotmatics). Statistical significance was defined as 
*P<0.05, **P<0.01, and ***P<0.001. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Effects of rADAMTS‑1 on functional and histological 
recovery in injured skeletal muscle. Prior to assessing its regen‑
erative effects, systemic exposure of rADAMTS‑1 following IP 
administration was confirmed (Fig. S4). Grip strength analysis 
revealed rapid recovery of grip force in the high‑dose treatment 
group (Fig. 1A). At 1 dpi, grip force relative to body weight 
decreased by ~25% in the BaCl2 group compared with the NC 
group (P<0.001; Fig. 1B). Furthermore, the rADAMTS‑1 (H) 
group exhibited an increase of ~16% (P<0.05) compared with 
the BaCl2 group after 1 dpi. A marked improvement in grip 
strength was observed in the rADAMTS‑1 (H) group after 
3 dpi, reaching nearly 90% of the NC group's performance 
(ns) and exceeding the BaCl2 group by 19% (P<0.05) (Fig. 1C). 
By contrast, during the first 7 days, the BaCl2 group exhibited 
a decrease of ~20% compared with the NC group (P<0.01). 
The rADAMTS‑1 (H) group exhibited higher grip force values 
than both the BaCl2 and rADAMTS‑1 (L) groups (P<0.01 and 
<0.5, respectively) (Fig. 1D). At 14 days after muscle damage, 
the grip force values in the rADAMTS‑1 (H) group were 
similar to those in the NC group. By contrast, decreases of 
~10 and 7% were observed in the BaCl2 and rADAMTS‑1 (L) 
groups, respectively (ns; Fig. 1E).

Histological changes were assessed by group based on 
the time elapsed after BaCl2 injection (Fig. 1F). At 1 dpi, 
the margins of the TA muscle appeared rounded, with mild 
infiltration of inflammatory cells in the injured groups. 
Inflammatory cell infiltration increased at 3 dpi, at which point 
the myofibers maintained rounded margins and proliferating 
cells were evident. The presence of centrally located myonu‑
clei, irregularly shaped fibers, and small myofibers at 7 dpi 
indicates proliferation  (25). The rADAMTS‑1 (H) group 
exhibited active proliferation patterns at 7 dpi, with myonuclei 
mainly located at the center of most muscle fibers at 14 dpi. 
The TA muscles exhibited angular margins, comparable with 
those in the NC group, indicating maturation at 14 dpi in both 
the BaCl2 and rADAMTS‑1 groups. The rADAMTS‑1 (H) 
group showed a more extensive proliferative region than the 
BaCl2 group at 7 and 14 dpi.

Effects of rADAMTS‑1 on MuSCs population over time 
after BaCl2 injury. Research on mouse skeletal muscle has 
demonstrated that MuSCs can be isolated (26) and are char‑
acterized by negative expression of CD45, CD31, and Sca1, 
and positive expression of VCAM‑1 (Fig.  2A). Compared 
with the NC group, a marked increase in MuSC numbers was 
observed in all BaCl2‑treated groups following muscle injury 
(Fig. 2B). The temporal pattern indicated a significant increase 
in MuSC numbers at 3 dpi in all the injured groups, followed 
by a gradual decline over time (Fig. 2C). At 3 dpi, the number 
of MuSCs (normalized to NC) in the rADAMTS‑1 (H) group 
was ~4.5‑fold higher than that in the NC group (P<0.001) and 
~1.2‑fold higher than that in the BaCl2 group (P<0.01). At 7 dpi, 
the rADAMTS‑1 (H) group exhibited an ~1.6‑fold increase 
compared with the BaCl2 group (P<0.01). A further decrease 
was observed in all injured groups at 14 dpi, with the levels 
remaining ~1.4‑fold higher in the high‑dose group than in the 
NC group (ns). Pax7 expression was analyzed throughout the 
experimental period to assess MuSC abundance (Fig. 2D). 
Similar to the flow cytometry results, Pax7 expression in the 
injury group significantly increased at 3 dpi and then decreased 
over time. The rADAMTS‑1 (H) group exhibited 1.3‑, 2‑, 1.3‑, 
and 1.6‑fold higher expression at 1 (ns), 3 (P<0.001), 7 (ns), 
and 14 (ns) dpi, respectively, than the BaCl2 group, consistently 
maintaining a slightly higher expression (Fig. 2E).

Effects of rADAMTS‑1 on ADAMTS‑1, NICD, and Hes‑1 
expression in TA tissue after BaCl2 injection. The temporal 
expression patterns of ADAMTS‑1, NICD, and Hes‑1 were 
investigated during muscle regeneration following injury by 
performing western blot analysis at 1, 3, 7, and 14 dpi (Fig. 3A). 
In the BaCl2‑induced muscle injury group, expression levels 
of ADAMTS‑1, NICD, and Hes‑1 were notably upregulated 
at 1 dpi and gradually decreased thereafter. Throughout the 
experiment, the rADAMTS‑1 (H) group consistently showed 
higher ADAMTS‑1 expression (1.2‑1.5‑fold) compared with 
the BaCl2 group, with statistically significant differences 
on days 1 (P<0.01), 3 (P<0.001), 7 (P<0.01), and 14 (P<0.5; 
Fig. 3B). Within‑group comparisons of NICD and Hes‑1 levels 
demonstrated a consistent decrease in the rADAMTS‑1 (H) 
group at all time points (Fig. 3C and D). A supplementary 
validation experiment confirmed that rADAMTS‑1 alone 
(10 mg/kg) did not change these marker expressions under 
non‑injury conditions (Fig. S5).

Effects of rADAMTS‑1 on the expression of myogenic markers 
in TA tissue. eMyHC expression was examined in all the 
experimental groups throughout the study period (Fig. 4A). 
IHC analysis revealed a significant increase in eMyHC‑posi‑
tive muscle fibers at 3 dpi in all groups injected with BaCl2, 
followed by a subsequent decline over time. Compared with 
the NC group, all other groups exhibited ~a 15‑fold increase 
in eMyHC expression at 1 dpi (P<0.001) (Fig. 4B). Compared 
with the BaCl2 group, the rADAMTS‑1 (H) group showed 
significantly higher numbers of eMyHC‑positive muscle 
fibers, with increases of ~1.5‑, 2.7‑ and 3.4‑fold at 3 (P<0.05), 7 
(P<0.001) and 14 (P<0.01) dpi, respectively (Fig. 4C‑E).

Immunofluorescence analysis was conducted at each time 
point to evaluate MyoD expression in myoblasts in all experi‑
mental groups (Fig. 4F). MyoD expression significantly peaked 
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at 3 dpi in the injury group and then gradually declined, which 
was consistent with the IHC results. The rADAMTS‑1 (H) group 
consistently demonstrated elevated MyoD expression compared 
with the BaCl2 group, with fold increases of 1.3 (ns), 2.3 (P<0.01), 
1.7 (ns), and 3.7 (ns) at 1, 3, 7, and 14 dpi, respectively (Fig. 4G).

Effects of rADAMTS‑1 on myogenic regulatory transcrip‑
tion factors in TA tissue after BaCl2‑induced injury. MyoD 
and MyoG expression peaked at 3 dpi and then gradually 
decreased (Fig. 5A). On day 14, MyoD levels had signifi‑
cantly decreased ~12‑fold compared with day 3, and 7‑fold 

Figure 1. Effects of rADAMTS‑1 on recovery following BaCl2‑induced TA muscle injury. Groups included NC, BaCl2, rADAMTS‑1 treatment groups (L) and 
(H). Daily intraperitoneal injections of rADAMTS‑1 (L) or (H) were initiated immediately after injury and continued until the designated endpoint. (A) Grip 
strength measurements, normalized to body weight, were recorded throughout the experimental period. Statistical significance was determined using two‑way 
analysis of variance as follows: ###P<0.001 vs. BaCl2 group at day 0; ††P<0.01 and †††P<0.001 vs. rADAMTS‑1 (L) at day 0; ‡‡P<0.01 vs. rADAMTS‑1 (H) 
at day 0. (B‑E) Grip strength at 1, 3, 7, and 14 dpi. Each dot represents an individual mouse, with error bars indicating the standard deviation. Statistical 
significance was determined using one‑way analysis of variance, followed by Tukey's post hoc test; *P<0.05, **P<0.01 and ***P<0.001 vs. NC group; #P<0.05 
and ##P<0.01 vs. BaCl2 group; †P<0.05 vs. rADAMTS‑1 (L). (F) Representative histological images of TA muscle sections stained with hematoxylin and eosin 
(scale bar, 60 µm) at the corresponding time points. ADAMTS‑1, a disintegrin and metalloproteinase with thrombospondin motifs 1; rADAMTS‑1, recom‑
binant ADAMTS‑1; BaCl2, barium chloride; TA, tibialis anterior; NC, non‑injured control; rADAMTS‑1 (L), rADAMTS‑1 at 5 mg/kg; rADAMTS‑1 (H), 
rADAMTS‑1 at 10 mg/kg.
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compared with day 7 (P<0.001 for both). MyoG expres‑
sion also significantly declined (~2‑fold) compared with 
day 3 (P<0.01), whereas the decrease compared with day 7 
(1.4‑fold) was not statistically significant (ns). Comparative 

analysis of western blot data over the same timeframe 
consistently revealed the highest expression levels of MyoD 
and MyoG in the high‑dose rADAMTS‑1 (H) group (Fig. 5B 
and C). On days 7 and 14, the rADAMTS‑1 (L) and (H) 

Figure 2. Effect of rADAMTS‑1 on MuSCs following BaCl2‑induced TA muscle injury. Groups included NC, BaCl2, and two treatment groups receiving 
rADAMTS‑1 (L) and (H). Daily intraperitoneal injections of rADAMTS‑1 were initiated immediately after injury and continued until the designated time point 
for analysis. (A) Flow cytometry analysis of MuSCs isolated from injured TA muscles, defined by surface marker expression (CD45-/CD31-/Sca1-/VCAM1+). 
(B) Representative gating strategy for MuSCs across experimental groups at different time points. (C) Relative number of MuSCs normalized to the NC group 
over time. Statistical significance was determined using one‑way analysis of variance, followed by Tukey's post hoc test: *P<0.05, **P<0.01 and ***P<0.001 vs. 
NC; ##P<0.01 and ###P<0.001 vs. BaCl2 group. (D) Representative immunofluorescence images of Pax7+ cells in injured TA muscle at different time points 
(scale bar, 25 µm). (E) Quantification of Pax7+ cell percentages over time. Statistical significance was determined using one‑way analysis of variance with 
Tukey's post hoc test: *P<0.05 and ***P<0.001 vs. NC; ###P<0.001 vs. BaCl2; †††P<0.001 vs. rADAMTS‑1 (L). ADAMTS‑1, a disintegrin and metalloproteinase 
with thrombospondin motifs 1; rADAMTS‑1, recombinant ADAMTS‑1; MuSCs, skeletal muscle satellite cells; BaCl2, barium chloride; TA, tibialis anterior; 
NC, non‑injured control; rADAMTS‑1 (L), rADAMTS‑1 at 5 mg/kg; rADAMTS‑1 (H), rADAMTS‑1 at 10 mg/kg; CD, cluster of differentiation; Sca1, stem 
cell antigen 1; VCAM1, vascular cell adhesion molecule; Pax7, paired box protein.
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treatment groups exhibited increased MyoG expression 
compared with the BaCl2 group. A supplementary validation 
experiment confirmed that rADAMTS‑1 alone (10 mg/kg) 
did not alter myogenic marker expression under non‑injury 
conditions (Fig. S5).

Effect of rADAMTS‑1 on the proliferation and differentia‑
tion stage of myogenesis in vitro. Primary skeletal muscle 
cells were treated with rADAMTS‑1, followed by a BrdU 
assay to investigate its role in skeletal muscle cell activation 
(Fig. 6A). Activation increased in a concentration‑dependent 

Figure 3. Effects of rADAMTS‑1 on the expression of ADAMTS‑1‑associated markers in BaCl2‑injured TA muscle. Groups included NC, BaCl2, rADAMTS‑1 
treatment groups (L), and (H). Daily intraperitoneal injections of rADAMTS‑1 were initiated immediately after injury and continued until the designated time 
point for analysis. (A) Temporal expression patterns of ADAMTS‑1, NICD, and Hes‑1 in the NC and BaCl2 groups at 1, 3, 7, and 14 days post‑injury (dpi). 
Comparative expression levels of (B) ADAMTS‑1, (C) NICD, and (D) Hes‑1 among treatment groups [NC, BaCl2, rADAMTS‑1 (L), and rADAMTS‑1 (H)] 
at each time point. Mice received daily intraperitoneal injections of rADAMTS‑1 until the designated dpi. Each data point represents an individual biological 
replicate; error bars indicate standard deviation. Statistical significance in panels (A) was determined using one‑way analysis of variance, followed by Tukey's 
honestly significant difference post hoc test, as indicated as follows: **P<0.01 and ***P<0.001 vs. 1 dpi; ##P<0.01 and ###P<0.001 vs. 3 dpi. For panels (B‑D), 
statistical comparisons were made using one‑way analysis of variance with Tukey's post hoc test: *P<0.05, **P<0.01 and ***P<0.001 vs. NC; #P<0.05 ##P<0.01 
and ###P<0.001 vs. BaCl2; †P<0.05, ††P<0.01 and †††P<0.001 vs. rADAMTS‑1 (L). ADAMTS‑1, a disintegrin and metalloproteinase with thrombospondin 
motifs 1; rADAMTS‑1, recombinant ADAMTS‑1; BaCl2, barium chloride; TA, tibialis anterior; NC, non‑injured control; rADAMTS‑1 (L), rADAMTS‑1 
at 5 mg/kg; rADAMTS‑1 (H), rADAMTS‑1 at 10 mg/kg; NICD, Notch intracellular domain; Hes‑1, hairy and enhancer of split‑1; dpi, days post‑injury.
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manner, with treatment at 10 ng/ml rADAMTS‑1 producing a 
significant 1.4‑fold increase compared with the control (Con) 
group (P<0.5). The effects of rADAMTS‑1 on primary skel‑
etal muscle cell differentiation were investigated (Fig. 6B). 
The myotube length increased in a dose‑dependent manner, 
and treatment with 10 ng/ml rADAMTS‑1 resulted in an 
~2.5‑fold increase compared with the Con group (P<0.001). 
rADAMTS‑1 treatment also significantly increased the 
expression of myogenic markers. MyoD and MyoG levels 
elevated ~2‑ and 3.5‑fold, respectively, compared with those 

in the Con group (P<0.05; Fig. 6C). In addition, ADAMTS‑1 
expression level increased ~2‑fold in the rADAMTS‑1‑treated 
group, whereas NICD and Hes‑1 expression levels were 
~0.6‑fold and 0.7‑fold lower, respectively, than in the Con 
group (P<0.01).

Effects of rADAMTS‑1 on myogenesis‑related genes in vitro. 
RNA‑seq analysis was performed to identify differentially 
expressed genes in response to rADAMTS‑1 treatment during 
muscle cell differentiation. A total of 3,185 differentially 

Figure 4. Effects of rADAMTS‑1 on muscle regeneration markers in BaCl2‑injured TA muscle. Groups included NC, BaCl2, rADAMTS‑1 treatment groups (L), 
and (H). Daily intraperitoneal injections were given starting immediately after injury and maintained until the designated analysis point. (A) Representative 
immunohistochemical staining of eMyHC in injured TA muscles treated with rADAMTS‑1 at 1, 3, 7, and 14 days dpi (scale bar, 60 µm). (B‑E) Quantification 
was performed using image analysis software to assess the eMyHC‑positive area at each time point. (F) Representative immunofluorescence images of 
MyoD‑positive cells in injured TA muscle (scale bar, 25 µm) treated with rADAMTS‑1 at 1, 3, 7, and 14 dpi. (G) Quantification of MyoD‑positive cell percent‑
ages over time across groups. All data are presented as mean ± standard deviation. Statistical significance was determined using one‑way analysis of variance, 
followed by Tukey's post hoc test: *P<0.05, **P<0.01 and ***P<0.001 vs. NC group; #P<0.05 ##P<0.01 and ###P<0.001 vs. BaCl2 group; †P<0.05 and †††P<0.001 
vs. rADAMTS‑1 (L) group. ADAMTS‑1, a disintegrin and metalloproteinase with thrombospondin motifs 1; rADAMTS‑1, recombinant ADAMTS‑1; BaCl2, 
barium chloride; TA, tibialis anterior; NC, non‑injured control; rADAMTS‑1 (L), rADAMTS‑1 at 5 mg/kg; rADAMTS‑1 (H), rADAMTS‑1 at 10 mg/kg; 
eMyHC, embryonic myosin heavy chain; dpi, days post‑injury; MyoD, myoblast determination protein 1; dpi, days post‑injury.
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expressed genes (P<0.05), including 1,959 upregulated and 1,226 
downregulated genes. Genes encoding skeletal muscle‑asso‑
ciated factors, such as Myh1, Myh2, Myh4, Myf6 and Mymx, 
were significantly upregulated following rADAMTS‑1 treat‑
ment (Fig. 7A), and qPCR validation confirmed these increases 
compared with the Con group (Fig. 7B).

Gene Ontology (GO) enrichment analysis revealed that 
rADAMTS‑1 promoted the expression of genes involved in 
myogenic differentiation and contractile apparatus formation. 
In the biological process category, 25% of the top 20 enriched 
terms were related to muscle development and regeneration, 
including ‘organelle fission,’ ‘nuclear division,’ ‘muscle cell 
differentiation’ and ‘muscle system process’ (Fig. 7C). This 
pattern suggested that rADAMTS‑1 facilitates the transcrip‑
tional activation of myogenic programs that drive myotube 
maturation.

In the cellular component category, enrichment of ‘extra‑
cellular matrix,’ ‘external encapsulating structure,’ ‘actin 
cytoskeleton,’ ‘collagen‑containing extracellular matrix,’ 
‘contractile fiber’ and ‘myofibril’ indicated coordinated remod‑
eling of extracellular and cytoskeletal structures (Fig. 7D). 
Such enrichment implied that rADAMTS‑1 not only enhanced 
myogenic gene expression but may also contribute to structural 
organization and matrix remodeling during differentiation.

Molecular function analysis highlighted genes involved 
in ‘actin filament binding,’ ‘cytoskeletal motor activity’ and 
‘growth factor binding’ (Fig. 7E). These functional groups 
suggest enhanced cytoskeletal dynamics and intracellular 
signaling, which are critical for myoblast fusion and alignment 
during myotube formation.

Consistently, differentiated C2C12 cells showed increased 
myotube formation in the rADAMTS‑1 treated group (Fig. S6), 

Figure 5. Effects of rADAMTS‑1 on early myogenic markers in BaCl2‑injured TA muscle. Groups included NC, BaCl2, rADAMTS‑1 treatment groups (L), and 
(H). Daily intraperitoneal injections of rADAMTS‑1 were administered at two doses starting immediately after injury and continuing until the designated time 
point of analysis. Temporal expression of (A) MyoD and MyoG in the injured TA at 1, 3, 7, and 14 dpi. Comparative expression of (B) MyoD and (C) MyoG 
across experimental groups at each time point. Each data point represents an individual replicate; error bars indicate standard deviation. Statistical significance 
in (A) was determined using one‑way analysis of variance, followed by Tukey's post hoc test and is indicated as follows: *P<0.05 and ***P<0.001 vs. 1 dpi; 
##P<0.01 and ###P<0.001 vs. 3 dpi; †††P<0.001 vs. 7 dpi. Statistical significance in (B) and (C) is indicated as follows: *P<0.05, **P<0.01 and ***P<0.001 vs. the 
NC group; #P<0.05 ##P<0.01 and ###P<0.001 vs. the BaCl2 group; †P<0.05 and ††P<0.01 vs. the rADAMTS‑1 (L) group. ADAMTS‑1, a disintegrin and metal‑
loproteinase with thrombospondin motifs 1; rADAMTS‑1, recombinant ADAMTS‑1; BaCl2, barium chloride; TA, tibialis anterior; NC, non‑injured control; 
rADAMTS‑1 (L), rADAMTS‑1 at 5 mg/kg; rADAMTS‑1 (H), rADAMTS‑1 at 10 mg/kg; MyoD, myoblast determination protein 1; MyoG, myogenin; dpi, 
days post‑injury.
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supporting the transcriptomic results of enhanced myogenic 
differentiation.

Discussion

With the rapidly aging global population, the need for effec‑
tive therapies targeting sarcopenia has become increasingly 
urgent  (27). The present study evaluated the therapeutic 
potential of rADAMTS‑1 in promoting muscle regeneration. 
The results suggested that rADAMTS‑1 promoted MuSC 
activation and differentiation, potentially counteracting the 
age‑related decline in regenerative capacity. In addition, 
rADAMTS‑1 sustained the expression of myogenic factors 
over time, indicating possible long‑term benefits for restoring 
compromised regenerative mechanisms in older adults.

To assess these effects in vivo, a BaCl2‑induced muscle 
injury model was used. Compared with the BaCl2 group, the 
rADAMTS‑1 (H) group exhibited significantly improved 
functional recovery, as indicated by enhanced grip strength 
and sustained histological evidence of muscle regeneration up 
to 14 dpi. Flow cytometry and immunofluorescence analyses 
revealed a significant increase in MuSC numbers at 3 dpi in all 
BaCl2‑injected groups, although these numbers decreased over 
time. Specifically, the rADAMTS‑1 (H) group showed a marked 
increase in MuSCs at 3 dpi. Despite a gradual reduction over 

time, MuSC levels in this group remained significantly higher 
than those in the other groups through 14 dpi. This sustained 
increase in MuSCs likely facilitates prolonged proliferative 
activity prior to differentiation, thereby contributing to effec‑
tive regeneration (10,28,29).

In parallel, downstream indicators of regeneration, including 
eMyHC and MyoD expression, were assessed. The expression 
pattern of eMyHC, an early marker of muscle regeneration (20), 
closely mirrored the abundance of MuSCs. MyoD, a transcription 
factor guiding MuSCs toward the skeletal muscle lineage (30), 
also showed sustained expression. eMyHC and MyoD levels 
were both significantly elevated in the rADAMTS‑1 (H) group 
at 3 dpi and remained higher than those in the other groups 
through 14 dpi, despite eMyHC being classified as an early‑phase 
marker (31). These results suggest that rADAMTS‑1‑induced 
MuSC expansion, coupled with suppressed Notch signaling, 
contributes to prolonged regenerative activity.

Although the results demonstrated reduced NICD and 
Hes‑1 levels following rADAMTS‑1 treatment, these observa‑
tions are associative and did not establish a direct causal link 
between rADAMTS‑1 and Notch inhibition. Downregulation 
of Notch signaling leads to upregulation of MyoD and 
promotes myogenic differentiation (32). Activation of NICD 
or RBP‑J represses MyoD transcription by interacting with its 
basic helix‑loop‑helix domain (33,34). Given this established 

Figure 6. Effects of rADAMTS‑1 on proliferation and differentiation of primary skeletal muscle cells. (A) Dose‑dependent proliferative effects of rADAMTS‑1 
(0.001‑10 ng/ml) on primary skeletal muscle cells, assessed using the bromodeoxyuridine assay. (B) Dose‑dependent effect of rADAMTS‑1 (0.001‑10 ng/ml) 
on the differentiation of primary skeletal muscle cells. Quantification of myotube length following differentiation (scale bar, 200 µm). (C) Western blot analysis 
showing the expression of myogenic and ADAMTS‑1 related markers (MyoD, MyoG, ADAMTS‑1, NICD, Hes‑1, and β‑actin) following rADAMTS‑1 treatment 
at a concentration of 10 ng/ml, indicating its promotion of early‑stage myogenic differentiation through inhibition of NICD signaling. Each data point represents 
an individual measurement; error bars indicate standard deviation. Statistical significance was determined using one‑way analysis of variance followed by 
Tukey's honestly significant difference post hoc test and is indicated as follows: (A) *P<0.05 vs. Con group; (B) **P<0.01 and ***P<0.001 vs. Con group; (C) 
*P<0.05 and **P<0.01 vs. Con group. ADAMTS‑1, a disintegrin and metalloproteinase with thrombospondin motifs 1; rADAMTS‑1, recombinant ADAMTS‑1; 
MyoD, myoblast determination protein 1; MyoG, myogenin; NICD, Notch intracellular domain; HES‑1, hairy and enhancer of split‑1; Con, control.
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inhibitory relationship, the decrease in NICD and Hes‑1 
expression and the increase in MyoD and MyoG observed 
in the present study suggested that rADAMTS‑1 facilitates 
muscle regeneration by attenuating Notch signaling activity 
rather than by directly cleaving Notch components.

Recent evidence from a study by Lee et al (13) demon‑
strated that rADAMTS‑1 directly binds to Notch1 and inhibits 
ADAM10‑mediated S2 cleavage within its extracellular TMIC 
domain. This proteolytic regulation prevents the release of the 
active NICD, thereby downregulating Hes‑1 expression and 
promoting myogenic differentiation (11). In agreement with 
this mechanism, the present data showed reduced NICD and 
Hes‑1 levels in rADAMTS‑1‑treated muscles, supporting that 
rADAMTS‑1 can negatively regulate Notch signaling through 
its metalloproteinase activity.

Myogenic differentiation was further examined by 
analyzing MyoG expression. MyoD‑positive precursor cells 
differentiate and fuse to restore damaged muscle fibers (35), 
while MyoG triggers the final stages of myogenic differen‑
tiation (36). As myofibers mature, MyoG expression typically 
decreases (37). In the BaCl2‑treated group, both MyoD and 
MyoG peaked at 3 dpi and declined thereafter. However, the 
rADAMTS‑1 (H) group exhibited sustained expression of both 
factors at 7 and 14 dpi, indicating a prolonged activation of 
the myogenic program. These results are consistent with those 
reported by Du et al  (11), who observed that ADAMTS‑1 
influences the persistent MuSC activation.

To validate these findings in vitro, primary skeletal muscle 
cells were treated with rADAMTS‑1. These cells were selected 
for their close resemblance to MuSCs in terms of myogenic 
potential and regenerative capacity (38). rADAMTS‑1 treat‑
ment suppressed NICD expression and upregulated MyoD and 
MyoG, mirroring the in vivo results. These findings suggested 
that rADAMTS‑1 exerts a sustained effect on early myogenic 
differentiation by modulating key regulatory proteins involved 
in myoblast commitment. In particular, the findings from 
human primary skeletal muscle cells support the translational 
relevance of rADAMTS‑1, indicating that its myogenic effects 
are potentially applicable to human muscle regeneration. To 
further explore the transcriptional landscape associated with 
rADAMTS‑1 treatment, RNA‑seq analysis was conducted 
using the C2C12 myoblast cell line, a reproducible and 
widely used in vitro model for transcriptomic studies (39,40). 
rADAMTS‑1 treatment upregulated myogenic genes, such as 
Myh and Mymx. Myh is associated with muscle contractility 
and cellular motility  (41), while Mymx plays a key role in 
myoblast fusion during muscle regeneration and organ devel‑
opment (42). In addition, Myf6, a transcription factor essential 
for maintaining the MuSC pool by inhibiting premature 
differentiation, was upregulated (43). These RNA‑seq find‑
ings, confirmed by qPCR, indicate that rADAMTS‑1 activates 
a transcriptional program that supports muscle development 
and maintenance. GO enrichment analysis further revealed 
significant activation of pathways involved in muscle cell 

Figure 7. Transcriptomic analysis and GO enrichment of muscle cell differentiation following rADAMTS‑1 treatment. C2C12 cells were treated with 10 ng/ml 
rADAMTS‑1 and differentiated for 3 days before RNA‑seq analysis. (A) Volcano plot showing DEGs. Blue and red dots indicate significantly upregulated 
and downregulated DEGs, respectively. (B) Validation of selected DEGs from RNA‑sequencing by quantitative PCR. Results are presented as mean ± SD. 
Statistical significance was determined using one‑way analysis of variance with Tukey's post hoc test and is indicated as follows: *P<0.05 and **P<0.01 vs. the 
control group. GO enrichment analysis of the top 20 terms associated with (C) Biological Process, (D) Cellular Component and (E) Molecular Function, based 
on the identified DEGs. GO, Gene Ontology; ADAMTS‑1, a disintegrin and metalloproteinase with thrombospondin motifs 1; rADAMTS‑1, recombinant 
ADAMTS‑1; RNA‑seq, RNA sequencing; DEG, differentially expressed genes.
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differentiation and extracellular matrix (ECM) organization, 
suggesting that rADAMTS‑1 may contribute to an ECM 
remodeling during muscle regeneration. Taken together with 
its metalloproteinase‑mediated regulation of Notch signaling, 
these data indicate that rADAMTS‑1 enhances muscle regen‑
eration through dual modulation.

In a supplementary validation study, rADAMTS‑1 admin‑
istration alone (10 mg/kg) did not induce significant changes 
in myogenic marker expression compared with the NC group 
These findings suggested that rADAMTS‑1 does not activate 
myogenic processes under normal conditions, but rather facili‑
tates regeneration during muscle differentiation. It is consistent 
with previous reports indicating that ADAMTS‑1 primarily 
modulates the extracellular microenvironment during regen‑
erative conditions rather than in intact tissue  (11,44). As 
rADAMTS‑1 administration alone did not cause detectable 
changes in muscles or systemic conditions, this group was not 
included in the main experimental design.

As ADAMTS family proteins can modulate extracellular 
matrix turnover, and excessive activity may theoretically lead 
to fibrosis, inflammation, or ECM degradation. However, no 
abnormal histological findings, inflammatory infiltration, or 
fibrotic changes were observed in any of the rADAMTS‑1 
treated groups during the 14‑day observation period, 
suggesting that rADAMTS‑1 does not elicit overt toxicity 
under the conditions tested. Additionally, time‑dependent 
plasma concentration analysis confirmed systemic absorption 
of rADAMTS‑1 following IP administration.

The present study has clear methodological limitations 
that should be acknowledged. Only male mice were used, 
following most previous studies employing the BaCl2‑induced 
skeletal muscle injury model (45‑47). Although this approach 
minimizes biological variability and ensures experimental 
consistency, it inevitably limits the generalizability of the 
results, as potential sex‑dependent differences could not be 
evaluated. Another important limitation lies in the use of the 
BaCl2‑induced acute injury model rather than a chronic or 
age‑related paradigm. This model provides a reproducible and 
temporally defined framework for assessing MuSC‑driven 
regeneration but does not fully capture the chronic and multi‑
factorial pathophysiology of sarcopenia (48). While an aging 
model would have offered greater physiological relevance, it 
could not be implemented within the scope and timeframe of 
the present study. Moreover, naturally aged rodents are known 
to exhibit variable manifestations of muscle mass and func‑
tional decline depending on strain, sex, and environmental 
conditions (49,50), suggesting that chronological aging alone 
may not reliably reproduce the human sarcopenia phenotype. 
Thus, the BaCl2 model should be regarded as a mechanistic 
surrogate rather than a direct model of age‑related muscle 
degeneration. Although the RNA‑seq analysis and validation 
were performed using the well‑established C2C12 myoblast 
cell line (51), this represents another limitation of the study, 
as the results were not verified using in vivo samples. Future 
study will need on regenerated muscle tissues to validate 
the key RNA‑seq‑identified genes in vivo. The study also 
focused exclusively on the early phase of muscle repair, 
emphasizing MuSC activation and early regenerative events. 
Although this phase represents a critical window for effective 
regeneration, long‑term outcomes such as sustained muscle 

function and structural remodeling were not addressed. These 
limitations collectively indicate that additional studies using 
senescence‑accelerated mice or naturally aged models will 
be essential to validate the long‑term efficacy and transla‑
tional potential of rADAMTS‑1 under physiological aging 
conditions.

In conclusion, rADAMTS‑1 enhances muscle regen‑
eration by activating MuSCs and upregulating myogenic 
factors, thereby driving the expression of genes essential for 
muscle development. Given the clinical challenges posed by 
sarcopenia, rADAMTS‑1 represents a promising therapeutic 
candidate for mitigating muscle loss in older adults. Its ability 
to promote MuSCs proliferation and differentiation, potentially 
overcoming some limitations of current MuSCs transplanta‑
tion strategies. Overall, The present study highlighted the 
potential of rADAMTS‑1 for sarcopenia treatment, although 
further research is needed to confirm its long‑term efficacy, 
safety, and clinical applicability.
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