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Abstract

Background: Rotator cuff injuries are common musculoskeletal disorders and are frequently complicated by impaired tendon–bone
healing and high re-tear rates after surgical repair. Exosomes derived from adipose-derived stem cells (ADSCs) have shown regenerative
potential through paracrine mechanisms; however, the role of exosomal insulin-like growth factor 1 (IGF1) in tendon–bone healing
remains unclear. Methods: Exosomes were isolated from rat ADSCs with or without lentiviral knockdown of IGF1. A rat supraspinatus
tendon tear and repair model was established, and 200 µg of exosomes was administered systemically post-surgery. Tendon–bone healing
was evaluated at 8 weeks post-operation using histological, immunohistochemical, and micro-computed tomography analyses. Early
molecular responses were assessed at 1-week post-surgery by Western blot and RT-qPCR. Angiogenic markers (vascular endothelial
growth factor (VEGF), CD31, α-SMA), inflammatory cytokines (interleukin (IL)-1β, IL-18), pyroptosis-related proteins (gasdermin
D N-terminal fragment (GSDMD-N)), and NLRP3 inflammasome components were examined. Results: ADSC-derived exosomes
significantly enhanced bone mineral density, fibrocartilage formation, vascularization, and biomechanical strength at the tendon–bone
interface. These effects were accompanied by reduced inflammatory cytokine expression, inhibition of pyroptosis, and suppression of
NLRP3 inflammasome activation. In contrast, exosomes derived from IGF1-deficient ADSCs exhibited markedly reduced therapeutic
efficacy, with attenuated angiogenic, anti-inflammatory, and anti-pyroptotic effects. Conclusions: Exosomal IGF1 plays a critical role
in promoting angiogenesis, suppressing inflammation and pyroptosis, and improving structural and biomechanical outcomes during
tendon–bone healing. IGF1-enriched ADSC-derived exosomes represent a promising therapeutic strategy for enhancing rotator cuff
repair.
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1. Introduction

The rotator cuff is a complex anatomical structure
composed of four tendons that stabilize the glenohumeral
joint and facilitate normal shoulder motion [1]. Rotator
cuff injuries are among the most common musculoskele-
tal disorders, particularly in individuals engaged in repeti-
tive overhead activities and in aging populations [2]. These
injuries range from tendinopathy and partial-thickness tears
to full-thickness tendon ruptures, leading to pain, weakness,
restricted range of motion, and functional impairment [3].
Despite advancements in surgical and non-surgical treat-
ment modalities, rotator cuff tears present a significant clin-
ical challenge due to persistently high rates of re-tear and
suboptimal tendon-to-bone healing [4]. Consequently, cur-
rent research is increasingly focused on understanding the
biological environment of the tendon, enhancing regenera-
tive approaches, and developing novel biomaterials to im-
prove clinical outcomes [5].

Adipose-derived stem cells (ADSCs) have emerged as
a promising source ofmesenchymal stem cells (MSCs) with

significant potential in regenerative medicine and tissue en-
gineering [6]. Isolated from the stromal vascular fraction of
adipose tissue, ADSCs exhibit multilineage differentiation
capacity, immunomodulatory properties, and a high prolif-
erative profile [7]. Comparedwith otherMSC sources, such
as bone marrow, ADSCs offer advantages including mini-
mal invasiveness during harvest, higher yield, and reduced
donor site morbidity [8]. ADSCs exert therapeutic effects
not only through their differentiation capacity but also, in-
creasingly, via paracrine mechanisms-especially by releas-
ing extracellular vesicles (EVs), such as exosomes [9]. Ex-
osomes are nanoscale vesicles (30–150 nm in diameter) de-
rived from the endosomal pathway, which serve as carriers
of bioactive components, including proteins, lipids, mR-
NAs, and microRNAs [10]. These vesicles mediate inter-
cellular communication and play a critical role in regulating
inflammation, stimulating angiogenesis, preventing apop-
tosis, and supporting tissue regeneration [11].

ADSC-derived exosomes (ADSC-exo) are gaining at-
tention as a cell-free therapeutic modality that recapitu-
lates many of the regenerative effects of stem cell trans-
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plantation without the associated risks of tumorigenicity,
immune rejection, or vascular occlusion [12,13]. Accord-
ingly, in this study, our objective is to investigate the ef-
fects of ADSC-exo on angiogenesis, inflammation, and py-
roptosis at the tendon-bone interface during rotator cuff re-
pair, and to evaluate their potential to enhance rotator cuff
healing after surgical repair. Furthermore, we aim to eluci-
date the role of the key protein insulin-like growth factor 1
(IGF1) contained within ADSC-exo.

2. Methods
2.1 Isolation and Culture of Rat ADSCs

ADSCs were isolated from the inguinal adipose tis-
sue of 4-week-old Sprague-Dawley rats according to the
protocol described in previous research [14], and the rats
were euthanized in the same manner as in Section 2.6.
Briefly, adipose tissue was harvested under sterile condi-
tions, minced into approximately 1-mm3 fragments, and en-
zymatically digested with collagenase. The digested sus-
pension was filtered, centrifuged, and the resulting cell
pellet was resuspended and cultured in complete culture
medium. Cells were maintained at 37 °C in a humidified at-
mosphere containing 5% CO2, and medium was refreshed
every 2–3 days. ADSCs at passage 3 were used for all sub-
sequent experiments. All primary ADSCs were validated
for cell identity by surface marker analysis using flow cy-
tometry and were confirmed to be mycoplasma-negative,
ensuring the reliability and reproducibility of the experi-
mental results.

2.2 Lentiviral-Mediated Knockdown of Igf1 in ADSCs
To suppress IGF1 expression, ADSCs were trans-

duced with lentiviral vectors encoding short hairpin
RNA (shRNA) targeting rat Igf1 (GenePharma, Shang-
hai, China). The shRNA sequence targeting Igf1 was
GGTGGATGCTCTTCAGTTC, while a non-targeting se-
quence (ACTTACGCTGAGTACTTCG) served as the neg-
ative control. Lentiviral transduction was performed ac-
cording to the manufacturer’s instructions. Knockdown ef-
ficiency was confirmed at both mRNA and protein levels.

2.3 Exosome Isolation and Characterization
Exosomes were isolated from ADSC-conditioned

medium using a standard differential ultracentrifugation
protocol. Briefly, culture supernatants were sequentially
centrifuged at 1000 ×g for 10 min to remove cells and de-
bris, 10,000 ×g for 30 min to eliminate large extracellular
vesicles, and 100,000 ×g for 70 min to pellet exosomes.
The resulting pellet was resuspended in phosphate-buffered
saline (PBS) and further purified by filtration through a
0.22-µm membrane. Exosome morphology was examined
by transmission electron microscopy (TEM), and particle
size distribution and concentration were determined using
nanoparticle tracking analysis (NTA). Expression of canon-
ical exosomal markers (Tsg101, CD63, and CD9) was as-

sessed by Western blotting. Exosomal protein concentra-
tion was measured using a bicinchoninic acid (BCA) pro-
tein assay according to the manufacturer’s instructions.

Exosome purity was evaluated by calculating the
particle-to-protein ratio (particles/µg protein).

2.4 Assessment of ADSC Viability After IGF1 Knockdown

To evaluate whether IGF1 knockdown affects ADSC
viability, a Cell Counting Kit-8 (CCK-8) assay was per-
formed. Control ADSCs and IGF1-knockdown ADSCs
(shIGF1) in the logarithmic growth phase were seeded into
96-well plates at a density of 5 × 103 cell/well in 100
µL complete culture medium containing 10% fetal bovine
serum. Cell viability was assessed on days 1, 2, 3, and 4 af-
ter seeding by adding CCK-8 reagent according to the man-
ufacturer’s instructions. Absorbance was measured at 450
nm using a microplate reader, and relative cell viability was
calculated for each time point.

2.5 In Vivo Biodistribution of Systemically Administered
Exosomes

To evaluate whether systemically administered ex-
osomes can reach the tendon–bone injury site, exosome
biodistribution was assessed using DiI fluorescent labeling.
Purified ADSC-derived exosomes were incubated with the
lipophilic fluorescent dye DiI at a final concentration of 5
µM for 30 min at 4 °C in the dark. To remove unbound dye,
the labeled exosomes were ultracentrifuged at 100,000 ×g
for 70 min and resuspended in sterile PBS.

DiI-labeled exosomes were administered to rats with
rotator cuff tear via tail-vein injection. Three days after in-
jection, rats were euthanized in the same manner as in Sec-
tion 2.6, and tendon tissues from the repair site were har-
vested, embedded, sectioned, and examined under a fluo-
rescence microscope to detect DiI fluorescence signals.

2.6 Rat Rotator Cuff Tear Model and Exosome
Administration

The rat rotator cuff tear and repair model were estab-
lished following the surgical procedure described in previ-
ous research [15,16]. A total of 42 adult female Sprague–
Dawley rats (4–5 months old, 258–552 g) were used. Ani-
mals were randomly assigned to experimental groups using
a computer-generated random number table. Investigators
performing outcome assessments were blinded to group al-
location. General anesthesia was inducedwith 2–3% isoflu-
rane in 100% oxygen. A transverse incision was made lat-
eral to the deltoid muscle to expose the rotator cuff com-
plex. The supraspinatus tendon was sharply detached from
the greater tuberosity, and the footprint was gently debrided
to simulate clinical tendon avulsion prior to repair.

Postoperatively, 200 µg of ADSC-derived exosomes
suspended in 200 µL PBS were administered via tail vein
injection immediately after surgery (day 0), on days 3 and 7,
and once weekly thereafter until the designated endpoints.
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Animals were euthanized at 1 or 8 weeks post-surgery un-
der deep anesthesia by intraperitoneal injection of sodium
pentobarbital (150 mg/kg). Death was confirmed by the ab-
sence of respiration, corneal reflex, and heartbeat.

2.7 Western Blot
At 1 week post-surgery, tendon tissues from the re-

pair site were harvested and homogenized in RIPA lysis
buffer. Protein samples were separated by SDS–PAGE
and transferred to PVDF membranes. Membranes were
incubated with primary antibodies against IGF1 (1:2000,
#ab322659, Abcam, Cambridge, MA, USA), VEGFA
(1:1000, #ab214424, Abcam), CD31 (1:1500, #ab222783,
Abcam), interleukin (IL)-1β (1:1000, Ag10295, Protein-
tech, Wuhan, China), IL-18 (1:1000, 30587-1-AP, Protein-
tech), ACTA2 (1:1500, #19245, Cell Signaling Technology,
Danvers, MA, USA), and GAPDH (#1:2000, 60004-1-Ig,
Proteintech) (used as an internal control), followed byHRP-
conjugated secondary antibodies. Protein bands were visu-
alized using enhanced chemiluminescence.

2.8 Quantitative Real-Time PCR (qRT-PCR)
qRT-PCR was performed using SYBR Green Master

Mix (#4344463, Thermo Fisher Scientific, Waltham, MA,
USA) on a CFX96 Real-Time PCR System (Bio-Rad, Her-
cules, CA, USA). GAPDH was used as the internal refer-
ence gene. The primer sequences used were as follows:

GAPDH :
F: 5′-TCAAGAAGGTGGTGAAGCAG-3′;
R: 5′-GGTGGAAGAGTGGGAGTTGC-3′.
Igf1:
F: 5′-CCTGCTTGCTCACCTTTACC-3′;
R: 5′-GGTAGCTCAGGCATGTCCAG-3′.
Vegfa:
F: 5′-GAGAGGTACAGTGCTGCCCT-3′;
R: 5′-CACACAGGACGGCTTGAAGA-3′.
Acta2:
F: 5′-GACCTTGAGAAGAGTTACGAGTTG-3′;
R: 5′-TAGAGAGACAGCACGATGGG-3′.
Cd31:
F: 5′-GCTGGTGCTGTTCTTCCTGT-3′;
R: 5′-AGGTGCCATCCAGGTACTTG-3′.
Il18:
F: 5′-TGCCATGTCAGAAGACTCTGC-3′;
R: 5′-TGGGTCACAGCCAGTTCTTC-3′.
Il1b:
F: 5′-TGCAGCTGGAGAGTGTGGAT-3′;
R: 5′-TGTCGTTGCTTGGTTCTCCT-3′.

2.9 Histological and Immunohistochemical Analysis
At 8 weeks post-surgery, shoulder joint specimens

were fixed in 4% paraformaldehyde, decalcified, embed-
ded in paraffin, and sectioned at 5-µm thickness. Hema-
toxylin and eosin (H&E) staining was used to assess over-
all tissue morphology, while Safranin O–Fast Green stain-

ing was performed to evaluate fibrocartilage formation at
the tendon–bone interface. For immunohistochemistry,
sections were incubated with primary antibodies against
VEGF, followed by secondary antibodies and DAB visu-
alization to assess neovascularization.

2.10 Micro-CT and Biomechanical Testing
Micro-computed tomography (micro-CT) analysis

was conducted to assess bone structure and mineralization
at the greater tuberosity [17]. Following scanning, 3D re-
construction was used to evaluate bone volume parameters
and trabecular architecture. For biomechanical testing, the
humerus-tendon-scapula complex was harvested and sub-
jected to uniaxial tensile loading to determine maximum
load to failure and stiffness, thereby assessing the mechan-
ical integrity of the tendon-to-bone repair.

2.11 Statistical Analysis
All data are presented as mean ± standard deviation

(SD). Normality was assessed using the Shapiro–Wilk test.
As data were normally distributed but exhibited unequal
variances among groups, Brown–Forsythe ANOVA and
Welch’s correction were applied where appropriate. For
pairwise comparisons, Welch’s t-test was used. Actual F
values, t values, effect sizes, and sample sizes (n) are re-
ported in the Results section and corresponding figure leg-
ends. Statistical analyses were performed using GraphPad
Prism version 9.0 (GraphPad Software, San Diego, CA,
USA), and p< 0.05 was considered statistically significant.

3. Results
3.1 Inhibition of Igf1 in ADSCs Reduces IGF1 Expression
in Derived Exosomes

To verify whether IGF1 knockdown affected ADSC
viability, a CCK-8 assay was performed to assess cell via-
bility. From day 1 to day 4 of culture, the relative cell vi-
ability of control ADSCs and shIGF1-transduced ADSCs
increased in parallel, and no significant differences were
observed at any time point (day 4: t = 0.87, df = 10, p =
0.483, Cohen’s d = 0.30; Supplementary Fig. 1). These
results demonstrate that IGF1 knockdown did not impair
ADSC viability.

To determine whether suppression of Igf1 in ADSCs
altered IGF1 expression and its incorporation into secreted
exosomes, ADSCs were transduced with lentiviral shRNA
targeting Igf1. Quantitative RT-PCR andWestern blot anal-
yses confirmed a significant reduction in Igf1 mRNA and
IGF1 protein levels in shIGF1-transduced ADSCs com-
pared with controls (Fig. 1A–C; p< 0.01, Brown–Forsythe
ANOVA; F = 14.25, df = 2.6, partial η2 = 0.83 for Fig. 1A;
F = 11.89, df = 2.6, partial η2 = 0.80 for Fig. 1C).

Exosomes isolated from control and shIGF1 ADSCs
were subsequently characterized. Western blotting fur-
ther confirmed the presence of canonical exosomal markers
TSG101, CD63, and CD9, with no detectable differences
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Fig. 1. Inhibition of Igf1 in ADSCs attenuated the content of IGF1 in ADSCs derived exosomes. (A) ADSCs were transfected with
shIgf1 for 48 hours, the mRNA and protein expressions of IGF1 were measured (B,C). 3 repeats were conducted. (D) Size distribution of
the exosomes derived from ADSCs with Igf1 inhibition. (E) Detection of Tsg101, CD63, CD9 expressions by Western blotting analysis
from exosomes derived from ADSCs and ADSCs with Igf1 inhibition. (F) Detection of Igf1 mRNA expressions by qRT-PCR from
exosomes derived from ADSCs and ADSCs with Igf1 inhibition. (G,H) Detection of IGF1 and Alix protein expressions by Western
blotting analysis from exosomes derived from ADSCs and ADSCs with Igf1 inhibition. 3 repeats were conducted. Data was shown with
mean± SD. **p< 0.01 compared to control (or EXO group as control). Brown–Forsythe ANOVA test and Unpaired t test with Welch’s
correction. IGF1, insulin-like growth factor 1; ADSCs, adipose-derived stem cells; Tsg101, tumor susceptibility gene 101; qRT-PCR,
Quantitative Real-Time PCR; SD, standard deviation; EXO, exosomes; ANOVA, analysis of variance.

between control and shIGF1-derived exosomes (Fig. 1D,E),
indicating that Igf1 knockdown did not affect exosome bio-
genesis or structural integrity. To further evaluate whether
Igf1 knockdown affects exosome yield and purity, parti-
cle concentration and total protein content of isolated exo-
somes were quantified, and the particle-to-protein ratio was
calculated. No significant differences were observed be-

tween control ADSC-derived exosomes (EXO) and Igf1-
knockdown ADSC-derived exosomes (EXOshIGF1) in par-
ticle concentration, protein concentration, or particle-to-
protein ratio (Supplementary Fig. 2A–C). These results
further indicate that Igf1 knockdown does not affect basic
exosome biogenesis, yield, or purity, but specifically re-
duces IGF1 cargo within the exosomes.
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Fig. 2. Therapeutic efficacy in rotator cuff repair. Micro-computed tomography was used to evaluate bone remodeling at the tendon–
bone interface, including bone mineral density (BMD; A), trabecular separation (Tb.Sp; B), and bone volume fraction (BV/TV; C).
Mechanical properties of the repaired rotator cuff were assessed by measuring ultimate failure load (D) and stiffness (E). Six rats were
included in each experimental group. Data are shown as mean± SD. Statistical analysis was performed using Brown–Forsythe ANOVA
followed by Dunnett’s T3 post hoc test. #p < 0.05, ##p < 0.01, ###p < 0.001 versus the Model group; &p < 0.05, &&p < 0.01 versus
the EXO group.

Importantly, analysis of exosomal cargo revealed a
substantial reduction in IGF1 content following Igf1 knock-
down. qRT-PCR demonstrated significantly decreased
Igf1 mRNA levels in exosomes derived from shIGF1-
transduced ADSCs compared with controls (Fig. 1F; p
< 0.01, independent-samples t-test; t = 4.68, df = 4,
Cohen’s d = 1.91). Consistently, Western blot analysis
showed a pronounced reduction in IGF1 protein levels
in shIGF1-derived exosomes, while the exosomal protein
Alix remained unchanged and served as a loading con-
trol (Fig. 1G,H; independent-samples t-test; t = 4.02, df =
4, Cohen’s d = 1.65). Collectively, these results demon-
strate that lentiviral-mediated Igf1 knockdown specifically
reduces IGF1 expression in ADSCs and concomitantly de-
creases IGF1 mRNA and protein content in their secreted
exosomes, without altering ADSC viability or fundamen-
tal exosome biogenesis. These findings establish a ro-
bust foundation for subsequent functional analyses of IGF1-
deficient exosomes in tendon–bone healing.

3.2 Exosomes From Igf1-Deficient ADSCs Exhibit
Reduced Therapeutic Efficacy in Rotator Cuff Repair

Given that exosomes were administered systemically
in this study, it was first necessary to determine whether
intravenously delivered exosomes could reach the tendon–
bone injury site. Accordingly, DiI-labeled ADSC-derived
exosomes were injected via the tail vein. Distinct DiI fluo-
rescence signals were detected in tendon tissues three days
after injection, indicating that systemically delivered exo-
somes are able to successfully reach and persist at the injury
site (Supplementary Fig. 3).

To assess the structural and functional outcomes of
rotator cuff repair, micro-CT and biomechanical analyses
were performed at 8 weeks post-surgery. Micro-CT anal-
ysis demonstrated that treatment with exosomes derived
from control ADSCs (EXO group) significantly improved
bone microarchitecture at the tendon–bone interface com-
paredwith the untreatedmodel group (Supplementary Fig.
4). Specifically, bone mineral density (BMD), bone vol-
ume fraction (BV/TV), and trabecular spacing (Tb.Sp) were
all significantly improved in the EXO group (Fig. 2A–C;
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Fig. 3. Tissue organization and fibrocartilage formation at the repair site. (A) Representative histological sections stained with
hematoxylin and eosin (H&E), and (B) quantitative evaluation of overall histological scores. Scale bar = 100 µm. (C) Representative
Safranin O–Fast green (SO–FG), and (D) Safranin O–positive cartilage area. Scale bar = 100 µm. Six rats were included in each group.
Results are expressed as mean± SD. ##p< 0.01, ###p< 0.001 versus the Model group; &&p< 0.01 versus the EXO group. Statistical
significance was determined using Brown–Forsythe ANOVA followed by Dunnett’s T3 multiple comparisons test.

Brown–Forsythe ANOVA: F = 20.37, df = 2.15, partial η2
= 0.73 for BMD; F = 16.52, df = 2.15, partial η2 = 0.68 for
BV/TV; F = 18.45, df = 2.15, partial η2 = 0.71 for Tb.Sp).
In contrast, these osteogenic benefits were markedly atten-
uated when exosomes were derived from Igf1-knockdown
ADSCs. Compared with the EXO group, the shIGF1-EXO
group exhibited significantly reduced BMD and BV/TV,
along with increased Tb.Sp, indicating compromised bone
regeneration at the tendon–bone interface.

Consistent with themicro-CT findings, biomechanical
testing revealed that the maximum load to failure and inter-
facial stiffness were significantly higher in the EXO group
than in the untreated model group, confirming enhanced
mechanical integration of the repaired tendon (Fig. 2D,E;
Brown–Forsythe ANOVA: F = 22.68, df = 2.15, partial η2
= 0.75 for maximum load; F = 17.93, df = 2.15, partial η2
= 0.70 for stiffness). However, both biomechanical param-
eters were significantly reduced in the shIGF1-EXO group
relative to the EXO group. Taken together, these results in-
dicate that IGF1 deficiency substantially compromises the
ability of ADSC-derived exosomes to promote bone regen-
eration and mechanical restoration at the tendon–bone in-
terface, supporting a critical role for exosomal IGF1 in me-

diating the therapeutic efficacy of exosome-based treatment
in rotator cuff repair.

3.3 Igf1 Knockdown in ADSC-Derived Exosomes Impairs
Their Histological Benefits on Tendon–Bone Healing

To further evaluate histological remodeling at the
tendon–bone interface following rotator cuff repair, H&E
staining and SO–FG staining were performed on speci-
mens harvested 8 weeks post-surgery. Significantly lower
scores were revealed in the EXO group compared with the
model group, indicating reduced inflammatory features and
more orderly fibrocartilage structure (Fig. 3A,B; Brown–
Forsythe ANOVA: F = 16.82, df = 2.15, partial η2 = 0.69).
Consistently, SO–FG staining demonstrated a significantly
greater cartilage area in the EXOgroup relative to themodel
group (Fig. 3C,D; Brown–Forsythe ANOVA: F = 19.75, df
= 2.15, partial η2 = 0.72). In contrast, exosomes derived
from Igf1-deficient ADSCs (shIGF1-EXO group) failed to
reproduce these histological benefits. Both histological
scores and Safranin O–positive cartilage areas were signif-
icantly reduced compared with the EXO group, indicating
impaired fibrocartilage regeneration and suboptimal struc-
tural integration. Collectively, these findings demonstrate
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Fig. 4. Igf1 Deficiency decreases exosome’ pro-angiogenic effects in rotator cuff repair. (A) Representative images of immunohis-
tochemical staining of vascular endothelial growth factor (VEGF), and (B) intensity of VEGF in tendon tissues. Scale bar = 100 µm.
Transcriptional levels of angiogenesis-related genes, including Vegfa (C), Cd31 (D), and α-SMA (E), were assessed in tendon tissues by
RT-qPCR. Six rats were included per group, and RT-qPCR analyses were performed using pooled tissue homogenates with three inde-
pendent repeats. Data are expressed as mean ± SD. #p < 0.05, ##p < 0.01, ###p < 0.001 versus the Model group; &&p < 0.01 versus
the EXO group. Statistical comparisons were conducted using Brown–Forsythe ANOVA followed by Dunnett’s T3 post hoc test.

that IGF1 is a critical mediator of exosome-driven histolog-
ical repair and chondrogenesis at the tendon–bone interface
during rotator cuff healing.

3.4 Igf1 Deficiency in ADSC-Derived Exosomes Weakens
Their Pro-Angiogenic Effects in Rotator Cuff Repair

To investigate the contribution of ADSC-derived ex-
osomes to angiogenesis during tendon–bone healing, im-
munohistochemical staining and gene expression analyses
were performed on tendon tissues harvested 8 weeks after
surgery. A significant increase in VEGF-positive staining
was demonstrated in the EXO group (Fig. 4A,B, Brown–
Forsythe ANOVA, F = 14.92, df = 2.15, partial η2 =
0.66). Consistent with the IHC findings, RT-qPCR anal-
ysis demonstrated that exosome treatment significantly up-
regulated the mRNA expression levels of Vegfa (Fig. 4C,
Brown–Forsythe ANOVA, F = 12.38, df = 2.6, partial η2 =
0.80), Cd31 (Fig. 4D, Brown–Forsythe ANOVA, F = 11.75,
df = 2.6, partial η2 = 0.79), and α-SMA (Fig. 4E, Brown–
Forsythe ANOVA, F = 10.52, df = 2.6, partial η2 = 0.78)
in tendon tissues, further supporting enhanced angiogenic
activity.

In contrast, the pro-angiogenic responses were sub-
stantially attenuated when exosomes were derived from
Igf1-deficient ADSCs. Compared with the EXO group, the
shIGF1-EXO group exhibited significantly reduced VEGF
staining intensity as well as lower transcript levels of Vegfa,
Cd31, and Acta2. These findings indicate that IGF1 plays a
critical role in mediating the angiogenic activity of ADSC-
derived exosomes in the context of rotator cuff repair.

3.5 Igf1-Deficient Exosomes Exhibit Reduced Inhibitory
Effects on Pyroptosis in Rotator Cuff Tendon Tissue

To evaluate the effects of ADSC-derived exosomes on
tendon cell pyroptosis following rotator cuff injury, tendon
tissues were harvested 1 week after surgery for propidium
iodide (PI) staining and Western blot analysis. A sham-
operated group was included as a baseline control. Com-
pared with the sham group, the untreated model group ex-
hibited a marked increase in PI-positive cells, indicating
enhanced pyroptotic activity in the injured tendon tissue
(Fig. 5A,B). Treatment with exosomes derived from con-
trol ADSCs (EXO group) significantly reduced the number
of PI-positive cells relative to the model group, suggesting
an inhibitory effect of exosomes on tendon cell pyroptosis
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Fig. 5. Igf1-deficient exosomes exhibit reduced inhibitory effects on pyroptosis. (A) Representative propidium iodide (PI) fluores-
cence staining of tendon sections, and (B) quantitative analysis revealed PI-positive cells in membrane-compromised cells. Scale bar
= 50 µm. Protein expression of the pyroptosis executor gasdermin D N-terminal fragment (GSDMD-N) in tendon tissues was assessed
by Western blotting (C). β-actin served as an internal loading control, and protein levels were normalized to the sham group (D). Six
rats were included per group, and Western blot analyses were performed using pooled tendon tissue homogenates with three independent
repeats. Data are presented as mean± SD. *p< 0.05, ***p< 0.001 versus the Sham group; #p< 0.05, ###p< 0.001 versus the Model
group; &p < 0.05, &&p < 0.01 versus the EXO group. Statistical analysis was conducted using Brown–Forsythe ANOVA followed by
Dunnett’s T3 multiple comparisons test.

during the early healing phase (Fig. 5B; Brown–Forsythe
ANOVA: F = 17.25, df = 3.20, partial η2 = 0.73).

Consistent with these findings, Western blot analysis
demonstrated a pronounced upregulation of gasdermin D
N-terminal fragment (GSDMD-N), a key executor of py-
roptosis, in the model group, whereas exosome treatment
markedly suppressed GSDMD-N expression toward base-
line levels (Fig. 5C). Quantitative analysis of GSDMD-
N normalized to β-actin further confirmed this reduction
(Fig. 5D; Brown–Forsythe ANOVA: F = 13.89, df = 3.8,
partial η2 = 0.84).

Notably, the anti-pyroptotic effects of exosome treat-
ment were significantly attenuated when exosomes were
derived from Igf1-knockdown ADSCs. Compared with
the EXO group, the shIGF1-EXO group exhibited a higher
proportion of PI-positive cells and significantly elevated
GSDMD-N protein levels. These results indicate that IGF1
is required for the exosome-mediated suppression of tendon
cell pyroptosis during the early stage of rotator cuff healing.

3.6 Igf1 Knockdown Attenuates the Anti-Inflammatory
Effects of ADSC-Derived Exosomes in Rotator Cuff Injury

To further examine the regulatory effects of ADSC-
derived exosomes on the inflammatory response associ-
ated with NLRP3 inflammasome activation and pyropto-
sis, the protein and mRNA expression levels of the pro-
inflammatory cytokines IL-1β and IL-18 were assessed in
tendon tissues one week after rotator cuff injury (Fig. 6A–
D). Compared with the sham-operated group, the untreated
model group exhibited significantly elevated protein levels
of IL-1β and IL-18, reflecting a robust inflammatory re-
sponse during the early healing phase (Fig. 6A,B; Brown–
Forsythe ANOVA: F = 14.23, df = 3.20, partial η2 = 0.71
for IL-1β; F = 12.85, df = 3.20, partial η2 = 0.68 for IL-
18). Treatment with exosomes derived from control AD-
SCs (EXO group) significantly reduced the protein levels
of both IL-1β and IL-18 compared with the model group,
indicating a pronounced anti-inflammatory effect of exo-
some therapy. Consistent with the protein expression data,
RT-qPCR analysis demonstrated similar trends at the tran-
scriptional level. The mRNA expression of Il1b and Il18
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Fig. 6. Igf1 Knockdown attenuates the anti-inflammatory effects. Protein concentrations of the pro-inflammatory cytokines
interleukin-1β (IL-1β; A) and interleukin-18 (IL-18; B) in tendon tissues were quantified by enzyme-linked immunosorbent assay
(ELISA). Transcriptional expression of Il1b (C) and Il18 (D) was determined by RT-qPCR. Six rats were included per group, and RT-
qPCR analyses were performed using pooled tendon tissue homogenates with three independent repeats. Results are presented as mean
± SD. **p < 0.01, ***p < 0.001 versus the Sham group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus the Model group; &p < 0.05,
&&p < 0.01 versus the EXO group. Statistical significance was assessed using Brown–Forsythe ANOVA followed by Dunnett’s T3
multiple comparisons test.

was markedly upregulated in the model group but signifi-
cantly suppressed following exosome treatment (Fig. 6C,D;
Brown–Forsythe ANOVA: F = 10.87, df = 3.8, partial η2 =
0.79 for Il1b; F = 9.52, df = 3.8, partial η2 = 0.77 for Il18).

Notably, these anti-inflammatory effects were sub-
stantially attenuated when exosomes were derived from
Igf1-inhibited ADSCs. Compared with the EXO group,
the shIGF1-EXO group exhibited significantly higher lev-
els of IL-1β and IL-18 at both the protein andmRNA levels.
These findings indicate that IGF1 plays a key role in medi-
ating the immunomodulatory properties of ADSC-derived
exosomes during the early inflammatory phase of rotator
cuff tendon healing.

3.7 Igf1 Deficiency Impairs the Inhibitory Effect of
ADSC-Derived Exosomes on NLRP3 Inflammasome
Activation

To investigate the influence of ADSC-derived exo-
somes on NLRP3 inflammasome activation in the early

phase of tendon healing, Western blot analysis was per-
formed on tendon tissues collected one-week post-surgery.
The NLRP3 inflammasome is a critical innate immune sig-
naling complex that detects pathogenic stimuli or cellular
stress. Once activated, NLRP3 recruits the adaptor protein
ASC through PYD–PYD interactions. ASC then facilitates
the conversion of pro-caspase-1 into its active form, trig-
gering the release of pro-inflammatory cytokines and ini-
tiating pyroptosis [18–20]. Compared to the sham group,
the model group showed marked upregulation of NLRP3
(Fig. 7A,B, Brown–Forsythe ANOVA, F = 13.25, df =
3.8, partial η2 = 0.83), ASC (Fig. 7A,C, Brown–Forsythe
ANOVA, F = 12.18, df = 3.8, partial η2 = 0.81), pro-
caspase-1 (Fig. 7A,D, Brown–ForsytheANOVA, F = 10.92,
df = 3.8, partial η2 = 0.79), and cleaved caspase-1 protein
levels (Fig. 7A,E, Brown–Forsythe ANOVA, F = 14.57, df
= 3.8, partial η2 = 0.85), indicating robust inflammasome
activation (p < 0.01).
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Fig. 7. Effect of ADSC-Derived exosomes on NLRP3 inflammasome activation. Protein levels of NLRP3 inflammasome–related
components, including NLRP3, ASC, pro-caspase-1, and cleaved caspase-1, were examined in tendon tissues by Western blot analysis
(A). β-actin served as the internal loading control, and band intensities were quantified and normalized to the sham group (B–E). Six
rats were included in each experimental group, and Western blot analyses were performed using pooled tendon tissue homogenates
with three independent replicates. Data are expressed as mean ± SD. **p < 0.01 versus the Sham group; #p < 0.05, ##p < 0.01,
###p < 0.001 versus the Model group; &p < 0.05, &&p < 0.01 versus the EXO group. Statistical comparisons were conducted using
Brown–Forsythe ANOVA followed by Dunnett’s T3 post hoc test. NLRP3, NOD-like receptor pyrin domain-containing protein 3; ASC,
Apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain.

Treatment with exosomes derived from control AD-
SCs (EXO group) significantly suppressed the expression
of these inflammasome-related proteins compared with the
model group, indicating effective inhibition of NLRP3 in-
flammasome activation. In contrast, this suppressive ef-
fect was markedly attenuated when exosomes were de-
rived from Igf1-knockdown ADSCs. Compared with the
EXO group, the shIGF1-EXO group exhibited significantly
higher levels of NLRP3, ASC, and cleaved caspase-1,
demonstrating incomplete inhibition of inflammasome sig-
naling.

Collectively, these findings indicate that IGF1 is es-
sential for the ability of ADSC-derived exosomes to sup-
press NLRP3 inflammasome activation during the early in-
flammatory phase of rotator cuff tendon healing, thereby
linking exosomal IGF1 to coordinated regulation of inflam-
mation, pyroptosis, and tissue repair.

4. Discussion
In the present study, we demonstrate that exosomes

derived from rat ADSCs significantly promote tendon–
bone healing in a rat model of rotator cuff injury. Impor-
tantly, our findings indicate that these therapeutic effects
are mediated, at least in part, by IGF1 contained within the
exosomes. ADSC-derived exosomes promoted structural
regeneration, and angiogenesis, while concurrently sup-
pressing inflammation and pyroptosis. Notably, exosomes
derived from IGF1-silenced ADSCs exhibited markedly re-
duced therapeutic efficacy, supporting a critical functional
role for IGF1 in exosome-mediated tendon–bone repair.

Rotator cuff injuries often result in incomplete healing
due to insufficient biological reattachment between tendon
and bone, leading to high rates of re-tear [21]. Conven-
tional surgical repair methods restore anatomical continu-
ity but do not adequately address the biological deficien-
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cies at the repair interface [22]. Our results support the use
of ADSC-derived exosomes as a promising cell-free regen-
erative strategy capable of enhancing the biological heal-
ing response. Exosome treatment significantly improved
bone microarchitectural parameters, including BMD and
BV/TV, increased biomechanical strength at the tendon–
bone junction, and promoted fibrocartilage formation with
improved tissue organization. These findings are consistent
with accumulating evidence that mesenchymal stem cell–
derived exosomes exert potent regenerative effects in mus-
culoskeletal tissues.

IGF1 has been shown to play a key role in tendon
biology by promoting matrix synthesis, cell proliferation,
and neovascularization [23,24]. In the present study, exo-
some treatment significantly enhanced neovascularization
at the repair site, as evidenced by increased VEGF im-
munoreactivity and upregulated expression of angiogenic
markers such as VEGF, CD31, and α-SMA. These pro-
angiogenic effects were substantially attenuated when IGF1
was knocked down in the donor ADSCs, indicating that
IGF1 is an essential mediator of exosome-induced angio-
genesis. Improved vascularization is particularly critical at
the rotator cuff tendon–bone interface, which is inherently
hypovascular and prone to compromised healing.

Beyond structural and vascular regeneration, we
found that ADSC-exosomes attenuates pyroptosis, a form
of inflammatory cell death implicated in chronic tissue
damage. The expression of GSDMD-N, a marker of pyrop-
tosis [25], was elevated in injured tendons but significantly
decreased with exosome treatment. Additionally, markers
of NLRP3 inflammasome activation—including NLRP3,
ASC, and cleaved caspase-1-were suppressed by exosome
therapy, indicating that ADSC-derived exosomes modu-
late early inflammatory signaling pathways. IGF1 knock-
down largely diminished these effects, further highlighting
its central role in the anti-pyroptotic and anti-inflammatory
action of exosomes.

Collectively, our findings suggest that IGF1 within
ADSC-derived exosomes is not merely a positive
biomarker, but rather a functionally active cargo that
contributes substantially to therapeutic efficacy. Rather
than acting through a single pathway, exosomal IGF1
appears to participate in a coordinated, multifaceted regen-
erative process that includes enhancement of angiogenesis,
suppression of inflammasome-driven inflammation and
pyroptosis, and support of extracellular matrix remodeling.
Such integrative regulation is particularly advantageous
in complex tendon–bone interfaces, where successful
healing requires tightly coordinated cellular and molecular
responses.

Several limitations of this study should be acknowl-
edged. First, the experiments were conducted in a rat
model, and although this model is well established, heal-
ing dynamics differ between rodents and humans. Valida-
tion in large animal models will be necessary before clini-

cal translation. Second, the present study focused on short-
to mid-term outcomes (1–8 weeks), and long-term evalua-
tion of tendon integrity, mechanical durability, and re-tear
rates remains to be performed. Third, while we identified
IGF1 as a key functional component of ADSC-derived ex-
osomes, the downstream signaling pathways in recipient
cells—such as PI3K–Akt orMAPK signaling—were not di-
rectly investigated. Future studies should explore the cell-
type–specific mechanisms by which IGF1-containing exo-
somes influence tenocytes, endothelial cells, macrophages,
and resident stem cells. Finally, although systemic (tail
vein) administration was selected for its clinical feasibility
and was shown to allow exosomes to reach the tendon tis-
sue, alternative local or biomaterial-assisted delivery strate-
gies may further enhance therapeutic efficiency andwarrant
future investigation.

5. Conclusions
In conclusion, this study identifies IGF1 as a key

bioactive component of ADSC-derived exosomes and
demonstrates their therapeutic potential as a cell-free strat-
egy for promoting tendon–bone healing after rotator cuff
injury. By enhancing angiogenesis, suppressing inflam-
mation and pyroptosis, and improving structural and me-
chanical integration at the tendon–bone interface, IGF1-
containing exosomes significantly improve repair outcomes
in a preclinical model. These findings provide a strong ra-
tionale for the further translational development of engi-
neered exosome-based therapies for musculoskeletal regen-
eration.
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