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The ectopic olfactory receptor OR10J5 counteracts skeletal muscle senescence and age-related decline
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Extended Data Fig. 1 | Characterization of long-term passaing-induced senescence in C2C12 myoblasts and Or10j5 expression in mouse skeletal muscle tissues.
a, Cumulative population doubling level (PDL) during continuous passage of C2C12 cells. The boxed region is shown at higher magnification. b, Direct cell counts comparing early passage proliferating (P) and high-passage replicative senescence (RS) C2C12 cells. c, Relative mRNA expression of cell cycle regulators and SASP factors in P and RS cells by qPCR. d, Or10j5 mRNA expression (2-ΔΔCt) in skeletal muscles of young (8-week-old) mice: tibialis anterior (TA), extensor digitorum longus (EDL), gastrocnemius (Gas), soleus (Sol), quadriceps (Quad), and triceps (Tri). Data are presented as mean ± SD for in vitro experiments and mean ± SEM. for in vivo experiments. Statistical significance was determined using an unpaired two-tailed Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant. 
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Extended Data Fig. 2 | Generation and validation of Or10j5 knockout mice using CRISPR/Cas9. 
a, Schematic illustration of the CRISPR/Cas9 target site at the Or10j5 locus used to generate Or10j5 knockout (KO) mice. Genomic location of the Or10j5 gene on mouse chromosome 1 (NC_000067.7), retrieved from the NCBI reference genome (GRCm39). b, Genotyping results of Or10j5 KO and WT mice used in the natural aging experiment. PCR analysis confirmed the expected deletion band (351 bp) in Or10j5 KO mice and the WT band (606 bp) in both young and aged mice. 


[image: ] Extended Data Fig. 3 | Loss of Or10j5 gene impaired skeletal muscle function in dexamethasone-induced muscle atrophy. 
a, Experimental design. Eleven-week-old male C57BL/6N WT and Or10j5 KO mice were acclimated for 14 days prior to treatment. Dexamethasone (25 mg kg-1 body weight) was administered by daily intraperitoneal (i.p.) injection for 14 consecutive days to induce muscle atrophy. Exercise performance was assessed on day 12 of treatment. b, Body weight (left) and body weight gain (right) over the 28-day experimental period in WT and Or10j5 KO mice. c, Skeletal muscle weights. d, Representative H&E-stained cross-sections of TA muscle (left) and quantification of cross-sectional area (CSA; right). Scale bar, 50 μm. e,f, Exercise performance tests. e, Grip strength. f, Treadmill running performance, including distance to exhaustion (left) and time to exhaustion (right). g,h, Relative mRNA expression determined by qPCR. g, Myogenic genes and mitochondrial biogenesis regulators. h, Muscle atrophic-associated genes, pro-fibrosis gene, and cell cycle regulators and SASP factors. i, Immunoblot analysis and densitometric quantification of γ-H2AX, CDKN1A, and LAMIN-B1 in skeletal muscle tissues from WT and Or10j5 KO mice (n = 7 per group). Protein levels were normalized to β-ACTIN. Data are presented as mean ± SEM (n = 7 independent experiments). Statistical significance was determined using an unpaired two-tailed Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.

[image: ]Extended Data Fig. 4 | Deletion of Or10j5 exaggerated skeletal muscle dysfunction and senescence in Dox-induced atrophy. 
a, Experimental design. Nine-week-old male C57BL/6N WT and Or10j5 KO mice were acclimated for 4 days prior to treatment. Doxorubicin (10 mg kg-1 body weight) was administered by daily i.p. injection for 3 consecutive days to induce muscle atrophy. b, Body weight (left) and body weight gain (right) over the 7-day experimental period in WT and Or10j5 KO mice. c, Skeletal muscle weights. d, Representative H&E-stained cross-sections of TA muscle (left) and quantification of CSA (right). Scale bar, 50 μm. e,f, Exercise performance tests. e, Grip strength. f, Treadmill running performance, including distance to exhaustion (left) and time to exhaustion (right). g,h, Relative mRNA expression determined by qPCR. g, Myogenic genes and mitochondrial biogenesis regulators. h, Muscle atrophic-associated genes, pro-fibrosis gene, and cell cycle regulators and SASP factors. i, Immunoblot analysis and densitometric quantification of γ-H2AX, CDKN1A, and LAMIN-B1 in skeletal muscle tissues from WT and Or10j5 KO mice (n = 7 per group). Protein levels were normalized to β-ACTIN. Data are presented as mean ± SEM (n = 7 independent experiments). Statistical significance was determined using an unpaired two-tailed Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.
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[bookmark: OLE_LINK3]Extended Data Fig. 5 | Expression of GPCR signaling components, membrane localization of OR10J5, and validation of Or10j5 knockout in C2C12 myoblasts. 
a, RT-PCR analysis of Or10j5 and GPCR signaling components, including G protein α subunits and Adcy3. b. Immunoblot analysis of OR10J5, GNAL, and ADCY3, with β-ACTIN. c, Subcellular localization of OR10J5 in cytosolic and membrane protein fractions, shown by immunoblotting (left) and quantification (right). d, Representative confocal immunofluorescence images of OR10J5 (green), ATP1A1 (Na+/K+-ATPase, plasma membrane marker; red), and nuclei (DAPI, blue). Scale bar, 20 μm. e, Or10j5 mRNA expression (2-ΔΔCt) in wild-type (WT) and CRISPR/Cas9-mediated Or10j5 knockout (KO) C2C12 myoblasts under proliferating (P) and replicative senescence-like (RS) conditions. Data are presented as mean ± SD from at least three independent experiments. Statistical significance was determined using an unpaired two-tailed Student’s t-test. *P < 0.05 and ***P < 0.001.
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Extended Data Fig. 6 | Lyral-mediated Or10j5 activation in C2C12 myoblast and myotube models of senescence and atrophy.
a, Flow cytometric analysis of cell cycle distribution (left) and quantification of cell populations (right) in early-passage proliferating (P) and senescence-like high-passage (RS) C2C12 myoblasts. RS cells were treated with quercetin (10 μM) as a positive control (RS-Q) or with lyral (25 μM, RS-LL; 50 μM, RS-LH). b-e, Oxidative stress-induced senescence (Ox) model in C2C12 myoblasts. b, Representative images (left) and quantification (right) of SA-β-gal–positive cells in early-passage control (C) and Ox-treated cells with quercetin (10 μM; Ox-Q) or lyral (25 μM, Ox-LL; 50 μM, Ox-LH). Scale bar, 100 μm. c, Flow cytometric analysis of cell cycle distribution (left) and quantification of cell populations (right). d, Relative mRNA expression of cell cycle regulators and SASP factors in control (scrambled siRNA; si-Ctrl) and Or10j5 knockdown (si-Or10j5) cells. e, Representative immunoblot images of CDKN1A and LAMIN B1 in si-Ctrl and si-Or10j5 cells, with densitometric quantification from three independent experiments (n = 3). Protein levels were normalized to β-ACTIN. f,g, Doxorubicin-induced atrophy (Dox) model in C2C12 myotubes. f, Giemsa–Jenner staining of control (C) and Dox-treated myotubes with quercetin (10 μM; Dox-Q) or lyral (25 μM, Dox-LL; 50 μM, Dox-LH). Representative images (left) and quantification of the fusion index (right). Scale bar, 100 μm. g, Representative images (left) and quantification (right) of SA-β-gal–positive cells. Scale bar, 100 μm. Data are presented as mean ± SD from at least three independent experiments. Statistical significance was determined using one-way ANOVA followed by Dunnett’s multiple comparisons test against the corresponding RS, Ox, or Dox group, as appropriate. *P < 0.05, **P < 0.01, ***P < 0.001 versus the corresponding RS, Ox, or Dox group; ns, not significant.

[image: ]
Extended Data Fig. 7 | Effects of lyral in early-passage (EP) human ESC-derived myotubes.
a, Quantification of fusion index in EP myotubes under control (EP-C) and lyral-treated conditions (25 μM, EP-LL; 50 μM, EP-LH), expressed as the percentage of nuclei within MyHC-positive myotubes. b, Relative MyHC intensity. c, Quantification of SA-β-gal activity. d, Relative mRNA expression of muscle atrophy–associated genes and cell cycle regulator and SASP factors. Data are presented as mean ± SD. Statistical significance was determined by unpaired two-tailed Student’s t-test for comparisons between two groups, as appropriate. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.

Extended Data Table 1. List of primary and secondary antibodies used for immunoblotting (IB) and immunocytochemistry (ICC).
	Antigen (Origin)
	Dilutions
	Company
	Catalogue Number

	OR10J5 (rabbit IgG)
	1:500 (ICC/IF)
	Invitrogen
	#OSR00047W

	OR10J5 (rabbit IgG)
	1:1000 (IB)
	Invitrogen
	#OSR00047W

	ATP1A1 (mouse IgG)
	1:200 (ICC/IF)
	Santa Cruz Biotechnology
	sc-48345

	ATP1A1 (mouse IgG)
	1:1000 (IB)
	Santa Cruz Biotechnology
	sc-48345

	GNAL (mouse IgG)
	1:1000 (IB)
	Santa Cruz Biotechnology
	sc-135914

	ADCY3 (mouse IgG)
	1:1000 (IB)
	Santa Cruz Biotechnology
	sc-588

	γ-H2AX (Ser139; rabbit IgG)
	1:1000 (IB)
	Cell Signaling
	9718

	CDKN1A/p21Cip1 (rabbit IgG)
	1:1000 (IB)
	AbClonal
	A19094

	LAMIN-B1 (rabbit IgG)
	1:1000 (IB)
	Abcam
	Ab1604

	Phosphor-CREB (Ser133; mouse IgG)
	1:1000 (IB)
	Santa Cruz Biotechnology
	sc-81486

	CREB (mouse IgG)
	1:1000 (IB)
	Santa Cruz Biotechnology
	sc-377154

	CDKN2A/p16INK4a (rabbit IgG)
	1:1000 (IB)
	AbClonal
	A11651

	Total MYH (mouse IgG)
	1:1000 (IB)
	Developmental Studies Hybridoma Bank (DSHB)
	MF-20

	MYH2 (mouse IgG)
	1:1000 (IB)
	Developmental Studies Hybridoma Bank (DSHB)
	SC-71

	TRIM63 (mouse IgG)
	1:1000 (IB)
	Santa Cruz Biotechnology
	sc-134397

	β-ACTIN (rabbit IgG)
	1:100000 (IB)
	AbClonal
	AC026

	Secondary Antibodies (Origin)
	Dilutions
	Company
	Catalogue Number

	Anti-rabbit IgG HRP-linked (goat)
	1:5000 (IB)
	Invitrogen
	31460

	Anti-mouse IgG HRP-linked (goat)
	1:5000 (IB)
	Invitrogen
	31430

	Anti-rabbit IgG Alexa Fluor 488 (goat)
	1:500 (ICC/IF)
	Invitrogen
	A-11008

	Anti-mouse IgG Alexa Fluor 594 (goat)
	1:500 (ICC/IF)
	Invitrogen
	A-11032


1OR10J5; olfactory receptor 10j5, ATP1A1; ATPase Na+/K+ transporting subunit alpha 1, GNAL; guanine nucleotide-binding protein (G protein) G(olf) subunit α, ADCY3; adenylate cyclase 3, γ-H2AX; phosphorylation of H2A histone family member X, CDKN1A/p21Cip1; cyclin-dependent kinase inhibitor 1A encodes the p21CIP1, CREB; cAMP response element-binding protein, CDKN2A/p16INK4a; cyclin-dependent kinase inhibitor 2A and its protein product p16 inhibitor of CDK4 (p16INK4a), Total MYH; total myosin heavy chain, MYH2; myosin heavy chain IIa, TRIM63; tripartite Motif containing 63 (Muscle RING Finger 1, MuRF1)

Extended Data Table 2. Primer sequence list.
	Gene1
	Species
	Forward (5’-3’)
	Reverse (5’-3’)

	Or10j5
	Mouse
	TGGTCATTGTCCCACGGATG
	CAAGGCACACATTCCCTTGC

	Adcy3
	Mouse
	CCACATAGGAAGGGGGATTT
	CTGCTTTGGGGAAGCTACAG

	Gnal
	Mouse
	GCTGCAGGGTAAGTCTCAGG
	ACGCTCATTGCTCATCCTCT

	Gnas
	Mouse
	ACAAGCAGGTCTACCGGGCC
	GTTAAACCCATTAACATGCA

	Gnaq
	Mouse
	CTCGCAGTTGTCCTGTTTGC
	CTGTATGGCGTGATGGGTGT

	Gna11
	Mouse
	TCCAGTTGAGGGTCCGATCT
	GCACACTTGGCACATACTGC

	Gna12
	Mouse
	CAGTGGGCATCTCGAATCCA
	CTGGGGTTGGGTTTCTGTCA

	Gna13
	Mouse
	TCAGCCCAGAAAGCATGAGG
	CGGCACAATGTTAGCGGATG

	Cdkn1a
	Mouse
	GAATGGAGACAGAGACCCCAG
	GACAACGGCACACTTTGCTC

	Trp53
	Mouse
	ATCCTGGCTGTAGGTAGCGA
	GCAGTCATCCAGTCTTCGGA

	Il6
	Mouse
	TTGGGACTGATGCTGGTGAC
	AGCCTCCGACTTGTGAAGTG

	Il1β
	Mouse
	GTCGCTCAGGGTCACAAGAA
	GTGCTGCCTAATGTCCCCTT

	Cxcl1
	Mouse
	TTGTATGGTCAACACGCACG
	ACGAGACCAGGAGAAACAGG

	Ccl2
	Mouse
	GTCTGTGCTGACCCCAAGAA
	GCATCACAGTCCGAGTCACA

	Myod
	Mouse
	TACAGTGGCGACTCAGATGC
	GAGATGCGCTCCACTATGCT

	Myh2
	Mouse
	AAGCGAAGAGTAAGGCTGTC
	GTGATTGCTTGCAAAGGAAC

	Trim63
	Mouse
	CAACATTAACATGTGGGTGTAT
	GTCACTCAGCCTCTGCATG

	Fbxo32
	Mouse
	GAGAACCTGGAGAAGCAGCT
	CCGCGGTTGGTCCAGTAG

	Ppargc1a
	Mouse
	CACCAAACCCACAGAAAACAG
	GGGTCAGAGGAAGAGATAAAGTTG

	Nrf1
	Mouse
	AATGTCCGCAGTGATGTCC
	GCCTGAGTTTGTGTTTGCTG

	Nrf2
	Mouse
	TGAAGTTCGCATTTTGATGGC
	CTTTGGTCCTGGCATCTCTAC

	Tfam
	Mouse
	CACCCAGATGCAAAACTTTCAG
	CTGCTCTTTATACTTGCTCACAG

	Rpl32
	Mouse
	GCCCAAGATCGTCAAAAAGA
	ATTGTGGACCAGGAACTTGC

	OR10J5
	Human
	ACACACTGGTCATTGTGCCA
	AATGCCAAAGGACCCACACA

	CDKN1A
	Human
	AGGTGGACCTGGAGACTCTCAG
	TCCTCTTGGAGAAGATCAGCCG

	TP53
	Human
	GCCCCTCCTCAGCATCTTAT
	AAAGCTGTTCCGTCCCAGTA

	CXCL1
	Human
	AGCTTGCCTCAATCCTGCAT
	CCTCTGCAGCTGTGTCTCTC

	CCL2
	Human
	CCTTCATTCCCCAAGGGCTC
	GGTTTGCTTGTCCAGGTGGT

	IL6
	Human
	CTGGGGATGTCTGTAGCTCA
	CTGTGAAGTCTCCTCTCCGG

	RPL32
	Human
	AGAAGTTCATCCGGCACCAG
	CACTTCCAGCTCCTTGACGT


1Or10j5; olfactory receptor 10j5, Adcy3; adenylate cyclase 3, Gnal; guanine nucleotide-binding protein (G protein) G(olf) subunit α, Gnas; G protein G(s) subunit α, Gnaq; G protein G(q) subunit α, Gna11; G protein G(i) subunit α-1, Gna12; G protein subunit α-12, Gna13; G protein subunit α-13, Cdkn1a; cyclin dependent kinase inhibitor 1a, Trp53; transformation related protein 53, Il6; interleukin 6, Il1β; interleukin-1 beta, Cxcl1; CXC motif chemokine ligand1, Ccl2; C-C motif chemokine ligand2, Myod; myogenic differentiation, Myh2; myosin heavy chain 2a, Trim63; tripartite Motif containing 63 (Muscle RING Finger 1, MuRF1), Fbxo32; F-box protein 32 (MAFbx), Ppargc1α; peroxisome proliferator activated receptor gamma coactivator 1 alpha, Nrf1; nuclear respiratory factor1, Nrf2; nuclear factor, erythroid derived 2, like 2, Tfam; transcription factor A mitochondrial, Rpl32; ribosomal protein L32.

Materials and Methods

CRISPR/Cas9-mediated generation of Or10j5 knockout C2C12 myoblast
Guide RNA (gRNA) oligonucleotides targeting the murine Or10j5 gene (NM_008763.2) were designed using the ChopChop online tool (http://chopchop.cbu.uib.no). The selected protospacer sequence was 5’-ACACACTGGTCATTGTCCCACGG-3’ (CGG, PAM sequence). For PX459 vector cloning, the top and bottom oligonucleotides corresponding to the gRNA target sequence were synthesized as 5’-CACCGACACACTGGTCATTGTCCCA-3’ (top) and 5’-AAACTGGGACAATGACCAGTGTGTC-3’ (bottom), respectively. Oligos were cloned into the PX459 vector (Provided by Prof. Hun Sang Lee from Korea University, Seoul, Korea), which encodes SpCas9 and a puromycin resistance cassette. C2C12 cells were transfected with the CRISPR/Cas9 constructs using Lipofectamine 2000 (Thermo Fisher) according to the manufacturer’s protocol. After transfection, cells were selected with puromycin (8 μg/mL) for 3 days, and single-cell clones were isolated by limiting serial dilution. For validation, genomic DNA was extracted and PCR amplification of the targeted Or10j5 locus was carried out using primers flanking the gRNA binding site: forward primer 5’-AAATACTCCAGTTGTGACTCCTCAC-3’ and reverse primer 5’-AGTGGTATCAACACAAGAAAGCTTC -3’. Amplicons were purified and subjected to Sanger sequencing with the same forward primer. Editing efficiency and indel patterns were further analyzed using the TIDE (Tracking of Indels by Decomposition) web tool (https://tide.deskgen.com). Clones with biallelic disruptions were designated as Or10j5 KO C2C12 cells.

Small interfering RNA (siRNA)-mediated knockdown of Or10j5
Mouse Or10j5 siRNA was transfected using a commercial siRNA reagent system (Santa Cruz Biotechnology) as previously reported1. Briefly, cells were transfected with 20 nM control siRNA (nontargeting siRNA) or Or51e2 siRNA using lipofectamineTM 2000 (Invitrogen). The siRNA-Lipofectamine complexes were prepared in Opti-MEM (Invitrogen) and incubated with cells in antibiotic-free, medium for 8 hours. After transfection, the medium was replaced with complete growth medium, and cells were cultured for 48 hours before further analysis. The efficiency of siRNA-mediated knockdown was validated by RT-PCR. 

Animal models
[bookmark: _Hlk210480636]For the dexamethasone-induced muscle atrophy model, 11-week-old male WT and Or10j5 KO mice were divided into four groups (n = 7 per group): WT control, dexamethasone-induced atrophy WT, KO control, and dexamethasone-induced atrophy KO. Daily intraperitoneal (i.p.) injections of dexamethasone (25 mg/kg bw; Sigma Aldrich) were initiated on day 14. 
For the doxorubicin-induced senescence model, 9-week-old male WT and Or10j5 KO mice were divided into four groups (n = 6 per group): WT control, doxorubicin-induced senescence WT, KO control, and doxorubicin-induced senescence KO. Mice received doxorubicin (10 mg/kg bw; Cayman Chemical, Ann Arbor, MI, USA) by i.p. injection. 
For the natural aging model, 14-week-old (young) and 82-week-old (aged) WT and Or10j5 KO male mice were used, following previously described criteria2. Young cohorts were derived from littermates of the aged groups to minimize genetic and environmental variation. Mice were assigned to six groups according to genotype and treatment: WT young group (WT-Y, n = 5), WT aged group (WT-A; n = 7), lyral-treated (50 mg/kg bw) WT aged group (WT-AL; n = 7), Or10j5 KO young group (KO-Y; n = 5), Or10j5 KO aged group (KO-A; n = 7), and lyral-treated (50mg/kg bw) KO aged group (KO-AL; n = 7). Lyral (purity 99%; Career Henan Chemical Co. Ltd., China) was dissolved in saline and administered i.p. at 50 mg/kg body weight (bw) every other day for 8 weeks. 
Body weight and food intake were monitored weekly in the natural aging model, daily in the doxorubicin-induced senescence model, and at 4-day intervals in the dexamethasone-induced atrophy model. At the end of each experiment, mice were euthanized under anesthesia, and plasma as well as skeletal muscle tissues—including the tibialis anterior (TA), extensor digitorum longus (EDL), gastrocnemius (Gas), soleus (Sol), quadriceps (Quad), and triceps (Tri)—were collected, weighed, and snap-frozen in liquid nitrogen for subsequent analyses.

Exercise experiments
Exercise capacity of all mice was assessed using a treadmill (JD-A-09; JeungDo Bio & Plant, Korea) and grip strength (FGJN-5; NIDEG-SHIMPO, Japan). For the treadmill test, mice were acclimatized for 2 days at 10 m/min for 10 minutes. On the test day, running was performed at a 10° inclination, starting at 5 m/min for 5 minutes and 10 m/min for 10 minutes, followed by incremental increases of 2 m/min every 5 minutes until exhaustion. Exhaustion was defined as remaining on the shock grid (20 V) for more than 3 seconds. For grip strength, mice were trained before measurement, and grip strength was recorded six times using both forelimbs and hindlimbs. 

Body composition
The body composition was assessed using Dual Energy X-ray Absorptiometry (DEXA, InAlyzer, Medikors, Seongnam, Korea). Mice were anesthetized with inhaled isoflurane (Hana Pharm Co., Hwaseong, Korea) mixed with oxygen for immobilization. Body composition parameters were calculated from the attenuation of two different X-ray energy levels using the InAlyzer software. 
 
Histological Analysis
Isolated Gas skeletal muscle tissues were fixed in a buffer solution of 4% formalin and embedded in paraffin. Sections with a thickness of 4 μm were prepared and stained with hematoxylin and eosin (H&E). The stained areas were viewed using a light microscope at a magnification of ×200. Cross-sectional areas (CSA) were measured using ImageJ software (National Institutes of Health [NIH], Bethesda, MD, USA).

Giemsa-Jenner staining 
Giemsa-Jenner staining was performed to visualize C2C12 myotubes, and the fusion index was calculated as described previously3. Briefly, cells were fixed in methanol, stained with Henner and Giemsa solutions, and imaged under a light microscope (Nikon, Tokyo, Japan). The fusion index was determined as the percentage of nuclei located within multinucleated myotubes relative to total nuclei per field using ImageJ software (NIH).

Senescence-associated β-galactosidase (SA β-gal) staining
SA-β-gal staining of cultured cells and skeletal muscle was performed using protocols modified from previously described methods4,5. For the cell-based assay, cells were seeded in 24-well plates and, on the following day, treated with lyral; quercetin was used as a positive control. Cells were fixed with 0.5% glutaraldehyde (w/v; Sigma-Aldrich) for 15 minutes at room temperature, washed with PBS (pH 6.0), and incubated overnight at 37 ℃ in X-gal staining solution (1 mg/mL X-gal [Thermo Fisher Scientific], 5 mM potassium ferricyanide, and 5 mM potassium ferrocyanide), as described previously4. Bright-field images were acquired using an inverted light microscope at 10× magnification (Nikon). For tissue staining, Gas muscles were dissected, embedded in OCT, and snap-frozen in isopentane cooled with liquid nitrogen. Cryosections (8-μm) were collected on slides, air-dried, and fixed in 2% formaldehyde/0.2% glutaraldehyde for 5 minutes. Sections were incubated in SA-β-gal staining solution (pH 6.0; 1 mg/mL X-gal, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM MgCl2, 150 mM NaCl, and 40 mM citric acid/sodium phosphate buffer) overnight at 37 ℃ in a dry incubator 5. After PBS washing, slides were mounted with aqueous medium and imaged. For hESC-differentiated myotubes, cells were fixed with 2% formaldehyde and 0.2% glutaraldehyde (w/v; Sigma-Aldrich) for 5 minutes at room temperature; all subsequent steps, including washing and incubation in SA-β-gal staining solution, were performed under the same conditions.

Immunocytochemistry 
Immunocytochemistry was performed as previously described4,6,7. C2C12 myoblasts were seeded on confocal slides at a density of 5 × 104 cells/well. After 24 h of incubation, the cells were washed twice with cold phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde (PFA) for 10 minutes on ice. Fixed cells were incubated with 5% bovine serum albumin (BSA) in PBS for 1 hour and then incubated overnight at 4℃ with one of the following primary antibodies for immunocytochemistry. Detailed information on primary and secondary antibodies is provided in Extended Data Table 1. After washing three times with PBS, cells were incubated with appropriate secondary antibodies for 2 hours in the dark. After washing, the nuclei were counterstained with DAPI (Cayman Chemical) for 5 minutes, followed by two washes with PBS. Fluorescent image analysis was performed using an LSM510 META confocal microscope with LSM700 version 3.2 software (Carl Zeiss, Jena, Germany). For hESC-differentiated myotubes, all procedures were same, except that imaging was performed using an EVOS M7000 Imaging System (Thermo Fisher Scientific).

Reverse Transcription PCR (RT-PCR) and Quantitative Real-Time PCR (qRT-PCR)
RT-PCR and qRT-PCR were performed as previously described1,8. Briefly, total RNA was isolated from cells and tissues using RNAiso Plus Reagent (Takara Bio, Otsu, Japan). RNA concentration and purity were measured using a Multiskan GO spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). cDNA synthesis was performed using ReverTra Ace RT Master Mix with a gDNA Eraser (Toyobo, Osaka, Japan), according to the manufacturer’s instructions. RT-PCR was conducted using Dreamtaq Green PCR Master Mix (Thermo Fisher Scientific) on a S1000 Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA) with specific primers for target genes. The primer sequences used for the experiment are shown in Extended Data Table 2. The RT-PCR products were confirmed by agarose gel electrophoresis at a current level of 5V/cm. Gel images were captured using the ChemiDoc Touch System (Bio-Rad Laboratories). Band density was analyzed using the Image Lab software (version 5.2; Bio-Rad Laboratories). qRT-PCR was performed using conducted theThunderbird SYBR® qPCR Mix reagent (Takara Bio) and analyzed using the iQ6 Cycler System (Bio-Rad Laboratories). The 2-ΔΔCt method was used to analyze the relative changes in gene expression. The mRNA expression was validated using RT-PCR and qPCR analysis with ribosomal protein 32 (Rpl32) as a control, and target gene expression was normalized to Rpl32 expression. For hESC-differentiated myotubes, similar procedures were followed, except that total RNA was extracted using RNeasy Plus Mini Kits (QIAGEN), cDNA was synthesized using the HiScript IV 1st Strand cDNA Synthesis Kit with gDNA wiper (Vazyme), and RT-qPCR was performed using PowerUp SYBR Green Master Mix (Thermo Fisher Scientific) on a QuantStudio 6 Pro Real-Time PCR System (Thermo Fisher Scientific). Gene expression was assessed using human ribosomal protein 32 (RPL32) as the control gene and normalized to RPL32 expression.
 
Isolation of the plasma membrane fraction and immunoblotting
To detect Or10j5, plasma membrane proteins were extracted using a plasma membrane protein extraction kit (101 Bio, Palo Alto, CA, USA), according to the manufacturer’s instructions. To extract the total proteins, cells were lysed with ice-cold RIPA buffer containing 1% Halt protease and phosphatase inhibitor reagent (Thermo Fisher Scientific). The plasma membrane protein and total protein concentrations were determined using the Bradford reagent (Bio-Rad Laboratories). Equal quantities of proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes (GVS Filter Technology, Morecambe, UK). The membranes were blocked with 5% skimmed milk for 1 hour and incubated overnight at 4 ℃ with primary antibodies. After washing, membrane was incubated with appropriate secondary antibodies. Detailed information on all primary and second antibodies is provided in Extended Data Table1. Immunoblot images were obtained using the Chemi-Doc Touch Imaging System (Bio-Rad Laboratories). Band density was analyzed using Image Lab Software (version 5.2; Bio-Rad Laboratories). 
 
Second messenger analysis
The intracellular second messengers, cyclic AMP (cAMP), inositol phosphate (IP1), and calcium (Ca2+), were analyzed in the C2C12 myoblast1,8. cAMP concentrations were determined using a Fluorometric ELISA Kit (36373; AAT Bioquest, Sunnyvale, CA, USA), IP1 concentrations were determined using an HTRF IP-one Tb Kit (621PAPEC; Cisbio Bioassays, Bedford, MA, USA), and Ca2+ concentrations were determined using a Fluo-4 NW Calcium Assay Kit (F36206; Invitrogen) according to the manufacturers’ instructions. The levels of cAMP and Ca2+ were measured using a VICTOR X Multilabel Plate Reader (PerkinElmer, Inc., Waltham, MA, USA). The IP1 concentration was measured using an EnVision XCite Multimode Plate Reader (PerkinElmer).

CRE luciferase assay 
To measure luciferase activities by the influence of propionate. Hana3A cells were seeded in a 96-well plate at a density of 5×104 cells per well. After overnight incubation, Hana3A cells were transiently transfected with the Or10j5 mammalian expression vector (Origene, Rockville, MD, USA) or a mock vector using 293TranTM transfection reagent (Origene). Each vector (0.8 µg), CRE, Renilla, and 293TranTM (2 µL) were added to the Hana3A cells and incubated overnight. Subsequently, the control group was treated with DMSO, the positive control group was treated with forskolin (10 nM; Cayman Chemical), and the experimental group was treated with lyral for 24 hours. Luciferase activities were detected by the Dual-Luciferase® Reporter Assay System (E1960; Promega, Madison, WI, USA). The firefly luminescence signal was normalized to that of Renilla luciferase driven by a constitutively active SV40 promoter (pRL-SV40; Promega, Madison, WI, USA). The luminescence was measured using a VICTOR X Multilabel Plate Reader (PerkinElmer, Inc., Waltham, MA, USA). 

Measurement of cell proliferation
Cell proliferation was assessed using both direct cell counting and a fluorescence-based method to ensure accurate quantification of growth under lyral treatment. Cells were seeded in 24-well plates and treated with lyral (25 and 50 μM). For direct cell counting, cells were harvested at the indicated time points by detaching them with trypsin, and cell numbers were determined using the ADAM-MC Automatic Cell Counter (NanoEnTek, Seoul, Korea). To complement this analysis, cell proliferation rates were measured using a fluorescence-based assay with CyQUANT dye9, a sensitive nucleic acid-binding fluorophore, in combination with a commercial CyQUANTTM NF Cell Proliferation Assay kit (Invitrogen). Fluorescence was measured using a VICTOR X Multilabel Plate Reader (PerkinElmer) with excitation at 485 nm and emission at 530 nm. 
 
Cell cycle analysis of C2C12 myoblasts by flow cytometry 
Cell cycle analysis was performed by propidium iodide (PI) staining followed by flow cytometry, as previously described10. C2C12 myoblasts were seeded in 6-well plates and exposed to lyral for 24 hours. Cells were harvested, washed twice with ice-cold PBS, and fixed in 70% ethanol (v/v) at -20 ℃. After washing twice with PBS, cells were stained with FxCycleTM PI/RNase Staining Solution (Molecular Probes, Life Technologies, Carlsbad, CA, USA) and incubated at 22 ℃ in the dark for 30 minutes. DNA content was analyzed using BD Accuri C6 Plus flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA), and cell cycle distribution was determined with a BD Accuri C6 Plus software (v1.0.23.1; BD Biosciences). 

Statistical Analysis
The results are presented as the mean ± standard deviation (SD) for in vitro studies and mean ± standard error of the mean (SEM) for in vivo studies. All experiments were performed at least three times. Statistical analyses were performed using GraphPad Prism 8.0.1 software (GraphPad Software, Inc., San Diego, CA, USA). Statistical analysis for multiple comparisons was performed using one-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons to analyze statistical significance. An unpaired two-tailed Student’s t-test Student’s t-test was used to compare the two groups. Statistical significance was set at P < 0.05. 
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