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The Glycogen Synthase Kinase-3 Inhibitor
CHIR99021 Reduces Fatty Infiltration and
Muscle Atrophy After Rotator Cuff Tears

An In Vitro Experiment and In Vivo Mouse Model
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Background: Rotator cuff tears (RCTs) can cause inflammation, muscle atrophy, and irreversible fatty infiltration, resulting in poor
clinical outcomes. Effective therapeutic approaches to inhibit fatty infiltration in rotator cuff muscles remain limited.

Purpose: To identify pathways associated with fatty infiltration through RNA sequencing and to evaluate the therapeutic potential
of the glycogen synthase kinase-3 (GSK-3) inhibitor CHIR99021 based on enrichment of the Akt/GSK-3 pathway identified by
RNA sequencing.

Study Design: Controlled laboratory study.

Methods: Supraspinatus muscle biopsy specimens from 6 patients with chronic full-thickness RCTs were analyzed by RNA
sequencing. Fibro-adipogenic progenitors (FAPs) or C2C12 myoblasts were cultured with different doses of CHIR99021 to assess
their effects on adipogenic or myogenic differentiation, respectively. RNA sequencing identified cellular pathways in FAPs treated
with or without CHIR99021. A mouse RCT model was established by detaching the supraspinatus tendon, followed by treatment
with or without CHIR99021 administered intraperitoneally. Muscle atrophy and fatty infiltration were assessed histologically and
through gene expression analysis at 1 and 4 weeks after surgery.

Results: RNA sequencing analysis identified a marked upregulation of the Akt/GSK-3 signaling pathway specifically in patients’
samples and FAPs with minimal fat accumulation. CHIR99021 suppressed adipogenic differentiation in FAPs and promoted myo-
genic differentiation in C2C12 cells. In the mouse RCT model, CHIR99021-treated mice exhibited reduced Oil Red O staining,
a larger cross-sectional area, and less muscle weight loss in the supraspinatus muscle compared with the vehicle-treated mice.
Gene expression analysis indicated increased myogenesis and reduced fatty infiltration at 1 and 4 weeks after surgery as well
as increased expression levels of IL-6 and IL-15 in the CHIR99021 group compared with the control group at 1 week after surgery.

Conclusion: The Akt/GSK-3 pathway was enriched in supraspinatus muscle samples and FAPs with low fat accumulation, high-
lighting its potential as a therapeutic target. The GSK-3 inhibitor CHIR99021 was shown to alleviate fatty infiltration and muscle
atrophy after RCTs in vitro and in vivo in a mouse model.

Clinical Relevance: The GSK-3 inhibitor CHIR99021 shows potential for treating muscle degeneration after RCTs.
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A rotator cuff tear (RCT) is one of the most common shoul- retear rates and poor clinical outcomes after rotator cuff
der injuries, resulting in muscle degeneration in repair.”*37 Fatty infiltration, a major contributor to
patients.!® Muscle degeneration, which includes muscle poor muscle quality, is associated with various factors
atrophy and fatty infiltration, is correlated with high such as age, tear size, traumatic injuries, tendon retrac-

tion, and suprascapular neuropathy.®1%1%27 Furthermore,
fatty infiltration is considered irreversible and progressive,
even after complete restoration of the rotator cuff.®1®
2025:53(5):1184-1194 Degpite » 3121131§nerous studies  providing  valuable
DOI: 10.1177/03635465251319549 insights,”°“°° the cellular and molecular processes under-
© 2025 The Author(s) lying fatty infiltration in rotator cuff muscles remain
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largely unknown. Therefore, understanding these mecha-
nisms and developing effective therapies for fatty infiltra-
tion are crucial for improving clinical outcomes in
patients with rotator cuff degeneration.

Muscle tissue harbors a resident population of
PDGFRa-positive stem cells known as fibro-adipogenic
progenitors (FAPs), which process the ability to differenti-
ate into fibroblasts and adipocytes, leading to ectopic fat
accumulation.'®®® The pathophysiological roles of FAPs
in tissue exhibit both beneficial and detrimental aspects.
In the context of minor or repairable injuries, FAPs con-
tribute to muscle homeostasis and regeneration.” However,
under pathological conditions, FAPs proliferate and differ-
entiate into adipocytes and myofibroblasts, contributing to
tissue damage.2* Previous research has demonstrated that
FAPs are primarily regulated by several pathways, includ-
ing ciliary pathways,'® retinoic acid signaling,®® nitric
oxide,> TGF-B,2* and activin-dependent signaling path-
ways.?® Additionally, the inflammatory process exerts
a complex influence on both adipogenesis and myogenesis.
Cytokines such as IL-4, IL-6, IL-13, and IL-15 modulate
the proliferation of FAPs or their capacity to regulate mus-
cle mass and degeneration.®**% In addition, studies have
shown that certain pharmacological agents, such as TGF-3
inhibitors,? retinoic acid receptor agonists,? parathyroid
hormone,! and metformin,*° can suppress the adipogenic
differentiation of FAPs or mitigate fatty infiltration in ani-
mal models of RCTs. However, there are currently no effec-
tive pharmaceutical interventions for rotator cuff
degeneration in patients, emphasizing the need for new
mechanistic understanding and the development of tar-
geted therapeutics. RNA sequencing analysis of human
samples has highlighted the distinct enrichment of the
Akt and Wnt pathways, correlating with varying levels of
fatty infiltration. Studies have shown that the Akt/glyco-
gen synthase kinase-3 (GSK-3)/B-catenin?® and WNT5a/
GSK-3/B-catenin®' pathways regulate the differentiation
of FAPs. The activation of WNT5a and Akt enhances
GSK-3/B-catenin signaling, suppressing PPAR-y expres-
sion and thus inhibiting the adipogenesis of FAPs. Given
the role of GSK-3 as a critical negative regulator in the
Wnt/B-catenin pathway, the pharmacological inhibition of
GSK-3 has been shown to stabilize B-catenin, reduce
PPAR-vy levels, and ultimately prevent the adipogenic dif-
ferentiation of FAPs.?! This evidence positions GSK-3/p-
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catenin signaling as a promising target for controlling
FAP-mediated fatty infiltration, which is a hallmark of
RCTs. However, the effects of GSK-3 inhibitors on RCTs
remain unexplored, prompting our focus on investigating
the effect of the GSK-3 inhibitor CHIR99021 in this study.
We selected CHIR99021 as a representative GSK-3 inhibi-
tor because of its high activity and low toxicity among 4 dif-
ferent GSK-3 inhibitors.*°

In this study, RNA sequencing was employed to eluci-
date the underlying mechanisms of fatty infiltration in
patients’ rotator cuff muscles. On the basis of RNA
sequencing analysis, we selected CHIR99021, a potent
GSK-3 inhibitor, to assess its therapeutic efficacy in
a mouse model of RCTs. We hypothesized that supraspina-
tus muscle samples with lower degrees of fatty infiltration,
as determined by magnetic resonance imaging (MRI),
would exhibit a pronounced activation of the Akt/GSK-3
pathway and that the GSK-3 inhibitor CHIR99021 could
effectively suppress fat accumulation and muscle atrophy
both in vitro and in a mouse model of RCTs.

METHODS

Isolation of FAPs From Mouse Muscle

Male C57BL/6J mice were sacrificed, and their hindlimb
muscles were dissected and minced. Muscle tissue was
digested with 0.2% collagenase type II (Thermo Fisher Sci-
entific) for 90 minutes, followed by 0.4% dispase (Thermo
Fisher Scientific) for 30 minutes at 37°C, and then filtered
through 100- and 70-pm cell strainers (Corning). For
fluorescence-activated cell sorting, the cell suspension
was stained with APC-PDGFRa (Cat #135908; BioLegend),
PE-CD31 (Cat #160204; BioLegend), PITC-CD45 (Cat
#157214; BioLegend), and PE-cyanine 7-Sca-1 (Cat
#108114; BioLegend) for 30 minutes at 4°C. PDGFR«a-pos-
itive/Sca-1-positive/CD31-negative/CD45-negative murine
FAPs were isolated using a FACSAria III cell sorter (BD
Biosciences) as previously described.?4

Cell Culture, Adipogenic Differentiation, and Treatment

The isolated FAPs were plated on Matrigel (Corning)—
coated 12-well plates and cultured in growth medium
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(GM), consisting of high-glucose Dulbecco’s modified Eagle
medium supplemented with 20% fetal bovine serum and
1% penicillin/streptomycin. For adipogenic differentiation,
FAPs were cultured in adipogenic induction medium
(AIM), containing GM supplemented with 1 pg/mL insulin,
1 pM dexamethasone, and 0.5 mM 3-isobutyl-1-methylxan-
thine, for 3 days. Specifically, for Oil Red O staining, the
cells underwent an additional 3-day culture period in
adipocyte maintenance medium, which included GM sup-
plemented with 1 pg/mL insulin. CHIR99021 was reconsti-
tuted in dimethyl sulfoxide (DMSO) as directed by the
manufacturer. For pharmacological therapy, the
CHIR99021 solution or the same volume of DMSO was
added to GM or AIM for further experiments. C2C12 myo-
blasts were grown in high-glucose Dulbecco’s modified
Eagle medium supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin for 5 days, with or without
CHIR99021.

Reverse Transcription—Quantitative Polymerase Chain
Reaction (RT-gPCR) Analysis

FAPs were cultured in GM, AIM, or AIM containing 3 uM
CHIR99021 for 3 days to evaluate the expression of
PPAR-v, FABP4, CEBPA, and GSK-3. C2C12 cells were trea-
ted with 3 puM CHIR99021 or the same volume of DMSO to
assess the myogenic potential by evaluating the expression
of myogenin, Myf5, and desmin. The supraspinatus muscles
of mice treated with CHIR99021 or a vehicle were evaluated
for the expression of PPAR~y, B-catenin, myogenin, Myf5, IL-
6, and IL-15. Total RNA was extracted using TRIzol reagent
(Invitrogen) and converted to complementary DNA with the
PrimeScript 1st Strand cDNA Synthesis Kit (6110A; Takara).
RT-qPCR was performed using LightCycler 480 Instrument
IT (Roche) with a real-time qPCR kit (TB Green Premix Ex
Taq IT [RR420A]; Takara).

Western Blot Analysis

FAPs and C2C12 cells were lysed using ice-cold radioim-
munoprecipitation assay buffer to extract total proteins.
Protein concentrations were measured using the BCA Pro-
tein Assay Kit (Cell Signaling Technology). Equal amounts
of protein were transferred to a polyvinylidene difluoride
membrane. The polyvinylidene difluoride membranes
were blocked in skimmed milk at room temperature for 1
hour. Primary antibodies were incubated overnight at
4°C as follows: anti—B-tubulin (Solarbio), anti-myosin
heavy chain (B-5; Santa Cruz Biotechnology), and anti-
non-phosphorylated (active) B-catenin (Cell Signaling
Technology). Subsequently, the membranes were incu-
bated with horseradish peroxidase—conjugated secondary
antibodies for 1 hour at room temperature. Protein bands
were visualized using an enhanced chemiluminescence
kit (Millipore), with B-tubulin serving as the control.

Animals and Surgical Procedures

Male 8-week-old C57BL/6J mice were housed in a specific
pathogen-free environment with a 24-hour light-dark cycle
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and ad libitum access to food and water. A total of 40 mice
were randomly divided into 2 groups (vehicle vs
CHIR99021 treatment; n = 20/group) and underwent com-
plete supraspinatus tendon detachment in the left shoul-
der after being anesthetized by ketamine and
dexmedetomidine via injections to the hip muscles. The
randomization process was conducted by an author (J.X.)
to ensure blinding. The surgical procedures were per-
formed as previously described.?? Briefly, a lateral skin
incision was made on the left shoulder to expose and cut
the supraspinatus tendon completely from the greater
tuberosity, partially detaching the muscle from the scapu-
lar fossa. The skin was then sutured without repairing the
tendon. The right shoulder served as the control. Starting
from 3 days after surgery, a vehicle (5% DMSO, 40% PEG
300, 5% Tween 80, and 50% normal saline) or CHIR99021
(15 mg/kg; Selleck Chemicals) was intraperitoneally
injected every day. Mice were sacrificed at 1 or 4 weeks
after surgery. Bilateral supraspinatus muscles were har-
vested and weighed. Muscle wet weight loss was calculated
using the following formula as previously reported®®:
([SSrefc — SSRight)/SSrignt) X 100%. Harvested tissue was
used for RT-qPCR (n = 5/group) and tissue section staining
(n = 5/group). The Animal Ethics Committee of our hospital
approved the animal experiments.

Oil Red O Staining

Tissue sections of the supraspinatus muscle and FAPs
were fixed in 4% paraformaldehyde for 30 minutes at
room temperature. Then, 0.3% Oil Red O stock solution
(Cat #00625; Sigma-Aldrich) in 2-propanol was diluted
3:2 (0il Red 0O:ddH,0O) and passed through a 0.22-pm
syringe filter. The fixed sections and cells were stained
with Oil Red O solution for 10 minutes. The samples
were washed 3 times with phosphate-buffered saline
(PBS) and underwent imaging using fluorescence micros-
copy. Lipid droplets stained with Oil Red O underwent
excitation using green light, resulting in red fluorescence
emission. To quantitatively assess the degree of adipose
accumulation, the percentage of FAPs and the area of the
supraspinatus sections positively stained with Oil Red O
were calculated using Imaged software (National Insti-
tutes of Health).

Immunohistochemistry

FAPs were fixed in 4% paraformaldehyde for 30 minutes,
washed 3 times in PBS, and permeabilized with 0.1% Tri-
ton X-100 (Solarbio) in PBS for 15 minutes. The blocking
solution consisted of 5% goat serum and 0.3% Triton X-
100 in PBS. For a-SMA (1:500; Cat #14-9760-82 [Invitro-
gen]) staining, samples were incubated in the blocking
solution for 1 hour and then in primary antibodies diluted
in PBS overnight at 4°C. The samples were washed 3 times
in PBST (0.05% Tween 20 in PBS) and incubated in diluted
secondary antibodies (1:2000; Cat #A11001 [Invitrogen])
for 40 minutes in the dark. After washing the samples 3
times in PBST, they were incubated in diluted DAPI
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(1:400; Cat #D9542 [Sigma-Aldrich]) for 10 minutes, fol-
lowed by another 3 washes. Images were recorded using
an inverted microscope (DMi8; Leica). Tissue sections of
the supraspinatus were fixed in 4% paraformaldehyde for
1 day and embedded in paraffin. Sections were incubated
with anti-perilipin (1:100; Cat #3470 [Cell Signaling Tech-
nology]), anti-laminin (1:50; Cat #1.9393 [Sigma-Aldrich]),
and PDGFRa (1:500; Cat #3174s [Cell Signaling Technol-
ogyl), followed by the same steps as described above. The
images were analyzed using Imaged software.

Patient Selection and Biopsy

Patient selection and biopsy obtainment were approved by
the institutional review board of our hospital. Patients
were recruited from our hospital between August 2022
and April 2023. Inclusion criteria were patients with
a chronic full-thickness tear of the supraspinatus tendon
diagnosed by MRI before surgery. All patients provided
consent to our institute. During arthroscopic surgery,
biopsy specimens (~3 X 3 mm in size) of the supraspinatus
muscle were obtained 2 to 3 cm from the muscle-tendon
junction as previously described.® The degree of fatty infil-
tration in the supraspinatus muscle was assessed using
the Goutallier staging system on MRI. Overall, 3 speci-
mens exhibiting the highest degree of fatty infiltration
and 3 specimens with the lowest degree were selected for
RNA sequencing analysis.

RNA Sequencing

The isolated FAPs were cultured in GM, AIM, or AIM con-
taining 3 wM CHIR99021 for 3 days. Additionally, speci-
mens from 3 patients with the highest degree of fatty
infiltration and 3 patients with the lowest degree were
selected. Total RNA was isolated using the RNAprep Pure
Tissue Kit (DP431; Tiangen). RNA quality and concentra-
tion were assessed using the RNA 6000 Nano Kit (Agilent
Technologies). Barcoded RNA libraries were constructed
using the VAHTS Universal V6 RNA-seq Library Prep Kit
for Illumina (NR604-01/02; Vazyme) according to the manu-
facturer’s instructions. RNA sequencing was performed
with the NovaSeq 6000 S4 Sequencing System (Illumina).
For differential gene expression analysis between groups,
genes with |log2 ratiol > 1 and q < 0.05 were considered
differentially expressed. DESeq2 software (Version 1.6.3)
was used to identify the number of upregulated and down-
regulated genes. KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway enrichment analysis (http://www.geno-
me jp/kegg/) was conducted using a hypergeometric test to
identify significantly enriched pathways among the differ-
entially expressed genes (DEGs).

Statistical Analysis

Statistical analyses were performed using Prism (Version
9; GraphPad Software) and SPSS (Version 26.0; IBM).
Experimental findings are presented as mean = standard
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deviation. Differences between the 2 groups were assessed
using the Student ¢ test, while multiple comparisons were
evaluated using 1-way analysis of variance. A P value <.05
was considered statistically significant. Each experiment
was replicated at least 3 times, yielding consistent results.

RESULTS

Predominant Enrichment of Akt/GSK-3 Pathway in
Samples Classified as Goutallier Stage 0 Fatty
Infiltration

We analyzed patients’ samples classified as Goutallier
stage 0 and stage 2 on presurgical MRI, with 3 samples
per group (Figure 1A). We first identified DEGs between
the 2 groups and visualized the results using volcano plots
to show the number of upregulated and downregulated
genes (Figure 1B). Notably, the samples classified as stage
2 showed a significantly elevated expression of
adipogenesis-related genes, consistent with the MRI find-
ings (Figure 1C).

Pathway enrichment analysis of DEGs indicated signif-
icant involvement of the PPAR, PISK-Akt, and Wnt signal-
ing pathways. The PI3K-Akt pathway had the most
enriched genes, suggesting its critical role in fatty infiltra-
tion (Figure 1D). The PISK-Akt and Wnt pathways con-
verge on the GSK-3/B-catenin axis, which regulates
PPAR-y expression.?® Therefore, we analyzed the gene
expression levels in the Akt/GSK-3 pathway between the
2 groups with a heatmap. Heatmap analysis showed that
stage 2 samples had a lower gene expression in the
PI3K-Akt pathway and higher GSK-3-related gene expres-
sion compared with stage 0 samples (Figure 1E). These
findings suggest that suppression of the Akt/GSK-3 path-
way may contribute to the accumulation of adipose tissue
in the supraspinatus muscle. Thus, targeting the Akt/
GSK-3 pathway could be a promising therapeutic approach
for treating RCTs.

CHIR99021 Suppresses Adipogenesis of FAPs and
Promotes Myogenesis in C2C12 Cells In Vitro

To assess whether the GSK-3 inhibitor CHIR99021 can
mitigate muscle degeneration in vitro, we applied
CHIR99021 to FAPs and C2C12 cells to evaluate its effect
on adipogenesis and myogenesis. FAPs sorted by
fluorescence-activated cell sorting were treated with
CHIR99021 at concentrations ranging from 100 nM to 50
pM. Oil Red O staining revealed a dose-dependent
decrease in the adipocyte percentage, with significant
reductions at >3 pM (P < .001) (Figure 2, A and B). Cell
viability demonstrated that concentrations of >10 pM neg-
atively impacted FAP viability (P < .001) (Figure 2C), iden-
tifying 3 wM as the optimal concentration for inhibiting
adipogenesis without cytotoxicity.

CHIR99021 significantly reduced the gene expression
levels of adipogenic markers such as PPAR-y, FABP4,
and CEBPA (P < .001) (Figure 2D). Adipogenic induction
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Figure 1. RNA sequencing analysis of supraspinatus muscle samples from the rotator cuff. (A) Magnetic resonance imaging and
demographic characteristics of 6 patients with rotator cuff tears, grouped by Goutallier stage. n = 3 per group. (B) Volcano plot
showing differentially expressed genes (DEGs) between Goutallier stage 0 and stage 2 groups. (C) Clustering heatmap of adipo-
genesis-related gene expression levels. (D) KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analysis of
DEGs between the 2 groups. (E) Heatmap of gene expression levels in the Akt/GSK-3 pathway.

increased GSK-3 expression, which was countered by
CHIR99021, suggesting that GSK-3 activation contributes
to adipogenesis (P < .001) (Figure 2D). Western blot anal-
ysis showed elevated levels of B-catenin and phosphory-
lated GSK-3pB (Ser9; ie, inactive GSK-3) in FAPs cultured
in GM. These levels decreased upon adipogenic induction
but were restored with CHIR99021 treatment (Figure 2E).

In C2C12 cells treated with 3 WM CHIR99021, myogenic
markers such as myogenin, Myf5, and desmin were signif-
icantly upregulated compared with the control group (P <
.01) (Figure 3A). In addition, the myosin heavy chain level
was increased with CHIR99021 treatment, as shown by
western blotting (Figure 3B). Collectively, our results dem-
onstrated that CHIR99021 suppressed the adipogenic dif-
ferentiation of FAPs by downregulation of the GSK-3/B-
catenin axis and concurrently promoted myogenesis in
C2C12 cells.

Transcriptomic Profiling Reveals That CHIR99021
Regulates Adipogenesis of FAPs by Akt Signaling
Pathway

To understand the underlying mechanisms of CHIR99021
in controlling the adipogenic fate of FAPs, RNA sequencing
was performed on FAPs cultured in GM, AIM, and AIM
with CHIR99021. Principal component analysis showed

distinct gene expression profiles among the conditions
(Figure 4A). A clustering heatmap confirmed that
CHIR99021 suppressed the adipogenic differentiation of
FAPs (Figure 4B). Pathway enrichment analysis of DEGs
revealed that the PISK-Akt, PPAR, and Wnt signaling
pathways played crucial roles in adipogenic differentiation
(Figure 4C). Specifically, the PI3K-Akt and Wnt signaling
pathways were downregulated in AIM compared with GM
but were upregulated by CHIR99021 treatment (Figure 4,
C and D). Conversely, the PPAR pathway was upregulated
in AIM compared with GM and downregulated by
CHIR99021. These results suggest that the PI3K-Akt
pathway is fundamentally crucial for adipogenesis and
that CHIR99021 modulates adipogenesis through this
pathway, indicating its potential as a therapeutic target.

CHIR99021 Suppresses Fatty Infiltration and Muscle
Atrophy in Mice

We established an RCT model in mice by detaching the
supraspinatus tendon from the humeral head to investi-
gate the potential of CHIR99021 in mitigating fatty infil-
tration and muscle atrophy. The experimental timeline is
illustrated in a schematic diagram (Figure 5A). Mice with
RCTs received daily intraperitoneal injections of 15 mg/
kg CHIR99021 starting from 3 days after surgery. No
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Figure 2. Effect of CHIR99021 on the differentiation, viability, and gene expression of fibro-adipogenic progenitors (FAPs) in adi-
pogenic conditions. (A) Immunofluorescence microscopy of FAPs cultured in growth medium (GM), adipogenic induction medium
(AIM) with dimethyl sulfoxide (DMSO), and AIM with CHIR99021 at concentrations ranging from 100 nM to 50 wM. Adipocytes
were stained with Oil Red O (red), myofibroblasts with «-SMA (green), and nuclei with DAPI (blue). Scale bar: 100 pm. (B) Per-
centage of FAPs positively stained with Oil Red O under each condition. n = 3 per group. (C) Cell viability of FAPs cultured
with increasing doses of CHIR99021. n = 4 per group. (D) Relative mRNA expression levels of adipogenesis-related genes
(PPAR-vy, FABP4, and CEBPA) and GSK-3 after 3 days in GM, AIM with DMSO, or 3 uM CHIR99021. n = 3 per group. (E) Western

blot analysis of B-catenin and phosphorylated GSK-3p (Ser9) protein levels in FAPs after 3 days in GM, AIM with DMSO, or 3 pM
CHIR99021. ***P < .001.
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Figure 3. Effect of CHIR99021 on C2C12 cell differentiation. (A) Relative mRNA expression levels of myogenesis-related genes
(myogenin, desmin, Myf5) after treatment with dimethyl sulfoxide (DMSQO) or 3 uM CHIR99021 for 5 days. n = 3 per group. (B)
Western blot analysis of myosin heavy chain levels after treatment with DMSO or 3 uM CHIR99021 for 5 days. **P < .01.

significant weight differences were observed between the surgery (P = .048) (Figure 5C). This indicated that
CHIR99021-treated and vehicle groups postoperatively, CHIR99021 effectively prevented muscle weight loss in
indicating low toxicity (Figure 5B). By day 26 after sur- the supraspinatus muscle.
gery, mice in both groups showed significant weight gain, Gene expression analysis by RT-qPCR (Figure 5, D and
indicating ongoing recovery and growth. No side effects E) revealed that CHIR99021 significantly reduced PPAR-y
or mortality were observed in the 48 mice. levels at both 1 and 4 weeks after the RCT, suggesting the
Muscle weight loss was significantly decreased in the suppression of fatty infiltration. Additionally, myogenesis-
CHIR99021 group compared with the vehicle group: related genes (myogenin and Myf5) were upregulated by
—1.32% * 10.45% versus —13.17% *+ 12.65%, respectively, CHIR99021, indicating that muscle regeneration was acti-
at 1 week after surgery (P = .035) and —39.82% = 13.32% vated by CHIR99021. Interestingly, IL-6 and IL-15 levels

versus —51.20% = 9.12%, respectively, at 4 weeks after were elevated at 1 week after surgery with CHIR99021
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Figure 4. RNA sequencing analysis of fibro-adipogenic progenitors (FAPSs) cultivated in different conditions. (A) Principal compo-
nent analysis of FAPs in 3 conditions. n = 3 per group. (B) Clustering heatmap of adipogenesis-related gene expression levels. (C)
KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analysis of differentially expressed genes (DEGs)
between growth medium (GM) and adipogenic induction medium (AIM). (D) KEGG pathway enrichment analysis of DEGs between

AIM and AIM + 3 uM CHIR99021.

treatment but returned to control levels by 4 weeks, imply-
ing a transient inflammatory response.

Consistent with the gene expression level, histological
findings also demonstrated reduced fatty infiltration and
muscle atrophy in the CHIR99021 group compared with
the vehicle group at 1 and 4 weeks after surgery (Figure
6, A and B, and Figure 7B). Quantitatively, the percentage
of areas stained with Oil Red O was significantly lower in
the CHIR99021 group compared with the control group:
0.44% + 0.14% versus 1.44% =+ 0.10%, respectively (P <
.01) (Figure 6C). Furthermore, muscle atrophy was
reduced in the CHIR99021-treated group, as the
CHIR99021 group (2526.98 + 137.82 um?) exhibited a sig-
nificantly larger myofiber cross-sectional area at 4 weeks
compared with the control group (1474.43 + 156.63 pm?)
(P < .001) (Figure 7C).

In addition, at 4 weeks after surgery, a significant
reduction in the population of PDGFRa-positive FAPs
was observed in the CHIR99021 group compared with
the control group (Figure 7D). This suggests that
CHIR99021 effectively attenuated the expansion of FAPs,
which are critical contributors to fatty infiltration after
RCTs. In summary, CHIR99021 demonstrated low toxicity,
suppressed fatty infiltration, and enhanced myogenesis in

a mouse RCT model, emphasizing its potential as a treat-
ment option for rotator cuff degeneration.

DISCUSSION

Our study demonstrated that the Akt/GSK-3/B-catenin
pathway is a crucial regulator of adipogenesis. The GSK-
3 inhibitor CHIR99021 showed remarkable therapeutic
effects by suppressing fat accumulation and promoting
myogenesis both in vivo and in vitro.

We conducted RNA sequencing analysis on supraspina-
tus samples from patients with chronic RCTs to investigate
the pathways involved in fatty infiltration. This approach
enabled us to create a more accurate and patient-relevant
transcriptomic database. A comparison of Goutallier stage
0 and stage 2 samples revealed that DEGs were enriched
in the PPAR pathway, with PPAR-y identified as a central
transcriptional modulator of adipocyte differentiation.?®
Additionally, the PI3K-Akt and Wnt pathways were signif-
icantly enriched, although their roles in RCTs have been
rarely explored. Lin et al?® reported that the Akt activator
SC79 reduces the adipogenesis of mouse FAPs. Their
results also demonstrated that the B-catenin activator



AJSM Vol. 53, No. 5, 2025

CHIR99021 Mitigates Muscle Degeneration After RCTs 1191

| treatments |
l | | |
0 3day 1week 4 week
: RCT: left shoulder |
vehicle group trol right should -
20 mifte control: right shoulder euthanasia & muscle harvest
vehicle treatment i.p. n=10/group at each time
RCT: left shoulder I |
CHIR-99021 group o = 5 =
- control: right shoulder qPCR Tissue section staining
20 mice .
CHIR-99021 treatment i.p. n=5/group n=5/group
B Mice Weight c Muscle Wet Weight Loss
27 . 1 week 4 week
o Vehicle 20+
®e
26 ! o CHIR-99021 = ° ~
s o B o0 s LAY
- 13 ] 13
~ ° ° P
3 2 - i ¢ ] % s 8 ] d 2
5 ¢ - 5 20 ° [} £ po? .‘L
© B b k=4 -
s 24 T ® 2 e 2 60 ik °
¢ 2 ° °®
23 $ ¢ g - ° g -80-{
® E * E *
2
T T T T T T T T T T
1 6 " 16 21 2 Vehicle CHIR-99021 Vehicle CHIR-99021
day after surgery
D 1 week
PPARgamma B-catenin Myogenin Myf5 IL-6 IL-15
Fokok
20 * s id 2 oy Tk 150 s * -
= *hx = il = il = H = B =
g el o E A s . g 20-] E 8 E Fokok E " :
SU e Sl oo s b . . 5 ) . S
8 8% . " g ° & 8 | °
Z 10 < ° < < © < <
§ <Z( 2 ° <Z( 10 <Z( 4 . é <Z( LX)
05 . ° ) ° . %
1 ° 5 2 o oo '3 . .
- - - - - : - - o = ? - - - $e .v oog00- - - . .
RCT__CTL RCT_CTL RCT CTL RCT_CTL RCT_CTL RCT_CTL RCT__CTL RCT_CTL RCT__CTL RCT_CTL RCT__CTL RCT__CTL
Control  CHIR-99021 Control  CHIR-99021 Control  CHIR-99021 Control  CHIR-99021 Control  CHIR-99021 Control  CHIR-99021
E 4 week
PPARgamma B-catenin Myogenin IL-6 IL-15
*%
4 Aok 20 il - 20 x* ok 15 had 15
s s s o = e s -
2% ¢ S1s ‘ 8 s ° e 2 | o e ) x* .
= = = = S [ 101 e
K] 3 - 3 e 3 3 K] .
< 2 * <™ < 0 o < < o <
z F4 L3 L4 4 o Zo04 Z Z
x ° o x x $ o x s Zos H
E qf|e 2 Eos [o% E o5 = E °
H .‘W e ’—‘—‘ 02- . . .
f | 1M :
™ ™ [ ¥ P \ \ e 2
RCT_CTL RCT_CTL RCT__CTL RCT__CTL RCT CTL RCT_CTL RCT _CTL RCT_CTL RCT_CTL RCT_CTL RCT__CTL RCT_CTL
Control  CHIR-99021 Control  CHIR-99021 Control  CHIR-99021 Control  CHIR-99021 Control ~ CHIR-99021 Control  CHIR-99021

Figure 5. Overview of the experimental design, mouse weight and muscle weight analysis, and gene expression levels in the
supraspinatus muscle. (A) Schematic diagram of the animal experiment. (B) Weight of mice after surgery. (C) Muscle wet weight
loss of the supraspinatus in the 2 groups at 1 and 4 weeks after surgery. (D, E) Reverse transcription—quantitative polymerase
chain reaction analysis of supraspinatus muscle tissue for adipogenic, myogenic, and inflammation-related gene expression lev-
els at 1 and 4 weeks after surgery. *P < .05; **P < .01; ***P < .001.

BML-284 could treat fatty infiltration and improve shoul-
der function after RCTs in mice. However, their study
did not evaluate whether BML-284 could treat concomitant
muscle atrophy. Our study focused on GSK-3, the
upstream regulator of B-catenin. In vitro, our study dem-
onstrated that the GSK-3 inhibitor CHIR99021 effectively
suppressed the adipogenesis of FAPs through the Akt/
GSK-3/B-catenin pathway, with relatively low toxicity.
CHIR99021 also promoted myogenesis in C2C12 cells by
increasing the expression of myogenesis-related genes. In

vivo, CHIR99021 treatment significantly reduced fatty
infiltration and muscle atrophy in mice with RCTs. Reggio
et al®' also reported that another GSK-3 inhibitor,
LY2090314, limited fatty degeneration in glycerol-injured
muscles in mice. Our study provides new insight into the
specific effects of CHIR99021 on the RCT model and its
effect on inflammation.

After RCTs, inflammation with elevated cytokine levels
peaks around day 5.3 The inflammatory process after an
injury has an intricate relationship with myogenesis and
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Figure 6. Histological analysis and quantification of fatty
infiltration in the supraspinatus muscle. (A, B) Hematoxylin
& eosin and Oil Red O staining of the injured supraspinatus
muscle at 1 and 4 weeks after surgery. Scale bar: 100 pm.
(C) The percentage of areas stained with Oil Red O divided
by the total cross-sectional area was used to determine the
amount of fat accumulation at 4 weeks after surgery. n = 3
per group. **P < .01.

adipogenesis in the supraspinatus muscle. Although
inflammation is usually perceived negatively, it is also
important for tissue repair after damage.? To elucidate
the effect of RCTs and CHIR99021 on the inflammatory

The American Journal of Sports Medicine

environment within supraspinatus tissue, we evaluated
the levels of 2 key cytokines: IL-6 and IL-15. IL-6 is a pleio-
tropic cytokine, exhibiting both proinflammatory and anti-
inflammatory effects. According to Joe et al,'? FAPs serve
as an inducible source of IL-6 during muscle regeneration,
supporting and promoting the differentiation of muscle
stem cells. IL-6 is also one of the few myokines that are
generated by skeletal muscle.?” On the other hand, IL-15
is primarily proinflammatory. Kang et al*® found that IL-
15 administration in cardiotoxin-injured muscles signifi-
cantly inhibits fatty degeneration. However, prolonged
IL-15 treatment can lead to collagen and fibronectin depo-
sition, resulting in muscle fibrosis. In our study, we
observed that the mRNA expression levels of 2 cytokines,
especially IL-6, were noticeably upregulated at 1 week
after an RCT and then decreased by 4 weeks compared
with the control (noninjured) side, indicating a transient
inflammatory response aimed at injury repair. Further-
more, CHIR99021 treatment further enhanced IL-6’s
regenerative effects. IL-15 had a similar trend, with tran-
sient elevation of the level of IL-15 potentially contributing
to the reduced formation of adipose tissue by CHIR99021
treatment. These findings suggest that CHIR99021 modu-
lated the inflammatory response to promote muscle regen-
eration and mitigate fatty infiltration. However, the
interplay between inflammation and muscle degeneration
after an RCT requires further investigation.

GSK-3 plays a crucial role in regulating several cellular
processes, including insulin signaling, glycogen synthesis,
Wnt signaling, and neurotrophic factor signaling. It is con-
sidered a potential pharmaceutical target for various con-
ditions such as diabetes mellitus, ophthalmic diseases,
and cardiac hypertrophy.® According to Lee et al,2°
CHIR99021 was shown to inhibit fibroblast differentiation
into adipocytes in Graves orbitopathy, proving the poten-
tial of CHIR99021 to suppress adipogenesis. Furthermore,
CHIR99021 has been reported to inhibit fibrosis of human
Tenon fibroblasts induced by TGF-8.2! TGF-B is known to
promote rotator cuff muscle fibrosis and fatty infiltration
by inhibiting the apoptosis of FAPs.* Thus, CHIR99021
might also inhibit fibrosis in FAPs, potentially reducing
muscle fibrosis in RCTs. Further research is warranted
to explore the specific effects of CHIR99021 on TGF-p sig-
naling and muscle fibrosis in RCTs.

A phase 1/2 clinical trial involving FX-322 (a combination
of CHIR99021 and sodium valproate) was conducted for sta-
ble sensorineural hearing loss.2® Reported side effects
included the minor occurrence of ear pain and headaches,
with no instances of mortality or serious adverse effects
observed. However, no clinical trials have yet investigated
CHIR99021 for muscle diseases. Therefore, a further assess-
ment of the potential side effects of CHIR99021 in rotator
cuff degeneration is warranted for future clinical use.

Limitations

First, because of the limited size of biopsy samples, we
were unable to isolate FAPs from patients’ rotator cuff tis-
sue; thus, a further evaluation of CHIR99021 on human
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Figure 7. Immunofluorescence staining and cross-sectional area (CSA) analysis of the supraspinatus muscle at 4 weeks after
surgery. (A) Perilipin and laminin were stained green, and cell nuclei were stained blue. Scale bar: 100 pum. (B) Perilipin was
stained green, and cell nuclei were stained blue. Scale bar: 100 pum. (C) The CSA was calculated for the 2 groups. n = 3 per group.
(D) PDGFRa was stained red, and cell nuclei were stained blue. Scale bar: 100 pm. ***P < .001.

FAPs is needed. Second, we administered CHIR99021 via
an intraperitoneal injection for its stability and ease of
use. However, because RCTs are localized injuries, more
targeted delivery methods may be more effective. Future
research should explore localized delivery strategies for
CHIR99021 to the rotator cuff muscles to minimize poten-
tial side effects. While our study evaluated the expression
levels of inflammatory cytokines IL-6 and IL-15, this alone
may not fully capture the complex dynamics of inflamma-
tion and its long-term effect on muscle degeneration. Addi-
tionally, our study primarily focused on histological and
molecular markers of adipogenesis and myogenesis without
thoroughly assessing functional outcomes such as muscle
strength, range of motion, and overall shoulder function.
Moreover, increasing the sample size and matching animal
models more closely to human clinical conditions could fur-
ther enhance the relevance and applicability of our findings.
Addressing these limitations in future studies will be crucial
to comprehensively understand the therapeutic potential of
CHIR99021 in treating RCTs.

CONCLUSION

Our results highlight the potential of targeting the Akt/
GSK-3/B-catenin pathway as a therapeutic strategy for miti-
gating fatty infiltration and promoting muscle regeneration
in RCTs. The GSK-3 inhibitor CHIR99021 effectively sup-
pressed fat accumulation in FAPs and significantly reduced
fatty infiltration and muscle atrophy in a mouse model of
RCTs. These promising results indicate that GSK-3 inhibi-
tors, such as CHIR99021, could be valuable in developing
new treatment methods for rotator cuff degeneration. How-
ever, further research is essential to fully elucidate the clin-
ical implications and optimize the therapeutic application of
GSK-3 inhibitors in treating rotator cuff degeneration.
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