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Abstract

Background Sarcopenia, the age-related decline in muscle mass and function, poses a major health risk to the elderly popu-
lation. Although dietary advanced glycation end-products (AGEs) have been implicated in worsening sarcopenia, the precise
molecular mechanisms remain unclear.

Methods A sarcopenia animal model was established by feeding a high AGE diet to C57BL/6 mice. Muscle function
and mass were assessed using grip strength tests, and rotarod tests. Proteomic analysis was used to identify differentially
expressed proteins. Immunoprecipitation, mass spectrometry, and co-immunoprecipitation were employed to investigate
protein interactions both in vivo and in vitro. Quantitative reverse transcription PCR and Western blotting were conducted to
measure gene and protein expression levels.

Results Our results revealed that dietary AGEs accelerated the onset of sarcopenia in mice by triggering apoptosis. Pro-
teomic analysis showed a marked upregulation of protein arginine methyltransferase 1 (PRMT1) in the muscle tissues
of mice fed a high AGE diet. PRMT1 mediated the arginine methylation of CREB-regulated transcription coactivator 3
(CRTC3) at the R534 site within its transactivation domain, leading to CRTC3 activation. The activated CRTC3, together
with Forkhead box O3a (FOXO3a), transactivated the BAX (BCL2 associated X) gene, initiating Bax downstream signaling,
promoting apoptosis in muscle cells, and contributing to muscle atrophy. Inhibition of PRMT1 prevented CRTC3 methyla-
tion and suppressed Bax-mediated apoptotic signaling in vitro. Moreover, in vivo treatment with PRMT1 and Bax inhibitors
significantly attenuated AGE-induced sarcopenia in mice.

Conclusion PRMT1-mediated CRTC3 arginine methylation plays a critical role in AGE-induced sarcopenia and suggests
potential therapeutic targets for preventing sarcopenia progression.
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Introduction

Sarcopenia, characterized by the progressive loss of skel-
etal muscle mass and function, is a growing health con-
cern among the aging population [1, 2]. This condition not
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enhance muscle growth and function [6-8]. However, these
approaches have shown limited efficacy, and the underlying
molecular mechanisms driving sarcopenia remain incom-
pletely understood, underscoring the need for novel thera-
peutic strategies.

Among the various factors contributing to sarcopenia,
dietary influences have garnered increasing attention due
to their potential to modulate the progression of the dis-
ease [3-5]. Advanced glycation end-products (AGEs) are a
diverse group of compounds formed through the non-enzy-
matic glycation of proteins, lipids, and nucleic acids [9-11].
AGE:s can be categorized into free and protein-bound forms,
with notable examples including Ne-carboxymethyl-lysine
(CML), Ne-1-carboxyethyl-lysine (CEL), and No-(5-hydro-
5-methyl-4-imidazolon-2-yl)-ornithine (MG-H1) [9-11].
These compounds accumulate naturally in the body with
age and are also ingested through AGE-rich foods, particu-
larly those subjected to high-temperature cooking methods
such as grilling, frying, and baking [9-11]. AGEs inter-
act with the receptor for advanced glycation end-products
(RAGE), a multi-ligand receptor that triggers a cascade of
intracellular signaling pathways, including the activation of
nuclear factor-kappa B (NF-kB), mitogen-activated protein
kinases (MAPKs), and the Janus kinase/signal transducers
and activators of transcription (JAK/STAT) pathway [9-11].
These signaling events lead to increased oxidative stress,
inflammation, and cellular apoptosis, all of which contrib-
ute to the progression of sarcopenia [9-11]. However, the
precise molecular mechanisms by which AGEs influence
muscle degeneration remain largely unknown.

Protein arginine methylation is a post-translational modi-
fication that regulates various cellular processes, including
gene expression, signal transduction, and protein-protein
interactions [12—14]. The protein arginine methyltransfer-
ase (PRMT) family consists of nine members, classified
into three types based on the type of methylation they cata-
lyze [12—-14]. Type I PRMTs, including PRMT1, PRMT2,
PRMT3, PRMT4, PRMT6, and PRMTS, catalyze asymmet-
ric dimethylation of arginine (ADMA) residues [12-14].
PRMTI, the predominant PRMT, is responsible for the
majority of cellular arginine methylation and plays crucial
roles in transcriptional regulation and signal transduction
[12—14]. PRMT#4 is primarily involved in the regulation of
gene expression by modifying histones, while PRMT6 is
known for its role in DNA repair and chromatin organization
[12—-14]. Type I PRMTs, including PRMT5 and PRMTY,
catalyze symmetric dimethylation of arginine (SDMA) and
are involved in processes such as RNA splicing and the regu-
lation of myelination [12—14]. PRMTS is particularly impor-
tant in the regulation of gene silencing and the maintenance
of stem cell pluripotency [12—-14]. Type III PRMT, which
includes PRMT?7, catalyzes monomethylation of arginine
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residues and has been implicated in cellular differentiation
and response to stress [12—14]. Beyond their essential roles
in normal cellular functions, PRMTs have gained increasing
recognition for their involvement in the development of var-
ious diseases. Dysregulation of PRMTs has been implicated
in the pathogenesis of cancer, cardiovascular diseases, neu-
rodegenerative disorders, and immune system dysfunctions
[12—14]. Recent studies reveal that the PRMT family also
plays a critical role in regulating skeletal muscle atrophy
through pathways involving autophagy, protein degrada-
tion, and muscle stem cell regeneration [15, 16]. PRMT1
is central to this process, acting via the PRMT6-FOXO3
(Forkhead box O3) axis and AMPK—PGC-1a (AMP-acti-
vated protein kinase—Peroxisome proliferator-activated
receptor-gamma coactivator 1 alpha) signaling during mus-
cle remodeling [15, 16]. Additionally, PRMT7 modulates
PGC-1a expression through interactions with p38 and ATF2
(Activating transcription factor 2), while CARM1 (Coact-
ivator-associated arginine methyltransferase 1) enhances
autophagic responses under glucose deprivation by stabiliz-
ing itself through the AMPK—SKP2-CARMI1 pathway [17,
18].

Apoptosis, or programmed cell death, plays a pivotal role
in the maintenance of tissue homeostasis and is tightly regu-
lated by a complex network of signaling pathways [19, 20].
The BCL-2 (B-cell leukemia/lymphoma 2) family of pro-
teins, which includes both pro-apoptotic and anti-apoptotic
members, is central to the regulation of mitochondrial-medi-
ated apoptosis [19, 20]. Bax (BCL2-associated X protein) is
a key pro-apoptotic member that promotes apoptosis by per-
meabilizing the mitochondrial outer membrane, leading to
the release of cytochrome ¢ and the activation of caspases,
which are the executioners of apoptosis [19, 20]. Upstream
regulators of Bax include various transcription factors such
as p53 and FOXO03a, which can induce BAX expression in
response to cellular stress signals [19, 20]. Downstream,
Bax-mediated apoptosis is amplified through the mitochon-
drial pathway, culminating in the activation of caspase-3,
which drives the execution phase of apoptosis [19, 20].
Apoptosis has been increasingly recognized as a critical
mechanism contributing to muscle loss [21-24]. Enhanced
Bax expression and activity have been observed in aging
muscle, correlating with increased muscle cell apoptosis and
atrophy [21-24]. The chronic activation of apoptotic path-
ways in muscle cells leads to the progressive depletion of
myocytes, thereby exacerbating the decline in muscle mass
and function characteristic of sarcopenia [21-24]. However,
the underlying mechanism driving Bax overexpression in
the pathogenesis of sarcopenia remains elusive.

In this study, we aimed to investigate dysregulated pro-
teins in AGE-induced sarcopenia and identify key pro-
teins and their associated signaling pathways involved in
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the condition. Through proteomic analysis, we found that
PRMT!1 was significantly upregulated in AGE-induced
muscle. Further analysis identified CREB-regulated tran-
scription coactivator 3 (CRTC3) as a critical substrate
of PRMT1 in muscle cells. Our findings suggested that
PRMT1-mediated methylation of CRTC3 at the R534 site
activated CRTC3, which, in cooperation with FOXO3a,
transactivated the BAX gene, leading to apoptosis and mus-
cle degradation. Additionally, we demonstrated that inhibit-
ing PRMT]1 effectively reversed these effects, underscoring
the therapeutic potential of targeting this pathway to combat
sarcopenia.

Materials and methods
Animal experiments

C57BL/6] mice were obtained from Beijing Vital River
Laboratory Animal Technology Co. (Beijing, China) and
were housed under specific-pathogen-free (SPF) conditions
at a temperature of 22 °C, with a 12-hour light-dark cycle.
To induce sarcopenia, eight-week-old C57BL/6J mice
(weighing approximately 22-25 g) were randomly assigned
to a control group and an experimental group (n=8 per
group). The experimental group was fed a diet enriched with
high levels of AGEs, referred to as HAGE, for 24 weeks,
while the control group received a standard diet with low
AGEs (LAGE) (Zeigler; #AIN-93G). The HAGE diet was
prepared by heating the LAGE diet at 160 °C for 30 min
as described previously [25]. Body weight was monitored
weekly throughout the study. After the 24-week dietary
intervention, 32-week-old mice were evaluated for signs
of sarcopenia, including grip strength test, rotarod test, and
determination of muscle mass/body weight ratio. The mice
were then humanely euthanized via carbon dioxide (COz)
inhalation followed by cervical dislocation to ensure death.

To assess the effectiveness of the inhibitors, eight-
week-old C57BL/6J mice (approximately 22-25 g) were
randomly assigned to five groups (n=8 per group). One
group was maintained on a LAGE diet, while the other
four groups were fed an HAGE diet. Within the HAGE
diet groups, one subset received intraperitoneal injections
of phosphate-buffered saline (PBS) as a control, while the
other subsets were treated with specific inhibitors: PPMT 1
inhibitor (TCE5003) (MedChemExpress; #HY-107574;
50 mg/kg), type I PRMT inhibitor (MS023) (MedChemEx-
press #; HY-19615; 50 mg/kg), and Bax inhibitor (BAIl)
(MedChemExpress; #HY-103269; 50 mg/kg). The inhibi-
tors were administered weekly over a 24-week period. All
animal experiments were conducted in accordance with the

guidelines of the Institutional Animal Care and Use Com-
mittee (IACUC) of Jiangxi Provincial People’s Hospital.

Measurement of non-fasting blood glucose and
haemoglobin A1c (HbA1c) levels

Mice were anesthetized weekly with 3% isoflurane (Sigma-
Aldrich, #792632) at a consistent time period (3:00—4:00
PM) to minimize stress associated with sample collection.
A small blood sample (about 50 puL) was obtained from
the tail vein using a sterile lancet. For non-fasting blood
glucose measurement, approximately 3 pL of blood was
analyzed immediately using a glucometer (Roche Diag-
nostics; #Accu-Chek). For HbAlc measurement, 10 pL
of whole blood was processed using an HbAlc assay kit
(Crystal Chem; #80310) according to the manufacturer’s
instructions.

Grip strength test

The grip strength of the mice was assessed using a grip
strength meter following a previous protocol [26]. Each
mouse was gently held by the tail base and positioned over
the grid of the meter, allowing them to grasp the grid with
both forelimbs. The mouse was then gently pulled back in a
horizontal position until it released its grip. The maximum
force exerted at the point of release was recorded. This pro-
cess was repeated five times for each mouse, with a one-
minute interval between each trial to avoid fatigue.

Rotarod test

The motor coordination and balance of the mice were
evaluated using a Rotarod apparatus (Ugo Basile; #47650)
according to a previous method [26]. Mice were placed on
a rotating rod with a diameter of 3 cm, which accelerated
from 4 to 40 revolutions per minute (rpm) over a 300-sec-
ond period. The time taken for each mouse to fall from the
rotating rod was recorded. Each mouse underwent three
consecutive trials, with one-minute intervals between tri-
als to minimize fatigue. The average time to fall across the
three trials was calculated and used as the measure of motor
performance.

Determination of bilateral gastrocnemius muscle
mass relative to body weight

Upon euthanasia, the mid-belly region of the gastrocnemius
(GAS) muscles was dissected from each mouse, cleaned of
connective tissue and fat, and weighed using an analytical
balance. The combined mass of the left and right gastrocne-
mius muscles was calculated. To account for differences in
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body size, the total muscle mass was expressed as a percent-
age of the mouse’s body weight.

Skeletal muscle isolation

Skeletal muscle tissue was isolated from HAGE-induced
sarcopenia model mice and age-matched control mice. Mice
were euthanized using CO: asphyxiation, followed by cervi-
cal dislocation to ensure complete euthanasia. The gastroc-
nemius and soleus muscles were carefully dissected from
both hind limbs, quickly rinsed in ice-cold PBS, blotted dry,
and immediately snap-frozen in liquid nitrogen. The frozen
muscle tissues were stored at -80 °C until further processing.

Hematoxylin and eosin (H&E) staining

Skeletal muscle tissues from sarcopenia model mice
were first fixed in 4% paraformaldehyde (Sigma-Aldrich;
#158127) overnight at 4 °C. After fixation, the tissues were
dehydrated through a graded series of ethanol solutions,
cleared in xylene (Sigma-Aldrich; #534056), and embedded
in paraffin (Leica Biosystems; #39601006). Paraffin-embed-
ded tissues were then sectioned at 5 um thickness using a
microtome (Leica Biosystems; #RM2235). The tissue sec-
tions were deparaffinized in xylene and rehydrated through
a graded series of ethanol to distilled water. Sections were
stained with hematoxylin (Sigma-Aldrich; #H9627) for
5 min, rinsed in running tap water, and then differentiated in
1% acid alcohol. After rinsing again, sections were stained
with eosin Y solution (Thermo Fisher; #6766007) for 2 min,
followed by dehydration in graded ethanol, clearing in
xylene, and mounting with a coverslip using a mounting
medium (Thermo Fisher; #9990402). The stained sections
were then visualized under a light microscope (Olympus;
#BX53) for histological analysis. The cross-sectional area
(CSA) was measured and analyzed using ImageJ software
(National Institutes of Health, USA; #version 2018) follow-
ing previously described methods [27, 28].

Cell culture and transfection

C2C12 myoblasts were obtained from American Type
Culture Collection (ATCC; #CRL-1772) and cultured in
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco;
#11965092) supplemented with 10% fetal bovine serum
(FBS; Gibco; #26140079) and 1% penicillin-streptomycin
(Gibco; #15140122) at 37 °C in a humidified atmosphere
containing 5% COs.. Cells were seeded in 6-well plates and
allowed to reach approximately 70—-80% confluence before
transfection. For the generation of stable cell lines, C2C12
cells were transfected with shRNAs (2 pg per 107 cells)
(Table S1) or plasmids (4 pg of DNA per 107 cells) (Table
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S2) using Lipofectamine 3000 (Invitrogen; #L3000015)
according to the manufacturer’s instructions. After 48 h of
transfection, cells were selected with 2 ug/mL puromycin
(Sigma-Aldrich; #P8833) for 10 days for shRNA transfec-
tion or 600 pg/mL G418 (Sigma-Aldrich; #A1720) for 14
days for plasmid transfection. Selection was continued until
non-transfected control cells were completely eliminated.
The resulting stable cell lines were maintained in selection
media to ensure the persistence of gene expression.

Isobaric tag for relative and absolute quantitation
(iTRAQ) analysis

The iTRAQ proteomics analysis was performed follow-
ing a previous protocol [29]. For analysis in muscle, tis-
sues (n=3 per group, tissues of equal weight pooled within
each group) were homogenized in lysis buffer (7 M urea,
2 M thiourea, 4% CHAPS, 40 mM Tris, pH 8.5, and 1 mM
PMSF) using a Dounce homogenizer on ice. For iTRAQ
assay in cells, Control°F and PRMT1°F cells (n=3 wells per
cell line, pooled before protein extraction) were harvested
by trypsinization, washed with PBS, and lysed in RIPA buf-
fer (Thermo Fisher; #89900) containing a protease inhibitor
cocktail (Thermo Fisher; #78429). The homogenates from
muscle tissues and cell lysates were centrifuged at 15,000
x g for 20 min at 4 °C to remove insoluble debris. Protein
concentration was determined using the Bradford assay
(Thermo Fisher; #A55866). An equal amount of protein
(100 pg) from each sample was reduced, alkylated, and
digested with trypsin (Thermo Fisher; #90057) overnight
at 37 °C. The resulting peptides were labeled with iTRAQ
reagents (Sigma-Aldrich; #4352135) according to the man-
ufacturer’s instructions. Labeled peptides were pooled and
subjected to strong cation exchange (SCX) chromatography
using an SCX column (Thermo Fisher; #074643) followed
by high-performance liquid chromatography (HPLC) sepa-
ration. The fractions were analyzed by liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) using a Q
Exactive mass spectrometer (Thermo Fisher; #0726090).
Data analysis was performed using the Proteome Dis-
coverer software (Thermo Fisher), with peptide and protein
identification conducted against the UniProt Mus musculus
database. Trypsin was designated as the cleavage enzyme,
permitting up to 4 missed cleavages. The precursor ion
mass tolerance was set to 20 ppm during the first search and
refined to 5 ppm for the main search, while the fragment
ion mass tolerance was maintained at 0.02 Da. The false
discovery rate (FDR) was controlled below 0.01, and the
minimum score threshold for modified peptides was set to
greater than 40. Gene Ontology (GO) analysis (http://www
.geneontology.org) was conducted to classify the different
ially expressed proteins (DEPs) into functional categories,
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including molecular functions, biological processes, and
cellular components.

Western blot

Skeletal muscle tissues were isolated from sarcopenia model
mice and age-matched control mice, then homogenized
in ice-cold radioimmunoprecipitation assay (RIPA) buffer
(Thermo Fisher; #89900) with a protease inhibitor cocktail.
Cultured cells were similarly lysed. The homogenates and
cell lysates were incubated on ice for 30 min and centrifuged
at 15,000 x g for 20 min at 4 °C, with supernatants col-
lected for protein quantification using the BCA assay. Equal
amounts of protein (40 pg) from each sample were mixed
with 4 x Laemmli sample buffer (Bio-Rad; #1610747) and
boiled for 5 min at 95 °C. The samples were then loaded onto
10-12% SDS-PAGE gels and separated by electrophoresis.
After electrophoresis, the proteins were transferred onto
PVDF membranes (Millipore; #IPVH00010) using a wet
transfer system (Bio-Rad; #1703930). Following transfer,
the membranes were blocked in 5% non-fat dry milk (Bio-
Rad; #1706404) in Tris-buffered saline with 0.1% Tween-20
(TBST) for 1 h at room temperature. The membranes were
then incubated overnight at 4 °C with primary antibodies
diluted in 5% BSA (Sigma-Aldrich; #A9647) in TBST. The
specific primary antibodies used for the detection of target
proteins were listed in Table S3. After washing, membranes
were treated with HRP-conjugated secondary antibodies
(Table S3), visualized with ECL substrate (Thermo Fisher;
#321006).

Assessment of PRMT1 activity Inhibition by TCE5003
and MS023

The inhibitory effects of TCE5003 and MS023 on PRMT1
activity were evaluated using the PRMT1 Chemilumines-
cent Assay Kit (BPS Bioscience, #52004L) according to the
methods provided by the manufacturer. This assay relied on
the detection of methylation at the R3 residue of Histone
H4 using a highly specific antibody. Recombinant mouse
PRMT1 protein (Abcam, #ab78937) was used in place of
the human PRMT1 enzyme provided in the kit. Briefly, the
assay was initiated by incubating S-adenosylmethionine
(SAM) with mouse PRMT1 (3 pg), assay buffer, and vary-
ing concentrations of the inhibitors TCES003 (0, 1.5, 3, and
4.5 uM) or MS023 (0, 30, 60, and 90 nM). After the enzy-
matic reaction, a primary antibody specific to the methyl-
ated R3 residue of Histone H4 (BPS Bioscience, #52150)
was added to detect methyltransferase activity. Subse-
quently, an HRP-labeled secondary antibody (BPS Bio-
science, #52131H) was applied to amplify the signal. The
chemiluminescence signal generated was measured using

a microplate luminometer (BioTek), with signal intensity
directly reflecting the activity of PRMT].

To evaluate the effects of TCES5003 and MS023 on
PRMT1 protein levels, C2C12 cells were treated with vary-
ing concentrations of TCE5003 (0, 1.5, 3, and 4.5 uM) or
MS023 (0, 30, 60, and 90 nM) for 12 h. Following treat-
ment, PRMT1 protein levels were assessed via Western blot
analysis.

Immunoprecipitation (IP) and mass spectrometry
analysis

For immunoprecipitation, muscle tissue and cultured cell
lysates were centrifuged at 16,000 x g for 10 min at 4 °C.
The supernatants were then pre-cleared by incubation
with protein G beads (Thermo Fisher; #20397) for 1 h at
4 °C. Following pre-clearance, 5 pg of primary antibody
or isotype-matched IgG control (Table S3) was added to
the lysates, which were then incubated overnight at 4 °C.
To capture the immune complexes, protein G beads were
introduced to the lysates and allowed to incubate for 3 h
at 4 °C. The beads were subsequently washed three times
with a wash buffer composed of 100 mM NaCl, 50 mM Tris
(pH 7.5), 0.1% NP-40, 3% glycerol, and 100 mM phenyl-
methylsulfonyl fluoride (PMSF). The bound proteins were
eluted by adding 2 x Laemmli sample buffer, followed by
heating at 95 °C for 5 min. The eluted proteins were then
subjected to Western blot analysis. For mass spectrometry,
the visualized protein bands on the SDS-PAGE gels were
cut into nearly 1 mm small slices and digested with trypsin.
The eluted peptides were analyzed using liquid LC-MS/MS.
The resulting data were processed using Proteome Discov-
erer software to identify and quantify the proteins present in
the samples.

Co-immunoprecipitation (Co-IP)

C2C12 cells were transfected with pCDNA3-Flag-
CRTC3+pCDNA3-MYC-FOX03a and pCDNA3-Flag-
CRTC3R3*+pCDNA3-MYC-FOXO3a plasmids using
Lipofectamine 3000 following the manufacturer’s protocol.
After 48 h of transfection, the cells were treated with 100
uM AGE-BSA (Sigma-Aldrich; #121800) in combination
with either 3.0 uM TCES5003 or 90 nM MS023 for 12 h.
Subsequently, the cells were lysed in ice-cold RIPA buffer
containing a protease inhibitor cocktail, and the lysates were
clarified by centrifugation at 16,000 % g for 10 min at 4 °C.
The supernatants were subjected to immunoprecipitation by
incubating with anti-Flag beads (Thermo Fisher; #A36797)
or anti-MYC beads (Thermo Fisher; #20168) overnight
at 4 °C. After washing three times with a buffer contain-
ing 100 mM NacCl, 50 mM Tris (pH 7.5), 0.1% NP-40, and
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3% glycerol, the bound proteins were eluted by heating the
beads in 2 x Laemmli sample buffer at 95 °C for 5 min. The
eluted proteins were separated by SDS-PAGE and protein
interactions were determined by western blots.

RNA isolation and quantitative reverse transcription
polymerase chain reaction (RT-qPCR)

Total RNA was extracted from cells using the TRIzol
reagent (Thermo Fisher; #15596026) according to the man-
ufacturer’s instructions. Briefly, cells were lysed directly
in TRIzol reagent, and the lysates were homogenized by
pipetting. Chloroform (Sigma-Aldrich; #C2432) was added
to the lysates, and the mixture was centrifuged at 12,000
x g for 15 min at 4 °C to separate the aqueous phase. The
RNA was precipitated from the aqueous phase by adding
isopropanol (Sigma-Aldrich; #19516), followed by centrifu-
gation at 12,000 x g for 10 min at 4 °C. The RNA pellet
was washed with 75% ethanol, air-dried, and resuspended
in RNase-free water. For RT-qPCR, 1 pg of total RNA was
reverse transcribed using the PrimeScript RT reagent Kit
(Takara; #RR037A) following the manufacturer’s protocol.
RT-qPCR was performed using the TB Green Premix Ex
Taq II (Takara; #RR820A). The expression levels of target
genes were normalized to f-actin as an internal control. The
relative expression of genes was calculated using the 2722t
method. Primers used for RT-qPCR were listed in Table S4.

Chromatin Imnmunoprecipitation (ChIP) assay

Three independent experiments were conducted as follows:
(1) Control®P and CRTC3XP cells were treated with 100
uM AGE-BSA for 12 h; (2) C2C12 cells were treated with
different concentrations of AGE-BSA (0, 25, 50, and 100
puM) for 12 h; (3) C2C12 cells were co-treated with 100 uM
AGE-BSA in combination with varying doses of TCE5003
(0, 1.5, and 3 uM) or MS023 (0, 30, and 60 nM) for 12 h.
Following treatment, all cells were cross-linked with 1%
formaldehyde (Sigma-Aldrich; #252549) for 10 min at room
temperature to fix protein-DNA interactions. Cross-linking
was quenched by adding glycine to a final concentration of
125 mM. The cells were then washed with ice-cold PBS and
lysed in ChIP lysis buffer (Santa Cruz Biotechnology; #sc-
45000) containing protease inhibitors. The lysates were son-
icated to shear the chromatin into 200-500 bp fragments.
The chromatin was immunoprecipitated using anti-CRTC3
and anti-FOXO3a antibodies (Table S3) with Protein G
beads overnight at 4 °C. The immune complexes were
washed sequentially with ChIP wash buffer (Santa Cruz
Biotechnology; #sc-45002) and then eluted in ChIP elution
buffer (Santa Cruz Biotechnology; #sc-45003). Cross-links
were reversed by incubating the samples at 65 °C overnight,
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followed by treatment with RNase A (Thermo Fisher;
#ENO0531) and proteinase K (Thermo Fisher; #E00491).
The DNA was purified using a PCR purification kit (Qiagen;
#28106) and analyzed by qPCR using primers specific to
gene promoters (Table S5) to assess the binding of CRTC3
and FOXO3a.

In vitro methylation assays

For in vitro methylation assays, His-CRTC3 proteins were
purified from BL-21 E. coli cells. The pET28a-CRTC3 vec-
tor was introduced into BL-21 E. coli, and protein expres-
sion was induced by adding 100 uM IPTG (isopropyl
B-D-1-thiogalactopyranoside; Sigma-Aldrich; #16758) at
16 °C for 12 h. After induction, the bacteria were lysed in a
lysis buffer (50 mM Tris, 150 mM NaCl, 10 mM Imidazole,
1 mM PMSF, 0.1% NP-40, 2 mM MgCl,, and 1 mM DTT)
through sonication for 15 min. The lysates were centrifuged
at 10,000 x g for 30 min at 4 °C to remove cellular debris.
The His-CRTC3 proteins in the supernatant were purified by
incubating with Ni-NTA agarose (Thermo Fisher; #R90115)
for 3 h, followed by washing four times with wash buffer
(50 mM Tris-HCI, pH 7.4, 300 mM NacCl, 40 mM Imidaz-
ole, | mM PMSF, and 0.1% NP-40). For the methylation
reaction, 10 pg of purified His-CRTC3 proteins were incu-
bated with 1 mM S-(5’-Adenosyl)-L-methionine chloride
(SAM) (Sigma-Aldrich; #539209) as a methyl donor, in the
presence or absence of 1 pg of PRMTI1 protein (Abcam;
#ab78937) and either 3 uM TCES5003 or 90 nM MS023 as
inhibitors. The reaction mixture was incubated at 30 °C for
1.5 h. After incubation, the reaction products were then ana-
lyzed by SDS-PAGE to assess methylation status.

Quantification of ages in plasma and muscle
skeletal tissues

The quantification of AGEs was conducted using LC-MS/
MS based on a previously established protocol [30]. Plasma
samples were prepared by mixing 50 pL of plasma with an
equal volume of sodium phosphate buffer (Sigma-Aldrich;
#DB0222) containing protease inhibitors (Sigma-Aldrich;
#S8820). The mixture was briefly vortexed and centrifuged
at 12,000 x g for 15 min at 4 °C. The supernatant was col-
lected and stored at -80 °C until further analysis. For muscle
tissues, approximately 100 mg of tissue was homogenized
in 100 pL of ice-cold sodium phosphate buffer supple-
mented with protease inhibitors, followed by centrifugation
at 12,000 x g for 20 min at 4 °C. The resulting superna-
tants were used for subsequent analyses. Chromatographic
separation was performed on a reverse-phase C18 column
(Acquity UPLC BEH C18, 50%2.1 mm, 1.7 um; Waters
Corporation; #186002350) with a gradient elution system.
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The mobile phases consisted of 5 mmol/L ammonia solution
(Phase A) and acetonitrile (Phase B), and the column tem-
perature was maintained at 48 °C. The gradient elution began
with 98% Phase A and 2% Phase B, gradually transitioning
to 60% Phase A and 40% Phase B over 10 min, followed by
re-equilibration to initial conditions. The flow rate was set to
800 pL/min, with an injection volume of 2 pL. Quantifica-
tion of CML, CEL, and MG-H1 was performed by compar-
ing the peak area ratios of analytes to their corresponding
stable isotope-labeled internal standards. Calibration curves
were established using standard solutions at known concen-
trations. The electrospray ionization source was operated in
positive ion mode with the following parameters: capillary
voltage of 0.5 kV, source temperature of 150 °C, desolva-
tion temperature of 600 °C, desolvation gas flow at 800 L/h,
and cone gas flow at 50 L/h. Data acquisition and analysis
were carried out using MassLynx software (V4.1, SCN 644,
Waters). Quantitative data were processed by integrating the
peak areas using the TargetLynx module.

Flow cytometry (FACS) analysis

Cells were harvested and washed twice with cold PBS,
then resuspended in 1% Annexin V binding buffer (BD
Biosciences; #556454) at a concentration of 1x10° cells/
mL. Subsequently, 5 pL of Annexin V-FITC (BD Biosci-
ences; #556419) and 5 pL of Prodidium lodide (PI) (BD
Biosciences; #556463) were added to 100 pL of the cell
suspension. The mixture was incubated in the dark at
room temperature for 10 min. After incubation, 400 pL of
Annexin V binding buffer was added to each sample, and
the stained cells were analyzed immediately using a flow
cytometer (BD FACSCanto II). Data were acquired and
analyzed using FlowJo software to quantify the proportions
of living cells (Quadrant 1), necrotic cells (Quadrant 2),
late apoptotic cells (Quadrant 3), and early apoptotic cells
(Quadrant 4). All experiments were performed in triplicate
to ensure reproducibility.

Statistical analyses

Statistical analyses were performed using SPSS (Statisti-
cal Package for the Social Sciences; IBM, version 22) soft-
ware. Data were presented as mean=standard deviation
(SD). Comparisons between two groups were made using
unpaired Student’s #-tests. For multiple group comparisons,
one-way ANOVA followed by Tukey’s post-hoc test was
used to determine statistical significance. P-values less than
0.05 were considered statistically significant. All experi-
ments were conducted with at least three biological repli-
cates to ensure reproducibility.

Results
HAGE diet exacerbated sarcopenia incidence in mice

Several clinical studies have statistically shown a positive
correlation between a HAGE diet or AGE accumulation in
the body and the onset of sarcopenia [31-34]. To investi-
gate the relationship and specific molecular mechanisms
between a HAGE diet and the development of sarcopenia,
we fed 8-week-old C57BL/6 mice with either a LAGE diet
or a HAGE diet, dividing them into two groups. After 24
weeks, we assessed whether sarcopenia had developed in
the mice (Fig. 1A). We monitored non-fasting blood glucose
and HbAlc levels weekly over the 24-week period. The
results showed that non-fasting blood glucose and HbAlc
levels were significantly higher in the HAGE group com-
pared to the LAGE group (Fig. 1B and C). Additionally, we
measured the levels of free and protein-bound AGEs in the
serum and skeletal muscle tissues. The results indicated that
levels of free and protein-bound CML and CEL, as well as
free MG-H1, were elevated in the HAGE group compared
to the LAGE group (Fig. 1D and I and S1). However, the
levels of protein-bound MG-H1 in serum and muscle tis-
sues from HAGE mice were similar to those in LAGE mice
(Fig. 11 and S1).

To evaluate the incidence of sarcopenia, we measured
several relevant parameters. The HAGE group exhib-
ited poorer motor function, as evidenced by reduced grip
strength (HAGE: 48.3+£5.2 gm x Force, LAGE: 71.3+8.5
gm x Force, P<0.01) (Fig. 1J) and shorter latency to fall
in rotarod tests (HAGE: 10.3+1.7 s, LAGE: 22.5+£2.3 s,
P<0.01) (Fig. 1K). Furthermore, the skeletal muscle mass
index was significantly lower in the HAGE group com-
pared to the LAGE group (HAGE: 0.48+0.05%, LAGE:
1.16£0.12%, P<0.001) (Fig. 1L). Histological analysis of
skeletal muscle tissues revealed significant muscle damage
in the HAGE group, characterized by a reduction in muscle
fiber size and an increase in connective tissue (Fig. 1M).
Quantification of CSA of muscle fibers revealed a signifi-
cant reduction in the HAGE group (Fig. IN). These physi-
ological and pathological indicators suggested that feeding
mice a HAGE diet induced the development of sarcopenia.

PRMT1 and key molecules of the intrinsic apoptotic
pathway were significantly elevated in HAGE-
induced sarcopenic mice

To identify the key molecules involved in HAGE-induced
sarcopenia, we isolated skeletal muscle from mice, extracted
the proteins, digested them with trypsin, and labeled them
using the iTRAQ method. Mass spectrometry analysis was
then performed to identify differentially expressed proteins
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Fig. 1 Feeding a HAGE diet increased the incidence of sarcopenia in
mice (A) Experimental design. (B) Non-fasting blood glucose levels
in mice fed LAGE and HAGE diets (n=8 per group) at different time
points. (C) HbAlc levels in mice fed LAGE and HAGE diets (n=8
per group) at different time points. (D-I) Concentrations of free and
protein-bound (pb) CML, CEL, and MG-HI1 in plasma from mice fed
LAGE and HAGE diets (n=8 per group). (D) Free CML in plasma.

(Fig. 2A). In skeletal muscle from HAGE-fed mice, we iden-
tified 317 DEPs (Table S6), including 198 upregulated and
119 downregulated proteins (Table S6). Figure 2B showed
the top 15 most significantly upregulated and downregu-
lated proteins. Among the upregulated proteins, PRMT1
showed the most significant increase, along with a notable
upregulation of the receptor for AGEs, RAGE. Additionally,
key proteins in the intrinsic apoptotic pathway, such as Bax,
Apafl (Apoptotic protease activating factor-1), Caspase 3
(Casp3), Caspase 7 (Casp7), and Caspase 9 (Casp9), were
significantly elevated (Fig. 2B). Other proteins with marked
upregulation included CRTC3, FTO (Fat mass and obesity-
associated), MMP2/7/9 (Matrix metalloproteinase 2, 7, and

@ Springer

(E) Free CEL in plasma. (F) Free MG-H1 in plasma. (G) pb-CML
in plasma. (H) pb-CEL in plasma. (I) ppb-MG-H1 in plasma. (J) Grip
strength. (K) Latency to fall as assessed by the rotarod test. (L) Mus-
cle-to-body weight ratio. (M) Representative images of skeletal mus-
cle stained with H&E. Bars=100 pm. (N) Quantified CSA of muscle
fibers (um?) (n=8 per group). ns: no significant difference; *P<0.05;
**P<0.01; *** P<0.001

9), and ADAMTS2/6 (A disintegrin and metalloproteinase
with thrombospondin motifs 2 and 6) (Fig. 2B). The five
most significantly downregulated proteins were USP2
(Ubiquitin specific peptidase 2), YTHDF3 (YTH N6-meth-
yladenosine RNA binding protein 3), LMOD1 (Leiomodin
1), SLPI (Secretory leukocyte peptidase inhibitor), and LBP
(Lipopolysaccharide binding protein) (Fig. 2B). GO analy-
sis of the DEPs revealed that the upregulated proteins were
primarily involved in biological processes such as apop-
totic signaling pathways, extracellular matrix disassembly,
organic acid catabolic processes, cellular response to oxi-
dative stress, glucose transport, and DNA damage response
(Fig. 2C). In contrast, the downregulated proteins were
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Fig.2 PRMT1, CRTC3, and apoptotic molecules were upregulated in
sarcopenic muscle tissues. (A) Experimental design for iTRAQ analy-
sis. (B) The top 15 upregulated and top 15 downregulated proteins in
skeletal muscle tissues from the LAGE and HAGE groups of mice. (C)
Gene Ontology (GO) analysis of biological processes associated with

mainly associated with muscle tissue development, protein
catabolic processes, energy metabolism, regulation of gene
expression, and oxidative phosphorylation (Fig. S2).

To validate the accuracy of the mass spectrometry results,
we examined the expression of several representative pro-
teins, including PRMTI1, CRTC3, Bax, Apafl, Casp3,
Casp7, Casp9, USP2, and YTHDEF3, in skeletal muscle tis-
sues from both LAGE and HAGE mice (n=3 per group).
The results confirmed that the expression patterns of all
tested proteins were consistent with the iTRAQ quantifica-
tion data (Fig. 2D).

PRMT1 and key molecules of the intrinsic apoptotic
pathway were significantly elevated in AGE-BSA-
treated myoblast cells

To determine whether the altered protein expression
observed in Fig. 2D was directly regulated by AGEs, we

the upregulated proteins. (D) Validation of protein levels for PRMT1,
CRTC3, Bax, Apafl, Casp3, Casp7, Casp9, USP2, and YTHDEF3 in
skeletal muscle tissues from the LAGE and HAGE groups of mice
(n=3 per group) using Western blotting

treated C2C12 cells in vitro with different concentrations
of AGE-BSA (0, 25, 50, and 100 pM) for 12 h and then
assessed the expression levels of PRMT1, CRTC3, Bax,
Apafl, Casp3, Casp7, Casp9, USP2, and YTHDF3. The
results showed that the expression of PRMT1, CRTC3,
Bax, Apafl, Casp3, Casp7, and Casp9 increased in a dose-
dependent manner with higher concentrations of AGE-BSA,
whereas the expression of USP2 and YTHDF3 gradually
decreased with increasing AGE-BSA doses (Fig. S3). These
in vitro findings suggested that PRMT1 and key molecules
of the intrinsic apoptotic pathway were directly regulated
by AGEs.

Inhibition of PRMT1 in HAGE-fed mice prevented
sarcopenia incidence

Given the critical role of PRMTs in the development of
various diseases [12—14] and the significant upregulation of
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PRMT! in the muscle tissues of HAGE-induced sarcope-
nic mice, we aimed to explore the involvement of PRMT1
in the development of sarcopenia. To investigate whether
inhibiting PRMT1 could prevent sarcopenia, we selected
TCES003, a specific PRMT1 inhibitor, and MS023, a type |
PRMT inhibitor. In vitro studies confirmed that both inhibi-
tors selectively reduced PRMT1 activity without altering its
protein levels (Fig. S4A-S4E).

For in vivo analysis, mice were divided into four groups:
LAGE diet, HAGE diet, HAGE diet with weekly TCE5003
injections, and HAGE diet with weekly MS023 injec-
tions, over a 24-week period (Fig. 3A). Throughout this
period, non-fasting blood glucose and HbAlc levels in the
TCES5003- and MS023-treated groups were comparable to
those in the HAGE group and significantly higher than those
in the LAGE group (Fig. 3B and C). Additionally, the levels
of free and protein-bound CML and CEL, as well as free
MG-H1, were elevated in the serum and skeletal muscle tis-
sues of the TCE5003-treated, MS023-treated, and HAGE
groups compared to the LAGE group (Fig. 3D and I and S5).
However, protein-bound MG-H1 levels showed no signifi-
cant differences among the groups (Fig. 31 and S5). These
results indicated that TCE5003 and MS023 treatments did
not impact the accumulation of AGEs in the serum and
muscle tissues. Remarkably, treatment with TCE5003 and
MS023 significantly mitigated the development of sar-
copenia in HAGE-fed mice. Specifically, both inhibitors
partially restored grip strength (TCE5003: 58.9+4.8 gm x
Force; MS023: 59.7+6.5 gm % Force; HAGE: 47.3+3.9 gm
x Force; LAGE: 72.4+6.8 gm x Force) (Fig. 3J), latency to
fall (TCES5003: 17.4+1.5 s; MS023: 18.2+2.2 s; HAGE:
10.3+1.0 s; LAGE: 24.6+2.1 s) (Fig. 3K), and skel-
etal muscle mass index (TCE5003: 0.84+0.07%; MS023:
0.81+0.04%; HAGE: 0.55+0.04%; LAGE: 1.17+0.23%)
(Fig. 3L). Histological analysis of skeletal muscle tissues
revealed that TCE5003 and MS023 treatment significantly
increased muscle fiber size and reduced connective tissue
accumulation compared to the HAGE group (Fig. 3M).
Quantification of CSA of muscle fibers in TCE5003 and
MS023 groups was significantly increased compared to the
HAGE group, although these values remained lower than
those observed in the LAGE group (Fig. 3N).

As PRMT]1 functions as a protein arginine methyltrans-
ferase, we assessed arginine methylation levels in total cell
extracts derived from the muscle tissues of mice in the
LAGE, HAGE, TCE5003, and MS023 groups. The results
demonstrated significantly elevated levels of ADMA in the
HAGE group compared to the other three groups (Fig. S6).
While ADMA levels in the TCE5003 and MS023 groups
were similar to those observed in the LAGE group (Fig. S6).
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Protein levels of CRTC3 and key molecules of the
intrinsic apoptotic pathway were dependent on
PRMT1

To investigate the target proteins of PRMT1, we transfected
C2C12 cells with pCDNA3-empty vector and pCDNA3-
PRMT1 plasmids to establish two independent Control®®
and PRMT1°E cell lines (Fig. S7). Using these cell lines,
we performed iTRAQ-based quantitative proteomics and
mass spectrometry analysis to identify DEPs regulated by
PRMT1 (Fig. 4A). The mass spectrometry results revealed
that overexpression of PRMT 1 led to differential expression
of 206 proteins, with 135 proteins being upregulated and 71
proteins downregulated (Table S7). Figure 4B highlighted
the top 10 most upregulated and top 10 most downregulated
proteins. Interestingly, among the upregulated proteins, we
identified CRTC3, Bax, Apafl, Casp3, Casp7, and Casp9
(Fig. 4B). We further confirmed the expression levels of
CRTC3, Bax, Apafl, Casp3, Casp7, and Casp9 in two Con-
trol°F and two PRMT19E cell lines, observing that CRTC3,
Bax, and Apafl were upregulated, while Casp3, Casp7, and
Casp9 were activated in PRMT1°F cells (Fig. 4C). These
findings suggest that overexpression of PRMT1 can lead to
the activation of the intrinsic apoptotic pathway. To further
validate this, we conducted Annexin V-FITC/PI staining in
Control°F! and PRMT19%! cell lines. The results showed a
significant increase in the distribution of cells in the Q3 (late
apoptotic cells) and Q4 (early apoptotic cells) quadrants in
PRMT19E! cells compared to Control®F! cells (2.16% vs.
80.2%) (Fig. 4D). These results indicate that overexpression
of PRMT]1 induces intrinsic apoptosis in C2C12 cells.

We established Control®P and PRMT1XP cell lines in
C2C12 cells (Fig. S8A and S8B) and treated them with
or without 100 uM AGE-BSA for 12 h. Protein levels of
PRMTI1, CRTC3, Bax, Apafl, Casp3, Casp7, and Casp9
were subsequently analyzed. The results showed that
PRMT1 depletion failed to increase the protein levels of
CRTC3, Bax, Apafl, Casp3, Casp7, and Casp9 (Fig. S8C).
These findings suggested that PRMT1 knockdown did not
induce intrinsic apoptosis in AGE-BSA-treated C2C12
cells.

PRMT1 methylated CRTC3 in vivo and in vitro

Since PRMTI1 is an arginine methyltransferase and both
CRTC3 and downstream apoptotic molecules of Bax were
dependent on PRMT1, we speculated that PRMT1 may
mediate the arginine methylation of these molecules. To test
this hypothesis, we conducted IP experiments in skeletal
muscle from HAGE-fed mice using IgG and PRMT]1 anti-
bodies. We found that PRMT1 bound only to CRTC3 and
not to Bax or its downstream apoptotic molecules (Fig. 5A),
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Fig. 3 Administration of TCE5003 and MS023 partially prevented
the development of sarcopenia in HAGE-fed mice. (A) Experimental
design of TCES003 and MS023 injections. (B) Non-fasting blood glu-
cose levels in LAGE, HAGE, HAGE+TCE5003, and HAGE +MS023
groups of mice (n=8 per group) at different time points. (C) HbAlc
levels in LAGE, HAGE, HAGE+TCE5003, and HAGE+MS023
groups of mice (n=8 per group) at different time points. (D-I) Concen-
trations of free and pb CML, CEL, and MG-H1 in plasma from LAGE,

suggesting that PRMT1 might be involved in the argi-
nine methylation of CRTC3. Next, we co-transfected HA-
CRTC3 and various Flag-tagged PRMTs (PRMT1/2/3/4/5)
into C2C12 cells and performed IP with anti-HA agarose.

HAGE, HAGE+TCES5003, and HAGE +MS023 groups of mice (n=8
per group). (D) Free CML in plasma. (E) Free CEL in plasma. (F) Free
MG-H1 in plasma. (G) pb-CML in plasma. (H) pb-CEL in plasma. (I)
pb-MG-HI1 in plasma. (J) Grip strength. (K) Latency to fall as assessed
by the rotarod test. (L) Muscle-to-body weight ratio. (M) Representa-
tive images of skeletal muscle stained with H&E. Bars=100 um. (N)
Quantified CSA of muscle fibers (um?) (n=8 per group). ns: no signifi-
cant difference; *P<0.05; **P<0.01; *** P<0.001

Our results showed that CRTC3 bound exclusively to
PRMT1 and not to the other PRMTs (Fig. 5B). Additionally,
anti-ADMA detection revealed that only PRMT1 could trig-
ger ADMA modification of CRTC3 (Fig. 5B). Furthermore,
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Fig. 4 CRTC3 and apoptotic molecules were dependent on PRMT1.
(A) Experimental design for iTRAQ analysis. (B) The top 10 upregu-
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cells. (C) Validation of protein levels for PRMT1, CRTC3, Bax, Apafl,
Casp3, Casp7, and Casp9 in two independent Control®F and PRMT1°E

we co-transfected C2C12 cells with HA-CRTC3 and Flag-
tagged PRMT1 constructs containing the catalytic-dead
mutants (G98R, E162Q, and E171A). We found that these
PRMT1 mutants were unable to bind or methylate CRTC3
(Fig. 5C). In an in vitro methylation assay using recombi-
nant PRMT1 and His-CRTC3, PRMT1 successfully meth-
ylated CRTC3 (Fig. 5D). The addition of TCE5003 and
MS023 completely inhibited the methylation of CRTC3 in
this assay (Fig. 5D).

To identify the specific arginine methylation site(s) on
CRTC3, we divided CRTC3 into three regions [R1 (1-150
aa), R2 (151-525 aa), and R3 (526-619 aa)] (Fig. 5E and
S9). The in vitro methylation assay revealed that PRMT]1
only methylated the R3 region (Fig. 5F). Within the R3
region, there were three arginine residues: R534, R615, and
R618 (Fig. S9). We mutated these three residues to lysine
and found that PRMT1 could not methylate the R534K
mutant (Fig. 5G), indicating that R534 was the specific site
of PRMT1-mediated arginine methylation on CRTC3.
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cell lines using Western blotting. (D and E) Flow cytometry analy-
sis. Control®®!(D) and PRMT1°E!(E) cells were stained with Annexin
V-FITC and Propidium lodide (PI) for 10 min at room temperature in
the dark. Stained cells were analyzed using a fluorescence-activated
cell sorter. The percentage of cells in different quadrants was indicated

CRTC3 and FOX03a synergistically regulated the
expression of the BAX gene

Since CRTC3 is a transcriptional coactivator [35], we
hypothesized that it might be involved in regulating Bax and
its downstream apoptotic molecules. To test this hypothe-
sis, we generated Control®P!, Control®P2, CRTC3XP!, and
CRTC3%P? cell lines in C2C12 background (Fig. S10A).
After treating the cells with 100 uM AGE-BSA, we mea-
sured the expression levels of BAX, APAF'1, CASP3, CASP7,
and CASPY. We found that knockdown of CRTC3 specifi-
cally reduced the expression of BAX, while the expression
of APAF1, CASP3, CASP7, and CASP9 remained unaffected
(Fig. S10A). We also performed ChIP assays to examine
whether CRTC3 could bind to the promoter regions of these
genes. The results showed that CRTC3 was specifically
enriched at the BAX gene promoter (Fig. SI0B-S10F).

As a transcriptional co-regulator, CRTC3 required inter-
action with transcription factors to regulate gene expres-
sion. To identify the transcription factors interacting with
CRTC3, we conducted IP with anti-CRTC3 in skeletal
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Fig. 5 PRMT]1 interacted with the methylated CRTC3 in vivo and in
vitro. (A) PRMT1 interacted with CRTC3 in vivo. Protein extracts
from skeletal muscle tissues were immunoprecipitated using IgG and
anti-PRMT1-conjugated protein G. Input and immunoprecipitated
samples were probed for PRMT1, CRTC3, Bax, Apafl, Casp3, Casp7,
and Casp9. (B) PRMT!1 interacted with CRTC3 in vitro. C2C12 cells
were co-transfected with Flag-tagged PRMTs (1/2/3/4/5) and HA-
tagged CRTC3. After 48 h, cells were lysed and immunoprecipitated
using anti-HA agarose. Input and immunoprecipitated samples were
analyzed using anti-Flag, anti-HA, anti-ADMA, and GAPDH antibod-
ies. (C) PRMT1 methylated CRTC3 in an enzyme activity-dependent
manner. C2C12 cells were co-transfected with HA-CRTC3 and Flag-
tagged PRMT1 constructs containing catalytic-dead mutants (G98R,
E162Q, and E171A). After 48 h, cells were lysed and immunoprecipi-
tated using anti-HA agarose. Input and immunoprecipitated samples

muscle tissues from HAGE-fed mice, followed by mass
spectrometry analysis. This analysis identified 82 proteins
that interact with CRTC3 (Table S8), among which only
one transcription factor, FOXO3a, was detected (Table S8).
Using the same IP products utilized for mass spectrom-
etry analysis, we confirmed that CRTC3 interacted with
FOXO3a (Fig. 6A). Additionally, an IP assay performed

were analyzed using anti-Flag, anti-HA, anti-ADMA, and GAPDH
antibodies. (D) TCE5003 and MS023 disrupted the interaction and
methylation of CRTC3 by PRMTI in vitro. An in vitro methylation
assay was conducted using recombinant PRMT1 and His-tagged
CRTC3, both in the presence and absence of TCE5003 (3.0 uM) and
MS023 (90 nM). Immunoblots were performed using anti-ADMA,
anti-His, and anti-PRMT1 antibodies. (E) Different regions of the
CRTC3 protein: R1 (1-150 aa), R2 (151-525 aa), and R3 (526-619
aa). (F) PRMT1 interacted with the R3 region of CRTC3 in vitro. (G)
PRMT1 methylated the R534 site of CRTC3. An in vitro methyla-
tion assay was performed using recombinant PRMT]1 and His-tagged
CRTCS3 or its mutants (CRTC3R3¥K CRTC3R15K | or CRTC3R®1¥K),
Immunoblots were performed using anti-ADMA, anti-His, and anti-
PRMT]1 antibodies

on the same skeletal muscle tissues using an anti-FOXO3a
antibody validated that FOXO3a could reciprocally pull
down CRTC3 (Fig. 6B). In C2C12 cells co-transfected with
Flag-CRTC3 and MYC-FOXO3a, no interaction between
CRTC3 and FOXO3a was observed in the absence of AGE-
BSA treatment. However, following AGE-BSA treatment,
CRTC3 and FOXO3a formed a direct interaction (Fig. 6C).
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Fig. 6 CRTC3 interacted with FOXO3a to regulate the expression of
BAX. (A) CRTC3 immunoprecipitated with FOXO3a in vivo. Skel-
etal muscle tissues from HAGE-fed mice were immunoprecipitated
using IgG or anti-CRTC3, followed by Western blot with anti-CRTC3
and anti-FOXO03a. (B) FOX0O3a immunoprecipitated with CRTC3
in vivo. Skeletal muscle tissues from HAGE-fed mice were immu-
noprecipitated using IgG or anti-FOXO3a, followed by Western blot
with anti-CRTC3 and anti-FOXO3a. (C) CRTC3 interacted with
FOXO3a in vitro. C2C12 cells were co-transfected with Flag-tagged
and MYC-tagged plasmids, treated with or without AGE-BSA, and
analyzed by immunoprecipitation and Western blot. Membranes were
simultaneously probed using anti-Flag and anti-MYC. (D) TCE5003
and MS023 inhibited the CRTC3-FOXO3a interaction in vitro. Co-IP
assays were performed on cells co-expressing Flag-CRTC3+MYC-
FOXO03 and Flag-CRTC3R***€+ MY C-FOXO3. The cells were treated
with 100 pM AGE-BSA combined with either 3.0 uM TCE5003 or
90 nM MS023 for 12 h. (E) The occupancy of CRTC3 and FOXO3a
on the BAX promoter was dose-dependent on AGE-BSA. C2C12 cells
were treated with increasing concentrations (0, 25, 50, and 100 pM)
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of AGE-BSA for 12 h, followed by ChIP and RT-qPCR to assess pro-
moter occupancy. (F) Knockdown of PRMT1 disrupted the interaction
between CRTC3 and FOXO3a. Two independent PRMT1XP cell lines
were treated with or without 100 uM AGE-BSA for 12 h. IP assays
were performed using anti-CRTC3-conjugated protein A agarose,
and the purified proteins were analyzed by Western blot using anti-
CRTC3, anti-FOXO3a, and anti-ADMA antibodies. The membranes
loading input samples were simultaneously probed with anti-Flag and
anti-MYC antibodies. (G and H) TCE5003 and SM023 reduced the
occupancy of FOX0O3a and CRTC3 on the BAX promoter in a dose-
dependent manner. C2C12 cells were treated with 100 pM AGE-BSA
and increasing concentrations of TCE5003 (0, 1.5, and 3 pM) (G) or
MS023 (0, 30, and 60 nM) (H) for 12 h. ChIP followed by RT-qPCR
was performed to quantify the binding of CRTC3 and FOXO3a to the
BAX promoter. (I) CRTC3R>3*K failed to bind to the BAX promoter.
Cells, as used in (D), were subjected to ChIP assays with anti-Flag
and anti-MYC antibodies, followed by RT-qPCR to assess the binding
of CRTC3, CRTC3R¥*K and FOXO3a to the BAX promoter. ns: no
significant difference. **P<0.01
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Interestingly, the CRTC3®**¥ mutant failed to interact
with FOXO3a even under AGE-BSA treatment (Fig. 6D).
Furthermore, the PRMT1 inhibitors TCE5003 and MS023
disrupted the interaction between CRTC3 and FOXO3a in
AGE-BSA-treated cells (Fig. 6D).

We also examined the effects of AGE-BSA on the expres-
sion of BAX gene and found AGE-BSA treatment signifi-
cantly induced the expression of the BAX gene (Fig. SI1A
and S11B). However, co-treatment with TCE5003 or MS023
alongside AGE-BSA reduced BAX expression in a dose-
dependent manner as the concentrations of TCE5003 and
MS023 increased (Fig. S11A and S11B). ChIP assays con-
ducted on C2C12 cells treated with varying concentrations
of AGE-BSA (0, 25, 50, and 100 uM) revealed enrichment
of both FOX0O3a and CRTC3 at the BAX gene promoter
(Fig. 6E). Using the same PRMT1XP cells in Fig. S8C, IP
assays were performed using an anti-CRTC3 antibody and
the results demonstrated that CRTC3 could not interact with
FOXO3aevenunder 100 uM AGE-BSA treatment (Fig. 6F).
Furthermore, the methylation levels of CRTC3 were com-
pletely abolished in PRMT1XP cells treated with AGE-BSA
(Fig. 6F). To further evaluate the impact of PRMT1 inhi-
bition on promoter binding, C2C12 cells were co-treated
with 100 pM AGE-BSA and increasing concentrations of
either TCE5003 (0, 1.5, and 3 pM) or MS023 (0, 30, and 60
nM). ChIP assays revealed a dose-dependent decrease in the
occupancy of CRTC3 and FOXO3a on the BAX promoter
with both TCE5003 and MS023 treatments (Fig. 6G and
H). Using the cells depicted in Fig. 6D, we measured BAX
mRNA levels and observed that the CRTC3R53*¢ mytant
failed to induce BAX expression following AGE-BSA treat-
ment (Fig. S11C). Furthermore, ChIP assays using anti-Flag
and anti-MYC antibodies in these cells demonstrated that
CRTC3R53% did not bind to the promoter region of the
BAX gene under AGE-BSA treatment conditions (Fig. 61).
Collectively, these results indicated that PRMT1-mediated
methylation was critical for the interaction between CRTC3
and FOXO3a. Inhibition of PRMT1 by TCE5003 or MS023
reduced the binding of CRTC3 and FOXO3a to the BAX
gene promoter, potentially mitigating BAX gene expression
and its downstream apoptotic effects.

Inhibition of Bax blocked AGE-BSA-induced
apoptosis in vitro and prevented sarcopenia
incidence in HAGE-fed mice

Given that Bax and its downstream apoptotic signal-
ing pathways were activated in both HAGE-fed mice and
AGE-BSA-treated C2C12 cells, we next sought to evalu-
ate the effect of inhibiting Bax on the development of sar-
copenia. First, we confirmed that treatment with the Bax
inhibitor BAI1 in AGE-BSA-treated cells dose-dependently

suppressed the expression of Apafl and the activation of
Casp3, Casp7, and Casp9 (Fig. S12).

We then assessed the impact of BAIl on the progres-
sion of sarcopenia in HAGE-fed mice. Mice were randomly
divided into three groups: one group was fed a LAGE diet,
the second group was fed a HAGE diet, and the third group
was fed a HAGE diet along with weekly intraperitoneal
injections of BAIl (Fig. 7A). During the 24-week experi-
ment, there were no significant differences in non-fasting
blood glucose and HbA1c levels between the BAIl-treated
and HAGE groups, although both were markedly higher
compared to the LAGE group (Fig. 7B and C). Levels of
free and protein-bound CML and CEL, as well as elevated
free MG-H1 in serum and skeletal muscle tissues, were sig-
nificantly increased in both the BAIl-treated and HAGE
groups compared to the LAGE group (Fig. 7D and I and
S13). However, there was no significant difference in pro-
tein-bound MG-H1 between the BAIl-treated and LAGE
groups (Fig. 71 and S13). These results suggested that BAI1
treatment did not influence the accumulation of AGEs in the
serum and muscle tissues of mice.

Remarkably, BAIl treatment partially inhibited the
development of sarcopenia in HAGE-fed mice. Specifically,
BAII partially improved grip strength (LAGE: 79.1+8.4
gm X Force, HAGE: 45.8+5.2 gm x Force, BAIl: 62.3£7.1
gm x Force) (Fig. 7J), latency to fall (LAGE: 21.5+3.2 s,
HAGE: 10.2£1.5 s, BAIl: 15.5+2.4 s) (Fig. 7K), and
skeletal muscle mass index (LAGE: 1.15+0.17%, HAGE:
0.53+£0.04%, BAIl: 0.87+0.09%) (Fig. 7L). Histological
analysis of skeletal muscle tissues demonstrated that BAI1
treatment significantly increased muscle fiber size and
decreased connective tissue accumulation compared to the
HAGE group (Fig. 7M). Quantitative assessment of CSA
of muscle fibers further confirmed a marked increase in the
BAIl-treated group relative to the HAGE group, although
the CSA remained lower than that observed in the LAGE
group (Fig. 7N). These physiological and pathological find-
ings indicated that BAI1 treatment partially prevented the
development of sarcopenia in HAGE-fed mice.

Discussion

High levels of AGEs are positively correlated with the onset
of sarcopenia, although the underlying molecular mecha-
nisms remain unclear [31-34]. In this study, we established
a mouse model of sarcopenia induced by high AGEs and
identified hundreds of DEPs in sarcopenic muscle tissues
through proteomic analysis. Our research focused on how
PRMT1 mediated the CRTC3/FOXO3a/Bax/Caspases sig-
naling axis, leading to apoptosis and ultimately contributing
to the development of sarcopenia. Our results demonstrated
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Fig. 7 Administration of BAII partially prevented the development
of sarcopenia in HAGE-fed mice. (A) Experimental design of BAI1
injection. (B) Non-fasting blood glucose levels in LAGE, HAGE,
and HAGE+BAI1 groups of mice (n=8 per group) at different time
points. (C) HbAlc levels in LAGE, HAGE, and HAGE + BAI1 groups
of mice (n=8 per group) at different time points. (D-I) Concentrations
of free and pb CML, CEL, and MG-H]1 in plasma from LAGE, HAGE,
and HAGE+BAI1 groups of mice (n=8 per group). (D) Free CML

that HAGE induced PRMT1, which modified the R534 site
of CRTC3, leading to its activation and subsequent coop-
eration with FOXO3a to bind the BAX gene promoter,
thereby upregulating BAX expression. The upregulation of
Bax triggered downstream apoptotic signals, including the
activation of Apafl, Casp9, Casp3, and Casp7, resulting in
intrinsic apoptosis (Fig. 8A). The application of the PRMT1
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in plasma. (E) Free CEL in plasma. (F) Free MG-H1 in plasma. (G)
pb-CML in plasma. (H) pb-CEL in plasma. (I) pp-MG-H1 in plasma.
(J) Grip strength. (K) Latency to fall as assessed by the rotarod test.
(L) Muscle-to-body weight ratio. (M) Representative images of skel-
etal muscle stained with H&E. Bars=100 pm. (N) Quantified CSA
of muscle fibers (um?) (n=8 per group). ns: no significant difference;
*P<0.05; **P<0.01; *** P<0.001

inhibitors (TCE5003 and MS023) and the Bax inhibitor
BAII effectively blocked downstream Bax-mediated apop-
totic signaling, inhibited apoptosis, and consequently par-
tially prevented the progression of sarcopenia (Fig. 8B).
Our findings elucidated a novel AGEs-dependent signaling
pathway, expanded our understanding of PRMTs-mediated
signaling in disease progression, and identified two potential
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Fig.8 Schematic diagram of
AGEs-mediated PRMT1/CRTC3/ A
FOXO03a/Bax-dependent apop-
totic signaling in the regulation
of sarcopenia development. (A)
Schematic representation of
AGEs-mediated PRMT1/CRTC3/
FOXO03a/Bax-dependent apop-
totic signaling. Elevated levels

of AGEs lead to the upregulation
of PRMT1, which methylates the
R534 site of CRTC3, resulting

in its activation. The methyl-

ated CRTC3 then interacts with
FOXO3a, forming a complex that
binds to the BAX gene promoter
and increases BAX expression.
This upregulation of Bax initiates
downstream apoptotic signaling
pathways, including activation of
Apafl, Casp9, Casp3, and Casp7,
culminating in intrinsic apopto-
sis. (B) Schematic representa-
tion of the effects of TCE5003,
MS023, and BAII on sarcopenia
progression. PRMT] inhibitors
(TCE5003 and MS023) and the
Bax inhibitor (BAIl) collectively
suppress Bax-mediated apoptotic
signaling, reduce apoptosis,

and mitigate the progression of
sarcopenia

(-]
%g?, AGEs

therapeutic targets that could offer new avenues for the clin-
ical treatment of sarcopenia.

AGEs accumulate in various tissues and organs over
time, particularly under conditions of hyperglycemia and
oxidative stress [36, 37]. These AGEs are known to impact
pathways that contribute to chronic inflammation, oxida-
tive stress, and tissue remodeling, which are crucial factors
in the progression of various diseases, including diabetes,
cardiovascular diseases, neurodegenerative disorders, and
chronic kidney disease [36, 37]. Recent studies have dem-
onstrated that AGEs can promote intervertebral disc degen-
eration through the transactivation of MMP genes [30].
Mechanistically, HAGE activates p2l-activated kinase
1 (PAK1), leading to the phosphorylation of peroxisome
proliferator-activated receptor gamma coactivator-related
protein 1 (PPRC1). Phosphorylated PPRCI1, in conjunction
with two histone acetyltransferases—p300/CREB-binding
protein (CBP) and the transcription factor activator protein
1 (AP1)—enhances the expression of 12 MMP genes (MMP
1a/1b/3/7/9/10/12/13/16/19/23/28) [30]. In this study, we

Apoptosis
aspase3/7/ :

Sarcopenia

Apoptosis
aspase3/7, ><r 1 .

Sarcopenia

demonstrated that elevated levels of AGEs upregulated
PRMT1, which in turn catalyzed the methylation of CRTC3.
Methylated CRTC3 interacted with FOXO3a, leading to the
upregulation of the BAX gene and subsequent activation of
Bax-mediated apoptotic signaling. Although our current
research has elucidated a previously unrecognized AGE-
regulated signaling pathway, two critical questions remain
unanswered. Firstly, it is uncertain whether AGEs directly
regulate PRMT1 expression as signaling molecules or if
they influence PRMT1 indirectly by modifying the cellular
microenvironment, such as through inflammatory or stress-
related conditions. Secondly, it is not yet clear whether the
effects of a HAGE diet on sarcopenia are reversible. To
address these uncertainties, we plan to conduct future stud-
ies involving dietary modifications in mice. Specifically,
we will design experiments where mice are initially fed a
HAGE diet and subsequently switched to a LAGE diet, and
alternatively, mice will start on a LAGE diet and then transi-
tion to a HAGE diet. These experimental models will allow
us to evaluate physiological parameters, the expression of
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apoptotic signaling molecules, and the progression of sarco-
penia under varying dietary conditions. Such studies aim to
provide a deeper understanding of the mechanisms through
which a HAGE diet contributes to sarcopenia and to gener-
ate valuable data that could guide the development of poten-
tial therapeutic strategies for this condition.

In sarcopenia, the intrinsic (mitochondria-mediated)
apoptotic pathway is often triggered by various cellular
stressors, including oxidative stress and mitochondrial dys-
function [21-24]. The initiation of this pathway involves
the disruption of mitochondrial integrity, leading to the
release of pro-apoptotic factors like cytochrome c into the
cytosol [21-24]. Cytochrome c then binds to apoptotic
protease-activating factor 1 (Apaf-1), forming the apopto-
some, which subsequently activates Casp9 [19, 20]. Once
activated, Casp9 initiates a cascade of downstream effec-
tor caspases, such as Casp3 and Casp7, which execute the
apoptotic process by degrading essential cellular compo-
nents [19, 20]. The increased susceptibility of muscle cells
to apoptosis in sarcopenia is driven by the upregulation of
pro-apoptotic proteins like Bax and the downregulation of
anti-apoptotic proteins such as Bcl-2, leading to a progres-
sive loss of muscle fibers and a decline in muscle mass and
strength [21-24]. Chronic inflammation and elevated oxi-
dative stress associated with aging further exacerbate the
activation of the intrinsic apoptotic pathway, accelerating
muscle degradation [21-24]. While the overexpression of
Bax has been documented in previous studies, the precise
mechanisms underlying this phenomenon remain unclear.
In our current study, we have identified that methylated
CRTC3 and FOXO3a work in concert to transactivate the
BAX gene. Furthermore, we have elucidated the upstream
signaling involving PRMT1, demonstrating that the meth-
ylation of CRTC3 at the R534 site by PRMT1 is critical for
its function. This newly uncovered signaling pathway not
only deepens our understanding of Bax overexpression in
sarcopenia but also provides insight into the mechanisms
behind BAX gene overexpression in other types of diseases.

In this study, we observed an intriguing phenomenon: in
AGE-BSA-treated cells and muscle tissues of HAGE-fed
mice, several additional protein bands appeared above the
normal CRTC3 band following its methylation modifica-
tion. Interestingly, these bands were absent in the in vitro
methylation assays performed with purified His-CRTC3
and also disappeared following treatment with TCES003
or MS023, which coincided with the loss of CRTC3 meth-
ylation. This indicated that these bands were dependent on
PRMT1-mediated methylation in a cellular context. How-
ever, the nature of these additional bands remains unknown.
Since arginine methylation typically does not cause a
significant shift in protein molecular weight, we hypoth-
esize that CRTC3 undergoes additional post-translational
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modifications following methylation, leading to altered
electrophoretic mobility and the appearance of distinct pro-
tein bands. In future studies, we plan to utilize mass spec-
trometry to analyze these bands and elucidate the underlying
mechanisms.

PRMT1-mediated arginine methylation plays a crucial
role in regulating protein stability by modulating protein—
RNA and protein—protein interactions [38—40]. This post-
translational modification can alter the conformation and
interaction dynamics of target proteins, thereby influencing
their functional state and degradation rates [38—40]. For
instance, PRMT1-mediated methylation of MLL2 (Mixed
lineage leukemia 2) stabilizes the protein by preventing its
poly-ubiquitylation, which would otherwise signal for its
proteasomal degradation [39]. Similarly, PRMT1 enhances
the stability of the transcription factor C/EBPP (CCAAT/
enhancer binding protein beta) by reducing the levels of the
E3 ubiquitin ligase Smurf2 (SMAD-specific E3 ubiquitin-
protein ligase 2), thereby diminishing C/EBPp ubiquitina-
tion and degradation and ultimately facilitating adipogenesis
[40]. In the present study, we found that HAGE promoted
the accumulation of CRTC3 in a PRMT1-dependent man-
ner. Although the precise mechanism by which this accu-
mulation enhanced CRTC3 stability remained unclear,
we hypothesize two potential mechanisms. First, arginine
methylation may directly prevent the proteasomal degrada-
tion of CRTC3. Second, it may modulate protein—protein
interactions that further stabilize CRTC3. In future research,
we plan to investigate the stability, ubiquitination, and
interacting partners of CRTC3 in PRMT1 knockdown cell
lines treated with AGE-BSA, aiming to clucidate the regu-
latory mechanism by which methylation enhances CRTC3
stability.

We observed significant overlap among the top DEPs
in skeletal muscle from HAGE-fed mice and C2C12 cells
overexpressing PRMT1. This overlap strongly suggested
that PRMT1 was a key effector molecule responding to
AGEs. These findings highlighted PRMT1’s role in ampli-
fying AGE-induced molecular responses, which contrib-
uted to skeletal muscle atrophy. Furthermore, this overlap
underscored the therapeutic potential of targeting PRMT]1
to mitigate AGE-related pathologies, particularly in skel-
etal muscle. Such insights enhanced our understanding of
PRMT1’s involvement in AGE-induced muscle dysfunction
and provided a foundation for developing novel therapeutic
strategies. Moreover, our proteomic analysis of muscle tis-
sues from HAGE-fed mice revealed not only the differential
expression of PRMT1, CRTC3, and apoptosis-related mol-
ecules but also a significant upregulation of FTO, MMPs,
and ADAMTSs. FTO, an RNA demethylase, is involved
in regulating the expression of numerous key genes; how-
ever, its role in sarcopenia has not been previously reported.
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MMPs and ADAMTSs are critical enzymes in the degrada-
tion of the extracellular matrix (ECM), a process essential to
the development of sarcopenia. Therefore, these molecules
likely play crucial roles in HAGE-induced sarcopenia. A
particularly important finding in our study was that inhibi-
tion of PRMT1 and Bax only partially suppressed HAGE-
induced sarcopenia. This partial suppression might be due to
the involvement of MMPs, ADAMTSs, and other DEPs in
the sarcopenia process, which meant that targeting PRMT1
and Bax alone was insufficient to fully inhibit the progres-
sion of the disease. In future studies, we will elucidate the
mechanisms by which FTO, MMPs, and ADAMTSs con-
tribute to sarcopenia and to explore additional targets for the
prevention and treatment of this condition.

Conclusions

Our study uncovered key molecular mechanisms by which
AGEs contributed to sarcopenia. We identified a novel
PRMT1-mediated CRTC3/FOXO3a/Bax/Caspases signal-
ing pathway that drove apoptosis and muscle degradation
in a mouse model of HAGE-induced sarcopenia. Inhibiting
PRMT1 and Bax effectively slowed sarcopenia progression,
underscoring their therapeutic potential.
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