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ARTICLE INFO ABSTRACT

Section Editor: Cheryl Conover Background: Ageing alters the ECM, leading to mitochondrial dysfunction and oxidative stress, which triggers an
inflammatory response that exacerbates with age. Age-related changes impact satellite cells, affecting muscle

Keywords: regeneration, and the balance of proteins. Furthermore, ageing causes a decline in NAD™ levels, and alterations

Age“tl)g ) in fat metabolism that impact our health. These various metabolic issues become intricately intertwined with

Metabolism

ageing, leading to a variety of individual-level diseases and profoundly affecting individuals’ healthspan.
Therefore, we hypothesize that vutiglabridin capable of alleviating these metabolic abnormalities will be able to
ameliorate many of the problems associated with ageing.

Method: The efficacy of vutiglabridin, which alleviates metabolic issues by enhancing mitochondrial function,
was assessed in aged mice treated with vutiglabridin and compared to untreated elderly mice. On young mice,
vutiglabridin-treated aged mice, and non-treated aged mice, the Senescence-associated beta-galactosidase
staining and q-PCR for ageing marker genes were carried out. Bulk RNA-seq was carried out on GA muscle,
eWAT, and liver from each group of mice to compare differences in gene expression in various gene pathways.
Blood from each group of mice was used to compare and analyze the ageing lipid profile.

Results: SA-p-gal staining of eWAT, liver, kidney, and spleen of ageing mice showed that vutiglabridin had anti-
ageing effects compared to the control group, and q-PCR of ageing marker genes including Cdknla and Cdkn2a in
each tissue showed that vutiglabridin reduced the ageing process. In aged mice treated with vutiglabridin, GA
muscle showed improved homeostasis compared to controls, eWAT showed restored insulin sensitivity and
prevented FALC-induced inflammation, and liver showed reduced inflammation levels due to prevented TLO
formation, improved mitochondrial complex I assembly, resulting in reduced ROS formation. Furthermore, blood
lipid analysis revealed that ageing-related lipid profile was relieved in ageing mice treated with vutiglabridin
versus the control group.

Conclusion: Vutiglabridin slows metabolic ageing mechanisms such as decreased insulin sensitivity, increased
inflammation, and altered NAD" metabolism in adipose tissue in mice experiments, while also retaining muscle
homeostasis, which is deteriorated with age. It also improves the lipid profile in the blood and restores mito-
chondrial function in the liver to reduce ROS generation.

Mitochondrial homeostasis
Inflammageing

Abbreviations: ECM, extracellular matrix; eWAT, epididymal white adipose tissue; SA-p-gal, Senescence-associated beta-galactosidase; FALCs, fat-associated
lymphoid clusters; TLOs, Tertiary lymphoid organs; ROS, reactive oxygen species; OXPHOS, oxidative phosphorylation; VAT, visceral adipose tissue; ATMs, adipose
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1. Introduction

Ageing is an unavoidable process marked by the accumulation of
molecular and cellular damage, which leads to increased prevalence and
mortality (Aunan et al., 2016; Melzer et al., 2020). Longevity has
increased as civilization has progressed, but healthspan has not
improved as much as lifespan (Crimmins, 2015), which poses a signifi-
cant challenge to public health and research (Lutz et al., 2008).
Furthermore, as life expectancy rises, ageing becomes the leading risk
factor for morbidities (Franceschi et al., 2018; Partridge et al., 2018),
which can be caused by the gradual decline in metabolism throughout
life (Pontzer et al., 2021).

One of the factors that contribute to changes in metabolism during
ageing is the alteration of the extracellular matrix (ECM), which is a
complex environment that has three layers within skeletal muscle
(Csapo et al., 2020; Gattazzo et al., 2014) and accumulates over time due
to its long half-life (Moon et al., 2004). This accumulation causes
oxidative stress, such as reactive oxygen species (ROS) (Martins et al.,
2021; Lopez-Otin et al., 2013), and changes in mitochondrial shape
(Kang et al., 2021). The increase in ROS and mitochondrial dysfunction
triggers an inflammatory response, which exacerbates with age (Lopez-
Armada et al., 2013). The impact of the altered ECM on metabolism has
also been linked to mitochondrial dysfunction and oxidative stress (Ge
et al., 2021; Bhatti et al., 2017).

Ageing affects our body’s metabolism, including the functioning of
satellite cells in skeletal muscle regeneration, and the balance of pro-
teins. Research has shown that ageing-related changes in the ECM and
impaired mitochondrial function impact satellite cells, which play a
crucial role in muscle regeneration (Melouane et al., 2020; Yamakawa
et al., 2020). As we age, our bodies become less effective at maintaining
the balance of proteins through the chaperones and two protein-
degrading systems: the ubiquitin-proteasome and the lysosome-
autophagy systems (Lopez-Otin et al., 2013; Tyedmers et al., 2010;
Rubinsztein et al., 2011). However, these systems are positively asso-
ciated with healthy ageing and longevity (Pérez et al., 2009). The
accumulation of unfolded proteins and endoplasmic reticulum stress, a
common feature of ageing (Kaushik and Cuervo, 2015), can activate
signalling pathways like JNK and NF-kB, leading to insulin resistance
(Amen et al., 2019).

Ageing also causes a decline in NAD™ levels, a coenzyme required for
energy metabolism (Covarrubias et al., 2021). This decrease is associ-
ated with changes in NAD" biosynthesis and degradation enzymes (Liu
et al., 2018), which promote the onset of age-related diseases, particu-
larly metabolic dysfunction (Covarrubias et al., 2021). And the high
glycolytic flux is to meet the NAD' requirement under the reduced
oxidative phosphorylation (OXPHOS) system. (Feng et al., 2016; Gomes
et al., 2013). Further evidence suggests that ageing is associated with
lower levels of mitochondrial enzymes (complex I) in hepatocytes,
which exacerbates metabolic dysfunction (Navarro and Boveris, 2004).

Alterations in fat metabolism as we age can also have a significant
impact on our health. One key factor is the formation of fat-associated
lymphoid clusters (FALCs) in visceral adipose tissue (VAT) (Camell
et al., 2019), which are facilitated by adipose tissue macrophages
(ATMs) (Bénézech et al., 2015; Camell et al., 2017). This process is
driven by the activation of the NOD-, LRR- and pyrin domain-containing
protein 3 (NLRP3) inflammasome (Martinon et al., 2009; Place and
Kanneganti, 2018; Strowig et al., 2012), which is also associated with
insulin resistance (He et al., 2020; McNelis and Olefsky, 2014). Specif-
ically, free saturated fatty acids activate Toll-like receptors (TLR2 and
TLR4) in ATMs, leading to the production of pro-inflammatory cytokines
that attract lymphocytes (Chawla et al., 2011; Kalathookunnel Antony
et al., 2018). Additionally, pro-inflammatory macrophages expressing
CD38 contribute to age-related metabolic dysfunctions by decreasing
tissue NAD levels (Covarrubias et al., 2020; Chini et al., 2020). Lipid
species also change with ageing (Montoliu et al., 2014), and they play a
significant role in regulating healthspan (Mutlu et al., 2021). Recent
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research suggests that age-associated lipid species changes are linked to
age-related disease (Johnson and Stolzing, 2019).

These age-related changes can impact the prevalence and mortality
rates, leading to the development of drugs like metformin and rapa-
mycin to extend life expectancy and improve these metabolic dysfunc-
tions (Podhorecka et al., 2017; Zhang et al., 2021; Amorim et al., 2022).
However, since ageing is a multifaceted process caused by a variety of
factors in each organ and individual (Benayoun et al., 2019; Stegeman
and Weake, 2017; Zhou et al., 2020; Ori et al., 2015), a variety of anti-
ageing drugs will have to be developed.

Vutiglabridin is a clinical phase II drug (NCT05197556) that facili-
tates metabolism by improving mitochondrial function. Vutiglabridin
improved mitochondrial function and energy expenditure in mice sub-
jected to excess lipid stress (Choi et al., 2021) and reduced hepatic
steatosis and inflammation through antioxidant and autophagy mech-
anism in non-alcoholic steatosis hepatitis (NASH) mouse model (Shin
et al., 2021). Recently, we found that vutiglabridin alleviates the ageing
phenotype associated with cellular replication and metabolism in se-
nescent human dermal fibroblast (HDF) (Heo et al., 2023). Based on
these findings, we hypothesised that vutiglabridin would alleviate
metabolic dysfunctions that occur during the ageing process in mice. To
test this hypothesis, we administered vutiglabridin to aged mice and
then analyzed various tissues separately to investigate how vutiglabridin
affected each tissue and whether it had anti-ageing effects. And we
found that vutiglabridin exerts anti-ageing phenotype on tissue-specific
effects in aged mice.

2. Materials and methods
2.1. Animal procedures

C57BL/6J wild-type male mice were obtained from the Laboratory
Animal Resource Center of the Korea Research Institute of Bioscience
and Biotechnology (KRIBB). 20-month-old male mice were fed either 50
mg/kg (mpk) of the vutiglabridin mixed with the diet for 3 months or a
normal diet. 2-month-old mice were used as a young control. Weight
change was checked once a week. All mice were housed in ventilated
cages with constant temperature (20-26 °C) and humidity (40-60 %)
under specific pathogen-free (SPF) conditions in a 12:12 h dark/light
cycle. All mice also were access to water and food with ad libitum. Each
tissue was sampled for analysis after anesthesia with avertin (240 mg/
kg). The study was approved by the Ethical Committee of Animal
Research of Daegu Gyeongbuk Institute of Science and Technology,
Daegu, South Korea (DGIST-IACUC-21070701-00).

2.2. Senescence-associated beta-galactosidase (SA-f-gal) staining

For the SA-B-gal staining, spleen, kidney, liver, and epididymal white
adipose tissue (eWAT) were gently washed in PBS to remove excess
residual blood and fixed using 4 % paraformaldehyde (PFA) (Biosesang,
cat# PC2031-100-00) in 4 °C. Fixed tissues were embedded with OCT
compound (Lecia, cat# 3801480) on the mold (Daihan Scientific Group,
cat# SP.M475.2) in liquid nitrogen containing isopentane and stored at
—80 °C until analysis. The frozen spleen, kidney, and liver were
sectioned into 14 pm, maintaining —20 °C by a microtome (Thermo
Scientific, cat# CryoStar NX50). The sectioned tissue was sampled in a
slide. Put 1 ml of PBS on the slide and wash twice for 5 min to remove
OCT. The spleen, kidney, and liver section from which OCT has been
removed is stained with 1 ml of SA-B-gal staining solution (40 mM citric
acid monohydrate/sodium dihydrogen phosphate monohydrate (Merck,
cat# 5949-29-1 and 10049-21-5, respectively) buffer at pH 5.8, 5 mM
potassium hexacyanoferrate (II) trihydrate (Merck, cat# 14459-95-1), 5
mM potassium hexacyanoferrate (III) (Merck, cat# 13746-66-2),
150mM sodium chloride (Merck, cat# 7647-14-5), 2 mM magnesium
chloride hexahydrate (Merck, cat# 7791-18-6), and 1 mg/ml 5-bromo-
4-chloro-3-indolyl-p-p-galactopyranoside (X-gal) (Merck, cat# 7240-90-
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6) in distilled water) in a non-CO2 incubator at 37 °C for 5-9.5 h
(Jannone et al., 2020). Areas of SA-p-gal staining were randomly
captured at least 4 points per subject using a microscope camera and
were analyzed by Fiji software using a threshold tool and wound healing
tool. 30 mg of eWAT was incubated for 10 h in a 1.5 ml tube containing
1 ml of staining solution at pH 6. Whole eWAT and tissue compressed
with two slides were observed to analyze the relative staining activation.

2.3. RNA extraction and real-time PCR

To assess mRNA levels, GA muscle, eWAT, liver, kidney, and spleen
were gently washed in PBS to remove excess residual blood, incubated
for 1 h at 4 °C in a 1.5 ml tube containing 700ul of RNAlater (Ther-
moFisher, cat# AM7020), and stored in —80 °C until analysis. After
thawing, GA muscle, liver, kidney, and spleen were homogenized with
700 pl of RLT buffer containing p-mercaptoethanol (Merck, cat# 60-24-
2) and a zirconium bead 1.5 mm (spleen, kidney, and liver) (Merck, cat#
7763799) or 3.0 mm (GA muscle) (Merck, cat# Z2763802) using a bead
bug (Merck, cat# Z763705) under 30 s and 4000r.p.m. Tissue homog-
enate passed through QIAshredder (QIAGEN, cat# 79656) once to
remove insoluble debris. The collected solution was purified by RNA
using the RNeasy Mini Kit (QIAGEN, cat# 74004) and retrotranscribed
to ¢cDNA using TOPscript™ cDNA Synthesis kit (Enzynomics, cat#
EZ005S). Real-Time PCR (qPCR) reactions were performed with TOP-
real™ gPCR 2x PreMIX (SYBR Green with low ROX) (Enzynomics, cat#
RT500M) in a real-time PCR detection system (Bio-Rad, cat# CFX96).
Gapdh normalized the relative mRNA levels in the eWAT, liver, kidney,
and spleen. Actb normalized the relative mRNA levels in the GA muscle.
Relative expression was calculated as RQ = 2-22Ct, The specific primer
sequences are the following:

Gene Forward primer

Reverse primer

Cdknla

5'-GCAGATCCACAGCGATATCCA-
3

5-AACAGGTCGGACATCACCAG-3'

Cdkn2a 5'-CCCAACGCCCCGAACT-3' 5'-GCAGAAGAGCTGCTACGTGAA-
3

16 5-TGAACAACGATGATGCACTTG- 5-CTGAAGGACTCTGGCTTTGTC-
3 3

Cxcl2 5'- 5'-CCTCCTTTCCAGGTCAGTTAGC-
GAAGTCATAGCCACTCTCAAGG- 3
3

Acth 5’-GTCCACACCCGCCACC-3’ 5'-ACCCATTCCCACCATCACAC-3'

Gapdh 5’-CCCTTAAGAGGGATGCTGCC- 5.TACGGCCAAATCCGTTCACA-3'
3

Klotho 5- 5-
CCTCCTTTACCTGAAAACCAGCC- CCACAGATAGACATTCGGGTCAG-
3 3

Ppar-y 5- 5'-ATCTCCGCCAACAGCTTCTCCT-
GTACTGTCGGTTTCAGAAGTGCC- 3
3

J-chain  5- 5-
GGAGAATATCTCTGATCCCACCT- TGTTGCTCTGGGTGGCAGTAAC-3'
3

Sparc 5- 5-
CACCTGGACTACATCGGACCAT- CTGCTTCTCAGTGAGGAGGTTG-3'
3

2.4. ELISA

After intracardiac bleeding, blood was collected into the 1.5 ml tube
and incubated at room temperature for 30 to 40 min to coagulate. The
coagulated blood was centrifuged at 4 °C under 2000 r.p.m. for 15 min
to separate serum. Serum IL-6 levels were detected using a mouse
interleukin 6 ELISA kit (Cusabio, cat# CSB-E04639m). The one-fifth
dilution using the sample diluent was measured at 450 nm wavelength
with a microplate reader.
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2.5. Glutathione assay

For the glutathione assay, the liver was gently washed in PBS for
glutathione assay to remove excess residual blood and immediately
stored at —80 °C. After thawing the frozen tissue on ice, 40 mg of the
liver was placed in the tube that containing both 1.5 mm beads (Merck,
cat# Z763799) and 400 ml of cold buffer (50 mM MES) and then ho-
mogenized at 4000 r.p.m. for 30 s using a homogenizer (Merck, cat#
Z763705). To remove debris, the homogenated solution was centrifuged
at 10,000g for 15 min at 4 °C. The supernatant was analyzed for GSH and
GSSG using a Glutathione assay kit (Cayman chemical, cat# 703002).

2.6. RNA-sequencing

2.6.1. RNA extraction

Samples were thawed at room temperature and total RNA was
extracted using chloroform and Trizol method followed by purification
with the GeneAll Hybrid-R™ kit according to the manufacturer’s in-
structions. DNA was inactivated using GeneAll Ribospin™II kit.

2.6.2. Library preparation

Ten nanogram of total RNA was reverse transcribed into cDNA using
NGS Reverse Transcription Kit from Thermo Fisher (Cat# A45003). The
thermocycling conditions for the reverse transcription were: 10 min at
25 °C, 10 min at 50 °C, and finally 5 min at 85 °C, then a holding
temperature of 4 °C.

The barcoded libraries pool was then amplified by using Ion
AmpliSeq™ Transcriptome Mouse Gene Expression Chef-Ready Kit (Cat.
No. A36412), which allows simultaneous gene expression measurement
of over 20,000 mouse Refseq genes. The barcoded libraries were pre-
pared on the Ion Chef ™ system (TermoFisher Scientifc). Library pool
concentration was evaluated with a Bio-rad CFX96 using Ion Library
TagMan™ Quantitation Kit. Each barcoded library pool was diluted into
70 pM for template preparation and sequenced on an Ion 540™ chip
(Cat# A27766) on the Ion S5 System, according to the manufacturer’s
protocol.

2.6.3. Data analysis

Torrent suite (TM) software aligns reads to the mouse reference using
the Ion Torrent Mapping Alignment Program. The ampliSeqRNA plugin
generates an initial summary report on the number of mapped reads.

Raw read count and normalized reads count (RPM, reads per million)
were downloaded for the following analysis.

In the next step, statistical analysis was performed in R (ver 4.1.1)
using packages available through CRAN (http://cran.r-project.org/) and
Bioconductor (http://www.bioconductor.org/). Differentially expressed
genes (DEGs) were identified by DESeq2 (ver. 1.34.0) using the DESeq2
function. According to the guide of DESeq2, un-normalized read counts
were prepared for the RNA-seq analysis (Love et al., 2014). The scatter
plot, volcano plot and heatmap were created using ggplot2 (ver. 3.3.6),
limma (ver. 3.50.1) and pheatmap (ver. 1.0.12). Finally, clusterProfiler
(ver. 4.0.5) and enrichplot (ver. 1.12.3) were used to perform the Gene
Set Enrichment Analysis (GSEA) of Gene Ontology from the L2FCs (Log2
Fold Change) and p-values.

2.7. Lipidomics

The serum was sampled by the method mentioned in ELISA. The
serum lipid profile was analyzed using LC-MS by professor Kwang-Pyo
Kim of Kyung Hee University.

2.7.1. Reagents

HPLC-grade acetonitrile, chloroform, methanol, water, and iso-
propanol were purchased from J.T. Baker (Avantor Performance Mate-
rial, PA, USA) and ammonium formate, acetic acid, and formic acid were
purchased from  Sigma-Aldrich  (St. Louis, MO, USA).
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Trimethylsilyldiazomethane (TMSD) was purchased from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). Kyung Hee University team
used the synthetic lipid standards as follows: TG (11:1-11:1-11:1), DG
(8:0-8:0), MG (15:1), PA (10:0-10:0), PC (10:0-10:0), PE (10:0-10:0),
PG (10:0-10:0), PI (8:0-8:0), PS (10:0-10:0), LPA (17:0), LPC (13:0),
LPE (14:0), LPG (17:1), LPI (17:1), LPS (17:1), SM (d18:1-12:0), SO
(d17:1), SO1P (d17:1), SA (d17:0), SA1P (d17:0), Cer (d18:1-12:0),
CerlP (d18:1-12:0), dCer (d18:0-12:0), dCerlP (d18:1-16:0), ChE
(10:0), Cholesterol-d7 were purchased from Avanti Polar Lipids
(Alabaster, AL, USA).

2.7.2. Lipid extraction

A two-step method was used for lipid extraction, including neutral,
positive, and anionic (An et al., 2021; Breil et al., 2017). Each lipid
standard was dissolved in chloroform and stored at —20 °C until use. It
was diluted to the desired concentration using methanol. Plasma sam-
ples were placed in a microcentrifuge tube (1.5 ml). Next, 1 ml of
chloroform/methanol (1:2; v/v) with internal standards (IS) was added
and performed the incubation on ice for 10 min followed by vigorous
vortexing and centrifugation (13,800 xg, 2 min at 4 °C). The superna-
tant (900 pl) was transferred to a new microcentrifuge tube. Subse-
quently, 750 pl of chloroform/methanol/37 % hydrochloric acid (1 N
HCl) (40:80:1, v/v/v) was added to the microcentrifuge tube and
incubated at room temperature for 15 min, followed by 230 pl of cold
chloroform and 430 pl of cold 0.1 N HCl were added to the samples, and
the samples were vortexed and centrifugated (6500 xg, 2 min at 4 °C).
The organic phase at the bottom layer was collected and pooled with the
first extracted lipid solution. The pooled extracted lipid samples were
divided into two equal aliquots and dried with a SpeedVac concentrator
(Hypercool, Labex, Republic of Korea). One aliquot was dissolved in 30
ul of solvent A for neutral and positive lipid analyses and the other was
dissolved in 10 pl of methanol for the TMSD methylation reaction and
anionic lipid analyses.

2.7.3. TMSD methylation

The TMSD methylation was used for analyzing anionic lipids that
were difficult to analyze by LC-MS due to peak tailing. For TMSD
methylation, an equal volume solution of 2 M TMSD in hexane was
added to the lipid extract dissolved in 10 pl of methanol, and observed
that the solution containing TMSD turned yellow. Next, the samples
were vortexed for 30 s followed by incubation at 37 °C for 15 min. To
terminate the methylation, glacial acetic acid was added to each sample.
Finally, the samples with completed methylation turned colorless. These
samples were subjected to subsequent LC-MS analysis (Lee et al., 2013;
Lee et al., 2016).

2.7.4. Quantitative lipid analysis using LC-MS

HPLC-ESI-MS/MS analyses were performed on a triple quadrupole
mass spectrometer (QQQ LC-MS 6490 series, Agilent Technologies)
coupled to an Agilent 1290 infinity series HPLC instrument (Agilent
Technologies, Santa Clara, CA, USA). The used column was a Hypersil
GOLD column (2.1 x 100 mm ID; 1.9 pm, Thermo Science) and the
temperatures of the autosampler tray and column oven were set to 4 °C
and 40 °C, respectively. The mobile phase consisted of solvent A
(methanol-acetonitrile-water, 19:19:2, v/v/v, 20 mM ammonium
formate with 0.1 % (v/v) formic acid) and solvent B (isopropanol, 20
mM ammonium formate with 0.1 % (v/v) formic acid). The injection
volume was 10 pl and the total run time was 33 min for each analysis.
The LC gradient system was performed as follows: 0-5 min, 5 % solvent
B; 5-15 min, 5-30 % solvent B; 15-22 min, 30-90 % solvent B; 22-27
min, 90 % solvent B; 27-28 min, 90-5 % solvent B; and 28-33 min, 5 %
solvent B, at a constant flow rate of 0.25 ml/min.

The typical operating source conditions for lipid analysis in the
positive ion ESI mode were as follows: 500 V of nozzle voltage, 4000 V
positive mode of capillary voltage, and sheath gas flow of 11 1/min. The
flow rate of the nitrogen drying gas was set at 13 1/min and the nebulizer
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was set at 40 psi. Gas and drying gas temperatures were maintained at
200 °C/180 °C for neutral and positive lipid analysis and at 180 °C/180
°C for TMSD-reacted lipid analysis (optimized condition). We targeted
27 lipid classes as follows: five neutral lipids [Triacylglycerol (TG),
Diacylglycerol (DG), monoacylglycerol (MG), cholesterylester (ChE), and
cholesterol], six phospholipids [phosphatidic acid (PA), phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phos-
phatidylinositol (PI), and phosphatidylserine (PS)], six lysophospholipids
[lysophosphatidic acid(LPA), lysophosphatidylcholine (LPC), lysophospha-
tidylethanolamine (LPE), lysophosphatidylglycerol (LPG), lysophosphatidy-
linositol (LPI), and lysophosphatidylserine (LPS)], and nine sphingolipids
[sphinganine (SA), sphingomyelin (SM), sphingosine (SO), ceramide (Cer),
dihydroceramide (dCer), ceramide-1-phosphate (Cer1P), dihydroceramide-
1-phosphate (dCer1P), sphinganine-1-phosphate (SA1P), sphingosine-1-
phosphate (SO1P)]. Experiments were performed in the positive mode
and we applied the dynamic multiple reaction monitoring (dAMRM) ap-
proaches to analyze the target lipids in individual samples using the
optimal MRM conditions, including MS/MS collision energy, computed
transitions, and retention time (RT) for various lipid species. The MRM
transition and MS/MS collision energy applied to the analysis were in
Supplementary Table S1.

2.7.5. Data processing and statistical analysis of the dataset obtained using
MRM

Identification and quantification of targeted lipids were performed
using Agilent Mass Hunter Workstation Data Acquisition software.
Qualitative Analysis B.06.00 software (Agilent Technologies, Wilming-
ton, DE, USA) was used to export the m/z of precursor ions, m/z of
product ions, and retention time (RT) of target lipids in the MRM data.
Skyline software package (MacCoss Lab, University of Washington,
Seattle, WA, USA) was used with an in-house database to calculate the
peak area of each assigned lipid in the replicated raw data. Lipid
abundance was normalized to the internal standard peak area and the
differences between the groups were found to be significant via Stu-
dent’s t-test and the fold change was calculated using Microsoft Excel
software. For the statistical analysis of the lipid dataset, including
principal component analysis (PCA) plot, volcano plot, and hierarchical
cluster analysis (HCA) were performed on MetaboAnalyst (www.meta
boanalyst.ca).

2.8. Statistical analyses

Statistical analyses were performed using GraphPad Prism software
(Version 8). ANOVA with Tukey’s multiple comparison test and un-
paired two-tailed t-tests were used. Each measurement was expressed as
mean + s.e.m. as stated in the figure legend.

3. Results

3.1. Vutiglabridin inhibits senescence in the GA muscle, eWAT, liver,
kidney, and spleen

Vutiglabridin was fed to 20-month-old male mice at 50 mg/kg (mpk)
mixed with the diet for 3 months to test its anti-ageing effects (VO:
Vutiglabridin treated Old) (Fig. S1). As a non-treated control (NO:
Normal Old), age-matched aged mice were fed a normal diet, and young
mice (2 months old) were used as a young control (NY: Normal Young).

We performed the SA-p-gal assay in the GA muscle, eWAT, liver,
kidney, and spleen to confirm the effects of vutiglabridin on senescence
at the tissue level. The SA-p-gal activity in the spleen increased by 2.4
fold in the NO compared to the NY (P = 0.0816). When compared to NO,
the SA-B-gal activity in the VO was reduced by 1.78 fold with vuti-
glabridin treatment (P = 0.2165). The difference was not statistically
significant, but we did notice that one aged NO mouse had a signifi-
cantly lower outlier than other mice in the same group (Fig. 1d). The NO
significantly increased the SA-p-gal activity in the kidney by 2.7 fold
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Fig. 1. Vutiglabridin decreases the
SA-B-Gal activity in various tissues of
aged mice. (a) eWAT depots SA-p-gal
results. n of NY, NO, and VO were 3,
4, and 4, respectively; (b) Represen-
tative figure of liver SA-p-gal results.
Scale bar = 250 pm (left) and quan-
tification of SA-B-gal activity in the
liver(right); (c) Representative figure
of kidney SA-B-gal results. Scale bar =
500 pm (left) and quantification of
SA-p-gal activity in the kidney (right);
(d) Representative figure of spleen SA-
Liver B-gal results. Scale bar = 250 pm (left)
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when compared to the NY. When compared to NO, the SA-B-gal activity
in the VO was reduced by 1.36 fold with vutiglabridin treatment (P =
0.1418) (Fig. 1c). The activity of SA-f-gal staining in the liver was
increased approximately 7-fold in NO compared to NY. The SA-B-gal
activity was significantly reduced with vutiglabridin treatment (Fig. 1b).
The SA-p-gal staining was reduced in the VO in eWAT compared to NO
(Fig. 1a). These findings suggest that vutiglabridin may have anti-ageing
properties.

qPCR was performed to confirm whether SASP and senescence-
associated genes such as Cdknla (p21), Cdkn2a (p16), Cxcl2, II-6, J-
chain, Sparc, Klotho, and Ppar-y expression were altered in aged mice.
The expression level of Cdknla, Cdkn2a, Cxcl2, II-6, and J-chain that
were significantly increased with ageing in the spleen were significantly
decreased in the VO compared to NO (Fig. 2e). The Cdkn2a expression in
the GA muscle, which had significantly increased with ageing, was
reduced in the VO compared to NO (P = 0.0513). The II-6 expression,

NY NO VO

which increased with age, was significantly reduced in VO compared to
NO, though the difference in expression was not significant (P =
0.1452). We also found that the Cxcl2 expression increased with age and
was lower in VO compared to NO (P = 0.1112), though this was not
statistically significant. The Sparc expression in the VO was found to be
lower than in the NO, but this was not statistically significant (Fig. 2a).
The expression level of Cdknla, Cdkn2a, Cxcl2, II-6, Klotho, and Ppar-y in
the kidney was not significantly altered with ageing, and there were no
differences in VO compared to NO. However, when one outlier was
removed from the VO, we discovered that the Cdkn2a expression was
slightly reduced compared to NO. We also found that Klotho and Ppar-y
were slightly altered in the VO when compared to NO, though the dif-
ferences were not statistically significant. The J-chain expression was
significantly upregulated with ageing in the VO but downregulated in
the NO (P < 0.0768) (Fig. 2d). The Cdkn2a expression in the liver, which
increased with age, significantly reduced VO. Although Cxcl2 levels
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Fig. 2. Vutiglabridin ameliorates SASP and senescence-associated gene expressions in the various tissues of aged mice. (a) Relative Cdknla, Cdkn2a, Cxcl2, II-6, Spacr
mRNA level in the GA muscle; (b) Relative Cdknla, Cdkn2a, Cxcl2, Il-6 mRNA level in the eWAT; (c) Relative Cdknla, Cdkn2a, Cxcl2, II-6 mRNA level in the liver; (d)
Relative Cdknla, Cdkn2a, Cxcl2, II-6, J-chain, Klotho, and Ppar-y mRNA levels in the kidney; (e) Relative Cdknla, Cdkn2a, Cxcl2, II-6, J-chain mRNA level in the spleen.
Each result is normalized by the NY. n of NY, NO, and VO were 5, 4, and 5, respectively. Data are mean =+ s.e.m. NS, not significant; *P < 0.05, **P < 0.01, ***P <

0.001. One-way ANOVA followed by Tukey’s multiple comparisons tests.
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increased with age, there was no difference in NO or VO levels. We
discovered expression patterns that differed from those previously
observed in Cdknla. The Cdknla expression was lower in NO compared
to NY, but the difference was not statistically significant. The expression
levels of II-6 were not different between the three groups (Fig. 2¢). In
eWAT, the II-6 expression significantly increased with ageing while NO
decreased. The Cdkn2a expression levels in NO increased significantly
when compared to NY. Although not statistically significant, we found a
decrease in the Cdkn2a expression in VO compared to NO. The Cxcl2
expression levels increased with age and decreased with VO. The Cdknla
expression, on the other hand, remained unchanged (Fig. 2b). Although
the Cdkn2a expression was significantly higher in the NO liver and
eWAT compared to NY, the expression of Cdknla, one of the widely used
senescence markers, was lower in the NO liver and there was no dif-
ference in eWAT.

According to a previous study using the IMR 90 cell line, Cdknla is
required for cell cycle arrest in the early stages of senescence but rapidly
decreases, whereas Cdkn2a increases in the late stages of senescence.
Cdkn2a is required for late-stage senescent cell cycle arrest, and
increased Cdkn2a was associated with increased SA-p-gal activity (Stein
et al., 1999). These findings suggest that NO eWAT, liver, kidney, and
spleen cells are in the late stages of senescence, and when combined with
the SA-p-gal activity findings, VO may not have reached this stage yet.
As a result, we expect vutiglabridin to slow the ageing process.

3.2. Vutiglabridin improves muscle homeostasis in the GA muscle

We used bulk RNA sequencing (RNA-seq) on the GA muscle to gain a
better understanding of the effects of vutiglabridin on ageing. We sorted
genes under each sorting condition of categories to determine the ten-
dency of vutiglabridin effects (Fig. S2a and b). Following that, we used
gene ontology analysis to look into how vutiglabridin affects signalling
pathways. We discovered that vutiglabridin altered the organisation of
the external encapsulating structure, cellular component biogenesis,
superoxide anion generation, and RNA processing (Fig. 3a). These
findings suggested that GO analysis data could be linked to ECM,
mitochondrial biogenesis, ROS, and RNA splicing.

ECM-related GO pathways were commonly represented in the GO
analysis data, including collagen fibril organisation, external encapsu-
lating structure organisation, extracellular structure organisation,
extracellular matrix organisation, cell adhesion, signalling regulation,
cell communication regulation, and signalling transduction regulation
(Fig. 3a). The main components of ECM, collagens and fibronectins, are
involved in signalling pathways to the cellular response by various re-
ceptors such as integrin and DDR (Heino, 2014; Leitinger, 2014). First,
we looked at the gene expressions of collagen, fibronectin, integrin, and
discoidin domain receptor (DDR) to see if there was a link between the
GO analysis results and muscle ageing under these three conditions: 1)
Common genes with P < 0.1 in the NO_VO and P < 0.1 in the NO_NY, 2)
Genes with similar patterns in NY and VO, but not in NO, and 3)
Prominently changed genes in only VO. There were many changes in
gene expression of the collagen IV family, collagen VI family, fibro-
nectin, and their related signal receptors such as Itgal, Itgall, Itgh1, and
Ddr2 in the VO compared to NO (Fig. 3b and ¢) (Zeltz and Gullberg,
2016).

Muscle ageing may alter the ECM environment, which may affect
muscle regeneration capacity (Yamakawa et al., 2020) and satellite cell
activity and function (Munoz-Canoves et al., 2020). Satellite cells are
required for muscle homeostasis, including muscle regeneration capac-
ity, and their activity and function can be altered by ECM remodelling
during ageing (Munoz-Canoves et al., 2020). When VO was compared to
NO, the gene expression of the muscle regeneration-related gene set
changed (Munoz-Canoves et al., 2020). The gene expressions of muscle
regeneration were also altered by vutiglabridin when we sorted the
genes using the mouse genome informatics (MGI) database (Fig. 3d).
When compared to NO, the expression of satellite cell-related genes
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(Pallafacchina et al., 2010) in the VO tended to be regulated similarly
with the NY (Fig. 3e). Furthermore, except for the expression of Myog,
the expressions of the Myod family, which is an important myogenic
regulatory factor (MRF) (Buckingham and Rigby, 2014), tended to be
modulated similarly with the NY in the VO as compared to NO (Fig. 3f).
These findings suggest that vutiglabridin may improve satellite cell
function-related gene expression by regulating the expression of ECM-
related genes.

Following that, we searched the literature on muscle ageing and
satellite cell function for specific mechanisms by which vutiglabridin
could affect the expression of satellite cell function-related genes. We
discovered the FGF family, which is essential for satellite cell self-
renewal and skeletal muscle repair (Pawlikowski et al., 2017). When
compared to NO, gene expression of the FGF family, including Fgf5, Fgf6,
Fgf11, and Fgf13, tended to be modulated in a direction similar to NY in
the VO. Furthermore, when compared to other groups, the expression of
Fgf9 was significantly higher in VO (Fig. 3g and h). According to pre-
vious studies, increasing FGF2 causes stem cell exhaustion (Lopez-Otin
et al., 2013). The Fgfé overexpression improves systemic metabolism
and increases muscle weight and function in high-fat diet (HFD) mice
(Xu et al., 2021). In ischemia-reperfusion (IR) models, FGF9 promotes
angiogenesis, muscle regeneration, and muscle function, which occurs
during peripheral arterial disease (PAD) (Frontini et al., 2011), which is
primarily caused by ageing (Paradis et al., 2019). The FGF family reg-
ulates satellite cell proliferation via ERK (Pawlikowski et al., 2017) and
JNK (Wu et al., 2020), as well as satellite cell activation and differen-
tiation via p38 (Pawlikowski et al., 2017). Next, we looked into how
vutiglabridin affected the expression of FGF signalling pathways and
genes involved in satellite cell function. When compared to NO, the gene
expression of serial signalling pathways such as Hspg2, Fnl, Itgb1, Frs2,
Grb2, Sos, Hras, Kras, Ptpnl1, Raf, Map2k1, Spry2, and Dusp6 tended to
change in a direction similar to NY (Fig. 3g) (Xie et al., 2020). Finally,
while the expression of Mapkl and Mapk8 increased with age, it
decreased with NY in the VO. Nonetheless, the expression of Mapk14
was not changed in the VO (Fig. 3g and h). These findings supported
previous research that satellite cells prefer quiescence in a young niche
while promoting stem cell activation and differentiation in an old niche
(Yamakawa et al., 2020). In other words, vutiglabridin may regulate
satellite cell state-related genes to induce satellite cell quiescence to
retain satellite cell function rather than activation and differentiation
and promote muscle homeostasis.

Matrix remodelling enzymes such as MMPs, TIMPs, adamalysins, and
meprins have the potential to alter the ECM environment (Leitinger,
2014). ROS can both directly and indirectly regulate the expression of
matrix remodelling enzymes (Moon et al., 2004; Alcazar et al., 2007;
Gomes et al., 2012). ECM has the potential to influence oxidative stress
(Martins et al., 2021) and mitochondrial morphology (Chen et al.,
2021). Furthermore, GO analysis data suggest that vutiglabridin
reduced superoxide anion generation while increasing cellular compo-
nent biogenesis (Fig. 3a). As a result, we hypothesize that vutiglabridin
alters the expression of ECM environment-related genes by decreasing
the expression of ROS-related genes while increasing the expression of
mitochondria biogenesis-related genes. As expected, the various gene
expressions of many matrix remodelling enzymes that changed with
ageing improved in the VO compared to NO, including MMP, TIMP,
ADAMTS, and ADAM (Fig. 3i and j). Furthermore, when compared to
NO, the gene expressions of SASP (Tnf (Moon et al., 2004), Tgf1 (Gomes
et al., 2012)), mitochondrial fusion (Mfn1, Mfn2, and Opal), and fission
(Dnm1l) (Westermann, 2010) were modulated in the VO (Fig. 3k and 1).
These findings suggested that vutiglabridin may regulate the expression
of satellite cell function-related genes by restoring gene expressions
involved in ECM homeostasis in aged mice’s GA muscles. Vutiglabridin,
when taken together, may improve muscle homeostasis by regulating
the expression of ECM environment-related genes in the GA muscle of
aged mice.
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Fig. 3. Vutiglabridin improves muscle homeostasis in the GA muscle of aged mice. (a) Biological processes (BP) with gene expressions by category; (b) The heatmap
of the differentially expressed genes by the collagen, and fibronectin with z-score; (c¢) The heatmap of the differentially expressed genes by the integrin, DDR with z-
score; (d) The heatmap of the differentially expressed genes by the muscle regeneration pathways with z-score; (e) The heatmap of the differentially expressed genes
by the satellite cell related to pathways with z-score; (f) Relative expression of each gene, Myf5, Myf6, Myod1, and Myog respectively by RNA seq; (g) The heatmap of
the differentially expressed genes by FGF signalling pathways with z-score; (h) Relative expression of each gene, Fgf2, Fgf5, Fgf6, Fgf9, Fgf11, Fgf13, Mapk1, Mapk8,
and Mapk14, respectively by RNA seq; (i) The heatmap of the differentially expressed genes by ECM remodelling enzymes with z-score; (j) Relative expression of each
gene, Mmp2, Mmp9, Mmp14, Mmp15, Mmp19, Timp2, Timp3, and Timp4, respectively by RNA seq; (k) The heatmap of the differentially expressed genes by SASP &
mitochondria morphology with z-score; (1) Relative expression of each gene, Tgfb1, Dnm1l, Mfn1, and Mfn2 respectively by RNA seq. n of NY, NO, and VO were 5, 4,
and 5, respectively. Data are mean + s.e.m. NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.001. Unpaired two-tailed t-test.
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Fig. 3. (continued).
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3.3. Vutiglabridin restores insulin sensitivity in the eWAT

RNA-sequencing in the liver and eWAT was performed to determine
the mechanism by which vutiglabridin affects anti-ageing. The expres-
sion of genes that changed significantly with ageing (p-value < 0.05) but
were alleviated by vutiglabridin treatment was sorted, as few genes
changed significantly in VO when compared to NO. As previously
mentioned in the qPCR data, these few changes were thought to be
caused by vutiglabridin delaying the ageing process. As a result, in
eWAT, 752 genes increased in ageing (up-differentially expressed genes
(DEGs)) and 892 genes decreased in ageing (down-DEGs). Using sorted
genes, gene ontology (GO) analysis was performed, and vutiglabridin
effects were identified using the top 16 and top 6 enriched biological
processes (BPs), respectively.

Only the highest process was chosen to investigate the various effects
of vutiglabridin on ageing, and relative gene expression of up or down
GO-associated genes was indicated using a heatmap (Fig. 4a top). In the
up-regulated GOs with ageing, there was retinoic acid-inducible gene-1
(RIG-1) and p38-MAPK signalling (Fig. 4a top). We next focused on NF-
kB signalling because RIG-1 and p38-MAPK signalling can be activated
by environmental stress such as ROS, inflammation, and DNA damage,
and can stimulate NF-kB signalling, which stimulates SASP secretions
such as IL-6 (Salminen et al., 2012). IkB/NF-kB signalling was one of the
up-regulated GOs, consistent with the increase in these signallings, and
this result was consistent with the qPCR result of II-6 expression in eWAT
(Fig. 2b). These findings suggest that vutiglabridin treatment may
reduce chronic inflammation that has increased with age.

We then looked to see if insulin resistance appeared because p38-
MAPK signalling suppresses glucose transporter-4 (GLUT4) expression,
which causes insulin resistance and hyperglycemia (Wu et al., 2009).
When treated with vutiglabridin, the expression of Slc2a4, which en-
codes GLUT4, was found to be higher in NO compared to NY (Fig. 4b).
The endoplasmic reticulum unfolded protein response (UPR) was one of
the up-regulated GOs, and protein folding was one of the down-
regulated GOs (Fig. 4a). Chronic ER stress is caused by unfolded pro-
tein phosphorylates JNK, which causes IRS-1 phosphorylation, which
inhibits insulin receptor signalling. Insulin resistance is caused by
impaired insulin signalling (Amen et al., 2019). As a result, we
confirmed the Jnk expression. The mRNA level of JNK, known as
MAPKS, increased with age but was significantly reduced by vutiglab-
ridin treatment (Fig. 4c). These findings suggest that insulin resistance
may occur in NO eWAT but not in VO.

Dynein mediates autophagosome centripetal trafficking (Kimura
et al., 2008), and autophagosome-lysosome fusion occurs primarily in
the perinuclear (Zaarur et al., 2014). According to a recent study, the
relocation of autophagosomes and lysosomes to the perinuclear region
decreases with age, resulting in decreased fusion efficiency and subse-
quent degradation of the sequestered cargo (Bejarano et al., 2018). As a
result, we hypothesised that the increase in ER stress was caused by a
decrease in outer dynein arm assembly, which decreased GO in NO
eWAT (Fig. 4a bottom).

In obese mice, hepatic EphB4 overexpression reduces InsR and in-
creases hepatic and systemic insulin resistance, whereas EphB4 inhibi-
tion improves insulin resistance and glucose intolerance (Liu et al.,
2022). Furthermore, EphB4 expression was significantly lower in VO
eWAT compared to NO, indicating increased insulin sensitivity (Fig. 4d).

Thus, these findings suggest that vutiglabridin treatment-induced
increased Slc2a4 expression and improved insulin receptor signalling
may alleviate insulin resistance in aged eWAT.

3.4. Vutiglabridin prevents FALC-induced inflammation in eWAT

Fat-associated lymphoid clusters (FALCs) were found to be more
prevalent in visceral adipose tissue (VAT) with ageing (Lumeng et al.,
2011). The NLRP3 inflammasome is required for the formation of aged
FALCs and aged adipose B cells (AABs). In VAT, IL-1 signalling increased
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FALCs while decreasing insulin sensitivity (Camell et al., 2019). The
next step was to see if vutiglabridin treatment affected FALC. When
compared to NY, Nirp3 expression appeared to moderately increase in
NO and was reduced by vutiglabridin treatment (Fig. 4e). One of the up-
regulated GOs was IL-1 signalling activated by NLRP3 to expand FALC
(Fig. 4a top). SIRT2 deacetylates NLRP3 to inactivate it, and its
expression decreases with age, according to a recent study. SIRT2 pre-
vents and reverses inflammation and insulin resistance associated with
ageing (He et al., 2020). As a result, we assessed the level of Sirt2
expression in each group. The Sirt2 expression was significantly lower in
NO than in NY, but this was alleviated by vutiglabridin treatment
(Fig. 4f). These findings suggest that vutiglabridin treatment may reduce
the NLRP3 inflammasome, which causes FALC.

The J-chain expression, which indicates B-cells, increased with age,
but there were no differences between NO and VO (Fig. 4g). As ‘T cell
differentiation involved in immune response’ and ‘CD4-positive, alpha-
beta T cell activation’ appeared in GO increased in NO, T cells polarised
to a pro-inflammatory phenotype that secreted type 1 cytokines such as
TNF-a and IL-6 were increased with ageing (Fig. 4a top). This increase in
pro-inflammatory T cells correlated with II-6 expression (Fig. 2b).
Monocyte-derived macrophages accumulated with age due to CCL2-
CCR2 interaction and loss of CCR2 expression when activated (Chini
et al., 2020; Heymann and Tacke, 2016). In NO, the Ccl2 expression
increased significantly while Ccr2 expression decreased (Fig. 4h). These
findings suggest that CCR2+ blood monocytes were accumulated in
eWAT by increased Ccl2 expression, and that these monocytes differ-
entiated and activated into macrophages as the Ccr2 expression was
reduced.

M1 macrophages were found to be more prevalent in aged WAT, and
CD38 is one of the M1 markers (Jablonski et al., 2015). Senescent cells
and their SASP promote the accumulation of CD38" macrophages in
WAT (Covarrubias et al., 2020; Chini et al., 2020). The Cd38 expression
was higher in NO than in NY and was reduced by vutiglabridin treatment
(Fig. 4i). The Cd86 expression, another M1 macrophage marker (Liu
et al., 2020), was examined. The Cd86 expression pattern matched the
Cd38 expression pattern (Fig. 4i). In addition, vutiglabridin treatment
reduced some chemokine expression that increased with age (Fig. 4h).

These findings suggest that vutiglabridin can regulate pro-
inflammatory T cells and monocyte recruitment, both of which in-
crease inflammation, while having no effect on B cells. As a result,
vutiglabridin may be able to prevent FALC-induced inflammation in
eWAT.

3.5. Vutiglabridin improves NAD™ metabolism in eWAT

According to recent research, CD38 can act as an ectoenzyme to
convert nicotinamide mononucleotide (NMN), the precursor of NAD™,
into nicotinamide (NAM) (Covarrubias et al., 2020; Chini et al., 2020).
As aresult, increased Cd38 expression may lower NMN levels, impairing
NO eWAT metabolism. As a result, we looked into whether NAD™
metabolism was altered in NO eWAT. According to GO findings, the
nicotinamide nucleotide metabolic pathway was down-regulated in NO
(Fig. 4a bottom). The Nampt expression, a key enzyme in the NAD"
recovery pathway (Covarrubias et al., 2021), was reduced in NO eWAT.
Other NAD" metabolism enzymes, such as Naprt and Oprt, were reduced
in NO when compared to NY, but this was mitigated by vutiglabridin
treatment (Fig. 4k). Mice lacking adipocyte-specific NAMPT have lower
NAD™ levels in adipose tissue, increased insulin resistance, and meta-
bolic dysfunction (Stromsdorfer et al., 2016). Other GOs that have been
found to be down-regulated in eWAT include the ‘carboxylic acid cata-
bolic process’ and ‘generation of precursor metabolites and energy’
(Fig. 4a bottom).

These findings suggest that vutiglabridin may improve NAD™ meta-
bolism and metabolic dysfunction in aged eWAT.
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were alleviated by vutiglabridin treatment in eWAT (right). Heatmap represents the expression levels of genes belonging to the biological processes (left). Bottom;
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respectively. Data are mean =+ s.e.m., NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.001. An unpaired two-tailed t-test was performed in c-g, and i-l. One-way
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Fig. 4. (continued).

3.6. Vutiglabridin reduces inflammation in the aged liver by preventing
TLO formation

Using the same criteria as eWAT, 699 genes that increased with age
(up-DEGs) and 703 genes that decreased with age (down-DEGs) were
chosen in the liver. We examined GO and identified vutiglabridin effects
using the top 17 and 12 enriched BPs, respectively, and relative gene
expression of up or down GO-associated genes was indicated using a
heatmap (Fig. 5a). We started with immune-associated GOs in the liver
because 9 of the 17 up GOs were immune-associated (Fig. 5a top). These
up-regulated GOs suggest that chronic inflammation may occur in the
NO liver. Various immune cells, including innate and adaptive immune
cells, infiltrate chronically inflamed tissues. Tertiary lymphoid organs
(TLO) are frequently organised by these cellular elements. This
lymphocyte neogenesis is a dynamic process that begins with sparse
lymphocyte infiltration and progresses to aggregates organised in sec-
ondary B-cell follicles with germinal centers (GC) and distinct T-cell
regions containing DCs and high endothelial venules (HEV) (Aloisi and
Pujol-Borrell, 2006). There were ‘macrophage colony-stimulating factor
signalling pathways, regulation of germinal center formation’, and
‘regulation of B cell proliferation’ in up-regulated BPs (Fig. 5a top).

Endogenous molecules known as damage-associated molecular pat-
terns (DAMPs) can cause inflammation. DAMPs are released during
cellular stress and necrosis, and their levels rise with age. And DAMPs
cause inflammation by activating pattern recognition receptors (PRRs)
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such as Toll-like receptors (TLRs) (Gong et al., 2020; Royce et al., 2019).
TLR expression levels were then measured to confirm whether DAMPs
were one of the causes of this inflammation. TLRs expression was higher
in NO than in NY, but it was reduced by vutiglabridin treatment
(Fig. 5b). In line with these increased TLR expressions, one of the up-
regulated GOs was the ‘MyD88-dependent toll-like receptor signalling
pathway’ (Fig. 5a top). The expression of Pknl, H2-DMa, Tnfaip3, and
Tnfsf13b were significantly increased in NO compared to NY, but this
was alleviated by vutiglabridin treatment (Fig. 5c).

When NO was compared to NY, genes regulating lymphocyte homing
and compartmentalization (Aloisi and Pujol-Borrell, 2006) were altered
(Fig. 5d). Although lymphocyte homing and compartmentalization
genes were increased in the VO liver compared to the NY liver, GC
formation genes were not changed (Fig. 5d). As the expression of Ccl2
and Ccr2 increased in the NO liver compared to the NY liver, monocyte-
derived macrophages accumulated (Fig. 5e). The M1 macrophage
marker CD80 (Yunna et al., 2020) was significantly higher in the NO
liver compared to the NY liver and slightly lower in the VO liver
compared to the NO liver (Fig. 5f). As an immune response, M1 mac-
rophages produce reactive oxygen species (ROS) and nitrogen oxide
(NO) (Covarrubias et al., 2013), and monocytes were polarised into M1
macrophages under inflammatory conditions. In line with these find-
ings, the up-regulated GO displayed two BPs: ‘positive regulation of
superoxide anion generation’ and ‘regulation of nitric oxide biosynthetic
process’ (Fig. 5a top).
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These findings suggest that proinflammatory M1 macrophages
accumulated in the NO liver, whereas anti-inflammatory M2 macro-
phages (Yunna et al., 2020) accumulated in the VO liver (Fig. 5f and g).
Furthermore, the ‘regulation of the interleukin-1 beta production
pathway’ increased in NO but not in VO (Fig. 5a top). As a result, these
findings could imply that vutiglabridin treatment reduces chronic
inflammation in the aged liver by preventing TLO formation.

3.7. Vutiglabridin enables mitochondria to function normally by allowing
intact assembly of mitochondrial complex I

‘Mitochondrial respiratory chain complex I assembly’ was found in
the down-regulated GOs (Fig. 5a bottom). This finding corroborated
previous findings that mitochondrial enzymes, including complexes I
and IV, were reduced in the aged liver (Navarro and Boveris, 2004). It
has been reported that disrupting complex I assembly by reducing
membrane subunit expression increases mitochondrial peroxide pro-
duction. Without proton pumping or electron transport, incompletely
assembled matrix subunits generate mitochondrial superoxide, reducing
ETC efficiency and increasing ROS output (Miwa et al., 2014). Accord-
ing to this study, the GSH/GSSG ratio was higher in the VO liver
compared to the NO liver (Fig. 5h), indicating less oxidative stress.
However, the GSH/GSSG ratio did not show any significant differences
in the VO spleen and kidney when compared to the NO spleen and
kidney (Figs. S3a and b). Furthermore, mitochondrial complex I mem-
brane subunits such as Ndufa5 and Ndufb2 were significantly lower in
the NO liver compared to the NY liver but increased in the VO liver
(Fig. 5i).

As a result of these findings, vutiglabridin treatment may restore
mitochondrial complex I assembly, which reduces mitochondrial ROS
formation.

3.8. Vutiglabridin alleviates ageing-related lipid profile changes

Because lipid profiles change with age (Montoliu et al., 2014) and
vutiglabridin was thought to improve metabolism, we used LC-MS to see
if vutiglabridin treatment changed the lipid profile. The principal
component analysis (PCA) revealed that the NY, NO, and VO lipid
profiles clustered differently (Fig. 6a). Fig. 6b depicts the overall
changes in lipid composition. Ceramides have been found to accumulate
in old worms and humans, and a ceramide-rich diet reduces the lifespan
of C. elegans (Papsdorf and Brunet, 2019). Serum ceramide levels were
linked to an increased risk of dementia/ Alzheimer’s disease (Huang
et al., 2014).

Ceramide accumulation promotes the development of age-related
diseases. Reduced ceramide levels also slow the ageing process by
increasing autophagy, decreasing ROS, carbon remodelling, energy
metabolism, stress resistance, and genomic stability and extending
lifespan. Ceramide accumulation and clustering in the plasma mem-
brane prevent autophagosomes from fusing with lysosomes, reducing
autophagic flux and promoting senescence (Huang et al., 2014). As a
result, the ceramide levels were established. Ceramide levels rose with
age and fell with vutiglabridin treatment (Fig. 6¢). Ceramide accumu-
lation is associated with increased oxidative stress and insulin resistance
(Huang et al., 2014), which is consistent with the results of RNA-
sequencing-based insulin resistance in eWAT.

S-adenosyl methionine (SAM) is required for the methylation of
phosphatidylethanolamines (PEs) to generate phosphatidylcholines
(PCs), and mice lacking phospholipid methylation have increased his-
tone methylation, including H3K4me3, H3K36me3, and H3K79me3.
This could be because when lipid methylation fails, more SAM is
available for histone methylation (Papsdorf and Brunet, 2019). Consis-
tent with this report, along with an increase in PC levels, regulation of
histone H3-K36 methylation was observed in the liver, with GO down-
regulated (Figs. 6¢ and 5b).

Phosphatidylethanolamine (PE) can modulate autophagy and
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protect against age-related diseases (Rockenfeller et al., 2015). PE sup-
plementation increased both the mean and maximum lifespan in C.ele-
gans (Park et al., 2021). When compared to NO, PE decreased with age in
VO (Fig. 6d). Lysophosphatidylcholine (LPC) levels in human blood tend
to decline with age, and low LPC levels have been linked to impaired
mitochondrial oxidative capacity (Johnson and Stolzing, 2019). LPC
levels that were lower in NO than in NY were higher in VO than in NO
(Fig. 6d). LPI (20:4) levels in mice serum were found to decrease with
age (Eum et al., 2020). Although LPI (20:4) levels in NO were lower than
in NY, they were higher in VO (Fig. 6d).

These findings suggest that vutiglabridin may help alleviate lipid
metabolism changes in elderly mice. Thus, vitiglabridin may have anti-
ageing effects in mice by alleviating metabolic dysfunction.

4. Discussion

Many recent studies have been conducted to close the gap between
lifespan and healthspan (Garmany et al., 2021; Campisi et al., 2019).
With age, cellular function, including mitochondrial function, de-
teriorates (Amorim et al., 2022). Mitochondrial dysfunction can result in
age-related metabolic dysfunctions (Amorim et al., 2022) and changes
in ECM homeostasis. To address these metabolic dysfunctions, anti-
ageing agents such as metformin, resveratrol, and rapamycin were
developed and studied (Amorim et al., 2022). Because different factors
contribute to ageing, different anti-ageing drugs must be developed to
respond appropriately. Because vutiglabridin can act as an agonist in the
electron transport chain (ETC) of mitochondria, improving mitochon-
drial function (Shin et al., 2021; Kang et al., 2022), we investigated
whether it has anti-ageing properties. Administration of high doses of
vutiglabridin unexpectedly caused weight loss in the aged mice, which
resulted in death in the aged mice (not shown). Therefore, the experi-
ment was conducted by selecting a dose that did not significantly affect
the body weight of aged mice. In aged mice, a 50mpk dose of vuti-
glabridin alleviates ageing without causing changes in body weight.
Vutiglabridin reduced SA-p-gal activity in the spleen, kidney, and liver
of elderly mice. These findings supported our RT-qPCR findings that
Cdkn2a expression decreased in aged mice, including GA muscle. We
discovered that vutiglabridin had a significant effect on the spleen but
had little effect on the kidney using RT-qPCR.

Using GO analysis, we discovered that in the GA muscle, ECM and
mitochondria biogenesis were increased while ROS and RNA splicing
were decreased. When compared to NO, many ECM signalling-related
gene expressions, such as collagen, fibronectin, FGF, and integrin,
were altered in the VO in a similar direction to NY. Furthermore, vuti-
glabridin had the ability to stabilize the expression of matrix remodel-
ling enzyme-related genes as well as mitochondria morphology-related
genes. Thus, vutiglabridin may improve muscle homeostasis in elderly
mice by altering ECM niche and satellite cell function expression.

Insulin resistance, inflammation, and NAD " metabolism were found
to be improved in aged eWAT, while mitochondrial ETC impairment and
inflammation were found to be improved in the aged liver. Vutiglabridin
treatment also increased the GSH/GSSG ratio. Vutiglabridin treatment
alleviated the changes in lipid species such as ceramide, PC, PE, LPC,
and LPI that increase with age. As a result, vutiglabridin is thought to
slow ageing by improving metabolism. We hypothesised that these ef-
fects were caused by vutiglabridin’s ability to improve mitochondrial
functions, rescuing from metabolic dysfunctions. Because many meta-
bolic enzymes can “moonlight” as RNA-binding proteins (RBPs), mito-
chondrial restoration affects metabolism and mRNA translation
(Castello et al., 2015). Furthermore, ECM regulates metabolism (Ge
et al., 2021), which may be reversible due to the close relationship be-
tween mitochondrial dysfunction and oxidative stress (Bhatti et al.,
2017). A recent study found that mitochondrial translation is required
for cytotoxic T-cell function by regulating the expression of cytotoxic
proteins (Lisci et al., 2021). Reduced ROS stress can help to preserve
mtDNA. Incompletely assembled matrix subunits produce superoxide
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Fig. 5. Vutiglabridin reduces inflammageing and improves mitochondrial complex I assembly. (a) Top; Biological processes (BP) for genes that were up-regulated
with ageing but were alleviated by vutiglabridin treatment in the liver (right). Heatmap represents the expression levels of genes belonging to the biological processes
(left). Bottom; Biological processes (BP) for genes that were down-regulated with ageing but were alleviated by vutiglabridin treatment in the liver (right). Heatmap
represents the expression levels of genes belonging to the biological processes (left). a, Expression was normalized by NY; (b) Relative expression of the toll-like
receptor genes; (c) Relative expression of GC formation-associated genes; (d) Relative expression of lymphocyte homing and compartmentalization genes; (e)
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Fig. 5. (continued).

and reduce ATP production when mitochondrial complex I membrane
subunits are not expressed (Miwa et al., 2014). Reduced mtDNA damage
would thus restore ETCs’ ability to produce ATP and NAD" as needed,
while also lowering ROS production. In addition, some studies have
linked mitochondrial dysfunction to insulin resistance (Petersen et al.,
2003; Kim et al., 2008). Reduced insulin resistance in VO was thus
attributed to improved mitochondrial function.

Vutiglabridin reduces inflammation, according to the results of the
liver and eWAT tests. In the liver and eWAT, vutiglabridin treatment
reduced TLO formation, which indicates chronic inflammation, as well
as pro-inflammatory T cells and M1 macrophages. According to a recent
study, metformin reduces inflammation by normalizing mitochondrial
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function (Bharath et al., 2020). Investigating whether vutiglabridin re-
duces inflammation would thus be an appropriate research topic.

The following additional studies are needed to confirm the above-
mentioned findings. Muscle regeneration and function should be
confirmed after inducing the bilateral cardiotoxin (CTX) injury in the GA
muscle of aged mice to confirm the effects related to muscle homeostasis
(Sahu et al., 2021). Extracellular acidification rate (ECAR) and oxygen
consumption rate (OCR), which indicate glycolysis and OXPHOS,
respectively, could be used to confirm mitochondrial function. A glucose
tolerance and insulin tolerance test would be performed to see if vuti-
glabridin treatment improved insulin sensitivity. Western blot analysis
and other signalling-associated proteins should be used to confirm
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Fig. 6. Vutiglabridin alleviates ageing-related lipid profile changes. (a) Principal coordinate analysis of serum total lipids levels in the NY, NO, and VO; (b) Overall
lipid composition in the NY, NO, and VO; (c) Lipid species increased with ageing and decreased by vutiglabridin treatment; (d) Lipid species decreased with ageing
and increased by vutiglabridin treatment. The expression of each lipid species was expressed as a z-score; (e) Relative Apoal expression in the liver. n of NY, NO, and
VO was 5, 4, and 5, respectively. Data are mean + s.e.m., NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.001.

whether increased mRNA levels of MAPK8 phosphorylated the IRS
protein in NO. The number of individuals in each group should be
increased to reduce variance and to see a clear difference between NO
and VO.

Vutiglabridin improves mitochondrial function and thereby reduces
intracellular oxidative stress (Kang et al., 2022; Choi et al., 2021; Heo
et al., 2023). Vutiglabridin also activates autophagic flux to autolyso-
somes (Shin et al., 2021). It has been reported that the AMPK signalling
pathway controls the ageing process such as metabolic regulation,
increasing oxidative stress and reducing autophagic clearance (Salmi-
nen and Kaarniranta, 2012). Further studies on the AMPK pathway as an
anti-ageing effect of vutiglabridin will reveal the anti-ageing mechanism
of vutiglabridin more clearly.
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