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Abstract

Background Mitochondrial dysfunction is one of the hallmarks of aging and a leading contributor to sarcopenia. Nu-
trients are essential for improving mitochondrial function and skeletal muscle health during the aging process. Betaine
is a nutrient with potential muscle-preserving properties. However, whether and how betaine could regulate the mito-
chondria function in aging muscle are poorly understood. We aimed to explore the molecular target and underlying
mechanism of betaine in attenuating the age-related mitochondrial dysfunction in skeletal muscle.

Methods Young mice (YOU, 2 months), old mice (OLD, 15 months), and old mice with betaine treatment (BET,
15 months) were fed for 12 weeks. The effects of betaine on muscle mass, strength, function, and subcellular structure of
muscle fibres were assessed. RNA sequencing (RNA-seq) was conducted to identify the molecular target of betaine. The im-
pacts of betaine on mitochondrial-related molecules, superoxide accumulation, and oxidative respiration were examined
using western blotting (WB), immunofluorescence (IF) and seahorse assay. The underlying mechanism of betaine regulation
on the molecular target to maintain mitochondrial function was investigated by luciferase reporter assay, chromatin immu-
noprecipitation and electrophoretic mobility shift assay. Adenoassociated virus transfection, succinate dehydrogenase stain-
ing (SDH), and energy expenditure assessment were performed on 20-month-old mice for validating the mechanism in vivo.
Results Betaine intervention demonstrated anti-aging effects on the muscle mass (P = 0.017), strength (P = 0.010),
and running distance (P = 0.013). Mitochondrial-related markers (ATP5a, Sdha, and Uqcrc2) were 1.1- to 1.5-fold
higher in BET than OLD (all P < 0.036) with less wasted mitochondrial vacuoles accumulating in sarcomere. Bioinfor-
matic analysis from RNA-seq displayed pathways related to mitochondrial respiration activity was higher enriched in
BET group (NES = —0.87, FDR = 0.10). The quantitative real time PCR (qRT-PCR) revealed betaine significantly re-
duced the expression of a novel mitochondrial regulator, Mss51 (—24.9%, P = 0.002). In C2C12 cells, betaine restored
the Mss51-mediated suppression in mitochondrial respiration proteins (all P < 0.041), attenuated oxygen consumption
impairment, and superoxide accumulation (by 20.7%, P = 0.001). Mechanically, betaine attenuated aging-induced re-
pression in Yyl mRNA expression (BET vs. OLD: 2.06 vs. 1.02, P = 0.009). Yyl transcriptionally suppressed Mss51
mRNA expression both in vitro and in vivo. This contributed to the preservation of mitochondrial respiration, improve-
ment for energy expenditure (P = 0.008), and delay of muscle loss during aging process.

Conclusions  Altogether, betaine transcriptionally represses Mss51 via Yyl, improving age-related mitochondrial respi-
ration in skeletal muscle. These findings suggest betaine holds promise as a dietary supplement to delay skeletal muscle
degeneration and improve age-related mitochondrial diseases.
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Introduction

Sarcopenia is characterized by the progressive loss of skeletal
muscle mass, strength, and function during the aging
process,” resulting in reduced mobility, fragility, and disability
in the aging populations. The high prevalence of sarcopenia
in older adults has emerged as a significant public health con-
cern and strategies to combat muscle loss are warranted as
early as possible to promote healthy aging in society.? Aging
leads to a reduction in both the overall number of mitochon-
dria and the expression of proteins related to mitochondrial
respiration, which is one of the major contributor to muscle
loss.> During aging, there is an approximate 15% decline in
the expression of muscle mitochondrial respiration-related
proteins (e.g., NDUFA9 and SDHA).* Meanwhile, age-related
blunt in the muscle mitochondrial oxidative phosphorylation
(OXPHOS) leads to the accumulation of aberrant mitochon-
drial vacuoles and reactive oxygen species (ROS), subse-
quently impairing the sarcomere structure and exacerbating
muscle loss.> Moreover, mitochondrial respiration inhibition
results in diminished energy metabolism, as evident by re-
duced VO,m.x and substantial impairment in lower limb
strength, ultimately impeding mobility in aging individuals.®
Hence, approaches mitigating age-related mitochondrial
dysfunction hold promise in preventing against age-related
muscle loss.

Betaine is a dietary methyl donor that can be sourced from
beetroot, wheat and shrimp shells.” Epidemiological studies
displayed the positive associations between the dietary beta-
ine intake and the preservation of the lean mass in the
middle-age and older adults.® Our previous animal study
demonstrated that betaine promotes protein synthesis and
preserves skeletal muscle mass and strength.® These results
suggested dietary betaine supplementation is a promising ap-
proach for delaying the age-related muscle loss. Additionally,
several in vitro or in vivo studies have indicated betaine has
the potential to regulate mitochondrial function. For exam-
ples, betaine-treated H2.35 cells exhibited upregulated mito-
chondrial respiration and cytochrome ¢ oxidase activity.*° In
an acute liver injury model, betaine demonstrated hepatic
protective effects by enhancing mitochondrial fusion and cel-
lular survival.** Additionally, betaine could increase mito-
chondrial content and facilitate the hepatic fatty acid beta ox-
idation to regulate the lipid metabolism.'? Nevertheless, the
effects and underlying mechanisms of betaine on improving
mitochondrial function in skeletal muscle during the aging
process remain unclear.

A skeletal muscle-specific mitochondrial regulator, Mss51,
can comprehensively affect assembly of mitochondrial elec-
tronic transport chain (ETC),*® regulate ROS,** and control
mitochondrial biogenesis.®®> These findings indicate that
Mss51 may be a promising target for regulating mitochon-
drial function in aging muscle. Recent studies suggested that
Mss51 could be transcriptionally controlled.*® Furthermore,

a molecular docking and simulation study suggests that
Mss51 could be a target for type 2 diabetes by interacting
with zinc-related natural compounds.’” Betaine showed
promise in the regulation of gene transcription.*® Addition-
ally, its methyltransferase (BHMT) is a zinc (Zn)-dependent
methyltransferase.’® As a natural dietary component, few
evidence showed the effects of betaine on Mss51.

Given these observations, we explored effects and mecha-
nism of betaine on ameliorating age-related mitochondrial
dysfunction. Our findings will suggest that betaine holds po-
tential as a novel anti-aging treatment, offering a promising
alternative to genetic reprogramming technologies while
avoiding their associated complexities.

Methods

Mice and intervention

Male C57BL/6J mice aged 2 months and 15 months were ob-
tained from Guangdong Animal centre and housed on a 12 h
light/dark cycle. The mice were divided into three groups:
young group (YOU, 2 month), old group (OLD, 15 months)
and old group treated with betaine (BET, 15 months). All mice
were fed ad libitum with a standard chow diet for 12 weeks.
The mice in the YOU and OLD were given distilled water,
while the mice in the BET group were given distilled water
with 2% (w/v) betaine. The animal experiment has been ap-
proved by the ethics committee of school of public health,
Sun Yat-sen University (Permit No. 2017-007).

Body composition

Body composition analysis was conducted using a Small Ani-
mal MRI System (Niumag, NM21-060H-I, China) following
the manufacturer’s instructions.

Grip strength

Muscle strength was evaluated using a grip test with a grip
strength meter (ZS-ZL, China). The mice were placed on a
metal bar with all four limbs until they calmed down. The
peak grip strength was recorded using the MiniTAR system.

Running test

Mice underwent a running test on a treadmill (ZS-PT-Il,
China) for 15 min, starting at a speed of 10 m/min and in-
creasing to 25 m/min over 2 min. The intensity of the elec-
tronic current was set as 0.5 mA. The results of running test
were assessed based on the distance covered, time taken,
and speed achieved by the mice.
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Muscle histological analyses

After assessing muscle mass and strength, the mice were
sacrificed, and their gastrocnemius muscles were isolated
for H&E staining and transmission electron microscopy
(TEM). Detailed procedures are described in Data S1 and S2.

Gene expression analysis

Total RNA was extracted from approximately 30 mg of gas-
trocnemius muscle by homogenizing (TissueLyser I, QIAGEN)
in TRIzol (Invitrogen, USA) and reverse transcribed using the
PrimeScript” RT reagent kit (TAKARA, Japan). The gene ex-
pression analysis was performed using a gRT-PCR system with
SYBR green fluorescence (TAKARA, Japan), with data normal-
ized to 18s expression. Primer sequences are provided in
Table S1.

Western blotting

The total protein lysates were extracted from gastrocnemius
muscle or cells in RIPA with 2x protease complete cocktail
(Beyotime, China). The total protein was quantitated by the
bicinchoninic acid assay (BCA, Soyotime) method. The protein
sample was mixed with loading buffer (1:4, v:v) and dena-
tured at a temperature of 100°C. Equal amount of protein
sample were resolved on a SDS-PAGE gel system (8%, 10%,
or 12%, Bio-Rad) and transferred to PVDF membrane
(MilliporeSigma). The primary antibodies and secondary anti-
bodies were incubated sequentially. The proteins were finally
visualized by TANON imaging system with the Signal Fire ECL
reagent (Invitrogen). The semi-quantifications were then per-
formed by the Image) software (version 1.52a, NIH, USA) af-
ter normalizing the total protein amount, Gapdh or Vdacl ex-
pression. Primary antibodies were Sdha (Abcam, ab137040),
Vdacl (Abcam, A19707), Ndufb8 (Abcam, ab192878), Atp5a
(Abcam, ab176569), Uqcrc2 (Abcam, ab203832), MtCO1
(Abcam, ab203912), and Gapdh (CST, #2118).

RNA sequencing

Approximately 100 mg gastrocnemius muscle from mice in
the three groups were applied for RNA sequencing
underwent RNA sequencing performed by GENEWIZ™ (Azenta
Life Sciences, Suzhou, China) following standard procedures
for library construction and annotation.

Cell lines

C2C12 cells (National Collection of Authenticated Cell Cul-
tures, China) were cultured at 37°C with 5% CO, in DMEM

supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin—streptomycin. When the confluency of cells inten-
sity reached to 85%, the medium was changed into DMEM
supplemented with 3% horse serum for 3 days for
differentiation.

Construction and transfection of lentiviral vectors

For stable transduction of Mss51 in C2C12 cell, the
lentivirus-induced overexpression plasmid vector (pSLenti-
EF1-EGFP-P2A-Puro-CMV-3xFLAG-WPRE) was constructed by
the OBIO (Inc, Shanghai, China). The detail was described in
Data S1.

Mito superoxidase production

Mitochondrial superoxide accumulation was assessed using
the MitoSOX" Red reagent (Invitrogen) as the manufacturer
instruction in C2C12 cells.

Seahorse oxygen consumption rate analysis

Cellular respiration was evaluated using the Seahorse XFe96
Analyser (Agilent, USA) and the Seahorse Mitochondrial
Stress Test kit as described in Data S1.

Assessment of interaction between transcription
factor and transcription-start-site

Luciferase reporter assay

The 2-kb region upstream of the Mss51 promoter region was
predicted using UCSC database (http://genome.ucsc.edu) and
JASPAR database. The detail for the luciferase assay was de-
scribe in Data S1.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed
following the protocol of Pierce Magnetic ChIP Kit (Thermo
Scientific’, USA). The procedure is detailed in Data S1.

Electrophoretic mobility shift assay (EMSA)

The electrophoretic mobility shift assay (EMSA) was con-
ducted according to the LightShift” EMSA kit manual
(Thermo Scientific”, USA), with details in Data S1.

Skeletal muscle specific transfection

Mice aged 16 months were purchased from Guangdong
Yaokang (SYXK 2017-0080) and divided into WT, 2%BET, Yy1-
SM-OE, and YWISM-KD o555, All mice were raised to 20 months.
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At the age of 19 months, the adenoassociated virus (AAV) of
different expression of Yyl vectors was transfected into the
mice TA muscle (Figure 6A). The animal experiment has been
approved for the ethics committee of school of public health,
Sun Yat-sen University (Permit No. 2022-018).

Thermogenesis experiments

At the age of 20 months, all mice underwent thermogenesis
experiments as per the previous literature.?® The data were
then analysed by a web-based analysis tool, CalR (https://
CalRapp.org/).

Statistical analysis

Statistical analyses were performed with R software (version
4.2.1) and SPSS 26.0 (IBM). Graphs were produced by
Graphpad 8.0 and Adobe lllustrator CS6 (version 16.0.0).
The details were described in Data S1.

Results

Betaine delayed muscle loss and improved
mitochondrial function in aging

To investigate the impact of betaine on muscle loss, mice of
varying ages were raised for 12 weeks. The flow chart
outlining the experimental procedures is depicted in Figure
1A. Aging could induce a decline in lean mass and an increase
in fat mass (Figure S1A, B). Betaine demonstrated protective
effects against the age-related adverse body composition,
and maintained muscle strength (BET vs. OLD: 74.8 + 3.3 N/
kg:BW vs. 63.7 + 8.4 N/kg-BW, P = 0.010, Figure S1C). In the
running test, old mice covered less distance in the given time
compared with young mice. Following betaine treatment, ag-
ing mice were able to cover a longer distance in the running
test (BET vs. OLD: 238.2 £ 6.7 m vs. 200.6 + 20.5 m, P = 0.013,
Figure S1D). H&E staining revealed that betaine treatment
could mitigate age-induced nucleus centralization and pre-
serve muscle cross-sectional area (Figure S1E, F), suggesting
a potential protective role of betaine against age-related
muscle atrophy.

Age-related muscle loss can be attributed in part to im-
paired mitochondrial function (respiration, biogenesis, and
morphology).?* Significant decreases in the expression of mi-
tochondrial ETC components (Sdha, Ugcrc2, MtCO, and
ATP5a) and the biogenesis marker (PGC-1a) at mRNA and
protein levels were observed during the aging process, sug-
gesting a deterioration in muscle metabolism (Figure 1B, C).
The sarcomeres, as the fundamental units of muscle contrac-
tion, exhibited a higher presence of wasted mitochondrial

vacuoles, along with disorganized dark and light bands in
OLD group, indicating impairments in muscle function and
structure during aging (Figure 1D). Betaine treatment was ob-
served to partially reverse these age-related effects on mito-
chondrial function in skeletal muscle.

Betaine daffected the pathways related to
mitochondrial function and downregulated Mss51
gene expression in aging skeletal muscle

To investigate the underlying mechanism of betaine on mito-
chondrial function improvement, RNA sequencing of mice
gastrocnemius muscle was conducted. Comparing with the
OLD group, 529 upregulated genes and 770 downregulated
genes in the YOU group were identified, as well as 320 upreg-
ulated genes and 148 downregulated genes in the BET group
(Figure 2A). Additionally, 172 genes shared similar expression
patterns in both the YOU and BET groups, as depicted in the
Venn diagram (Figure 2A).

Gene set enrichment analysis (GSEA) results revealed that
aging significantly reduced the activity of the fatty acid
beta-oxidation pathway in the OLD group compared with
both the YOU (NES = —1.93, FDR = 0.069) and BET
(NES = —1.96, FDR = 0.14) groups (Figure 2B). Aging also
inhibited the electron transport chain (ETC) activity in the
OLD group relative to both the YOU (NES = —1.50,
FDR = 0.084) and BET (NES = —0.87, FDR = 0.10) groups
(Figure 2C). Similarly, the Gene Ontology (GO) enrichment
analysis also indicated a higher enrichment of genes related
to electron carrier activity and fatty acid beta-oxidation in
the YOU or BET groups (Figure S2A, B). These findings suggest
that betaine treatment influences regulators associated with
mitochondrial ETC function and skeletal muscle energy me-
tabolism during aging.

To explore the potential target, the differential gene ex-
pression analysis was performed. The heatmap depicted the
top 50 notably differential expressed genes. Among them,
several genes were related to skeletal muscle structure
(TnntZ and Myh7) and mitochondrial metabolism (Atp2a2)
in both the BET and YOU groups (Figure 2D). Furthermore,
GSEA revealed these top genes could cluster into pathways
related to muscle system processes in the YOU and BET
groups (Figure S2C, NES = —0.94 to —0.79, FDR = 0.10). Be-
sides, the gene expression of mitochondrial COX1
mRNA-specific translational activator, Mss51, was consis-
tently downregulated in the BET and YOU groups. Consistent
with the heatmap, the volcano plot demonstrated Mss57 was
significantly downregulated in both the BET (Figure 2E) and
YOU (Figure S2D) groups. Mss51 has been reported as a mito-
chondrial translation regulator.?>?® These results indicated
Mss51 could be age-induced in skeletal muscle and could
be a potential target for betaine regulation. The further vali-
dation was derived from gRT-PCR after excluding unknown,
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Figure 1 Betaine delayed muscle loss and improved mitochondrial function in aging. (A) Mice were divided into YOU (2 months), OLD (15 months),
and BET (15 months) groups and raised for 12 weeks. The YOU and OLD groups received distilled water, while the BET group received distilled water
with 2% (w/v) betaine. N = 6/group. (B) The qPCR experiment showed that betaine upregulated mRNA expressions of mitochondrial ETC molecules
(Sdha, Ugcrc2, MtCO, and ATP5a) and biogenesis marker (PGC-Ia). Mean + SD, n = 4/group. (C) Representative images of WB and quantification
showed that betaine treatment preserved the expression of mitochondrial ETC-related proteins (Ndufb8, Sdha, Uqcrc2, MtCO, and ATP5a).
Mean + SD, n = 4/group. (D) Representative TEM images demonstrated the subcellular structure of the sarcomere and mitochondrial morphology
among the three groups. Betaine alleviated aging-induced wasted mitochondrial vacuoles with better arrangement in the sarcomere. N = 4/group.

*P < 0.05; **P < 0.01; ***P < 0.001.

muscle non-expressed, or mitochondria-unrelated genes
(Figure 2F).

Betaine attenuated the Mss51-mediated
impairment in mitochondrial respiration

Even though Mss51 has been reported important to the
mitochondrial function in yeast, the effects of Mss51 dele-
tion on cellular metabolism, mitochondrial respiration, and
quality control in skeletal muscle are conflicted.?>?* To fur-
ther investigate betaine effects on the Mss51, C2C12 cells
with stable overexpression of FLAG-tagged Mss51 were
created (Figure S3A, B). Both control (CON) and
Mss51-overexpressing cells (Mss51°F) were treated with
betaine. Results from TEM and WB confirmed that Mss51
overexpression reduced overall mitochondrial quantity in
cells (Figure 3A) and suppressed the expression of proteins
related to mitochondrial ETC and biogenesis (Figure 3B),

suggesting impaired mitochondrial respiration and cellular
energy metabolism. Betaine treatment only reversed
Mss51’s inhibition on mitochondrial ETC-related protein ex-
pression (Figure 3B) but not the decline in mitochondrial
numbers (Figure 3A). The consistent expression of PGCla
in Mss51°F cells with or without betaine treatment further
confirmed that betaine could not counteract the deteriora-
tion of Mss51-induced mitochondrial biogenesis (Figure 3B).

We inferred that betaine’s regulation of Mss57 would have
a greater impact on the mitochondrial respiration than on
biogenesis. To test this, cellular oxygen consumption rate
(OCR) of C2C12 cells was assessed by a Seahorse XFe96
analyser (Figure 3C). Compared with CON cells, Mss51°F cells
showed decreased rates of basal, maximal respiration, proton
leak, ATP production, and spare respiratory capacity
(Figure 3C). Betaine treatment reversed the decline in basal,
maximal respiration, and spare respiratory capacity in
Mss51°F cells and had potential trend to increase basal respi-
ration, proton leak, and ATP production (Figure 3C). The
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Figure 2 Betaine affected the pathways related to mitochondrial function and downregulated Mss57 gene expression in aging skeletal muscle. (A)
RNA sequencing results were obtained from the gastrocnemius. Compared with the OLD group, there were 1299 and 468 differentially expressed
genes in the YOU and BET groups, respectively. N = 4—-6/group. (B, C) GSEA results showed that pathways related to fatty acid beta-oxidation and
ETC were more enriched in the YOU and BET groups compared with the OLD group. N = 4—6/group. (D, E) The heatmap and volcano plot illustrated
that several genes involved in skeletal muscle structure (TnntZ and Myh7) and mitochondrial metabolism (Atp2a2) were upregulated in the BET and
YOU groups, along with Mss51 downregulation. N = 4—-6/group. (F) The gqPCR results displayed that betaine negatively regulated the mRNA expression
of Mss51, which could be aging-induced. Mean + SD, n = 4/group. *P < 0.05; **P < 0.01; ***P < 0.001.

decrease in cellular OCR would lead to an accumulation of
mitochondrial superoxide.?* Confocal microscopy images re-
vealed higher levels of mitochondrial superoxide in Mss51°F
cells, which could be reduced by betaine treatment
(Figure 3D, P = 0.001). These results indicated betaine could
profoundly attenuate the Mss51-mediated suppression in
mitochondrial respiration and improve muscle energy
metabolism.

Betaine attenuated Yy1 age-related decline and
Yy transcriptionally downregulated Mss51
transcription

Based on the downregulation of Mss51 function from beta-
ine, potential transcriptional regulations related to betaine’s

impact on Mss51 gene expression were explored. Using
JASPAR, Cistrome, and the Eukaryotic Promoter Database,
six putative transcript factors (Yyl, Spl, Smad3, Zfp384,
Prdm9, and Tcf12) were identified (Figure 4A). Two of these
candidates (Prdm9 and Tcf12) were ruled out due to their ei-
ther negligible or extremely low mRNA expression levels in
muscle tissue. Among the remaining candidates, only Yyl
consistently and significantly higher expressed in YOU and
BET groups compared with the OLD group (Figure 4A). WB
also revealed Yyl expression declined with aging and could
be preserved by betaine treatment (Figure 4B).

The GEPIA2 database demonstrated the negative correla-
tion between YY1 and Mss51 expression (Figure 4C). To vali-
date roles of Yyl in downregulating Mss51 expression, the
dual luciferase, ChIP, and EMSA were performed. Putative
binding sites of Mss51 promoter regions were generated
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Figure 3 Betaine attenuated the Mss51-mediated impairment in mitochondrial respiration. (A) Representative TEM images demonstrated that Mss51
induced an overall reduction in mitochondrial quantity in C2C12 cells, which could not be reversed by betaine. N = 4/group. (B) Presentative images of
WB displayed betaine restored the inhibition in the mitochondrial ETC-related protein expressions. Mean + SD, n = 4/group. (C) Seahorse experiment
demonstrated Mss51-mediated suppression in the mitochondrial respiration could be attenuated by the betaine treatment. Mean + SD, n = 5-6. (D)
Presentative graphs of confocal microscopy illustrated betaine treatment decreased the accumulation of the mitochondrial superoxide elevated by the
Mss51. The bottom panels showed larger regions highlighted in the yellow frames. Mean * SD, n = 4/group. *P < 0.05; **P < 0.01; ***P < 0.001.

based on the JASPAR database (Figure 4D) and co-
overexpressed with Yyl plasmid in the C2C12 cells. The
—350 to +100 bp region upstream of the Mss57 transcription
start site (TSS) showed the most significant decrease (~50%)
in Mss51 promoter activity (Figure 4D), while knocking-down
of Yyl led to approximately 90% increase in the activity
(Figure 4D). These results suggested the role of Yyl in sup-
pressing the Mss51 transcription. Subsequently, ChIP used
primer design from the site of —256 bp to —248 bp further
confirmed Mss57 promoter could interact with Yyl
(Figure 4E), and EMSA demonstrated specific binding of Yyl
to the sequence (5’ ... CAAAATGG ... 3') (Figure 4F).

Yy1 is of necessity for betaine improving
Mss51-induced mitochondrial respiration attrition

To assess the role of Yyl involving improvement of betaine
on Mss51-induced mitochondrial respiration impairment,
Yyl were overexpressed or knocked down in the Mss51°F
C2C12 cells for further exploration (Figure S3C). Compared
with Mss51°F C2C12 cells with betaine treatment, overex-
pression of Yyl alongside Mss51°F cells with betaine treat-
ment showed increased mitochondrial respiration protein
expression. Knocking-down Yyl in Mss51°F cells reduced
the positive impact of betaine on mitochondrial ETC proteins
expression (Figure 5A). Seahorse experiments further
displayed Mss51°F cells with Yy1 knocked down had the low-
est OCRs at basal, maximal, and spare time, as well as less
proton leak and ATP production among groups (Figure 5B).
Conversely, overexpressing Yyl in Mss51°F cells tended to
have the highest oxygen consumption rate among groups
(Figure 5B). These results implied the necessity of Yy1 for be-
taine improving Mss51-induced mitochondrial respiration
attrition.

The in vitro findings presented above indicated the essen-
tial role of Yyl in mediating the benefit effect of betaine on
mitochondrial respiration. To further corroborate these ob-
servations in vivo, 16-month-old mice were allocated into dif-
ferent groups (WT, BET, YY1°™CF, and YY15M™P). Expect for
the WT group, the other three groups were provided with
distilled water containing 2% betaine (w/v). The details of
the interventions are outlined in Figure 6A. AAVs carrying
plasmids for Yyl overexpression or depletion were injected
into the TA muscle after 12 weeks, while the other two
groups received injections of an equivalent volume of 0.9%
saline. The efficiencies of the AAV-induced Yyl overexpres-

sion (~145 folds) and knocking-down (decrease 82%) in vivo
were presented in Figure S3D, E. After intervention, the body
weight was comparable among the four groups (Figure 6B).
The deletion of Yyl attenuated the favourable effects of be-
taine on running distance (Figure 6C, P = 0.046) and body
composition (Figure 6D). Furthermore, the YY1°M¥P group ex-
hibited a reduction in energy expenditure compared with the
BET group (Figure 6E, F, P = 0.015).

Mitochondrial respiration and sarcomere structure are im-
portant for maintenance of muscle strength and function. The
results from TEM illustrated in contrast with YY1°™™*P group;
there were less wasted mitochondrial vacuolization and bet-
ter arranged sarcomere in both the BET and YY1°™©F groups
(Figure 7A). SDH staining was performed to assess mitochon-
drial respiration activity, which indicated a decline of mito-
chondrial respiration in the YY1*™™*P group exhibited
(Figure 7B). Similar results were observed at the translational
level for mitochondrial-related proteins (Figure 7C). Finally,
the transcriptional expression of Mss57 was assessed via
gRT-PCR. Consistently with the result in luciferase assay, the
results indicated that Yyl suppressed the Mss57 gene expres-
sion in vivo, and deficiency in skeletal muscle significantly di-
minished the betaine-mediated downregulation of Mss51
(Figure 7D). Translational analysis of mitochondrial-related
proteins (Figure 7C) and qRT-PCR of Mss57 expression
(Figure 7D) further supported role of Yyl in mediating beta-
ine’s effects on improving mitochondrial respiration and
skeletal muscle energy metabolism to delay age-related mus-
cle loss.

Discussion

In our study, it is suggested that betaine supplementation
may alleviate age-related muscle loss by reduce Mss57 mRNA
expression via the transcription factor Yyl. The modulation
leaded to enhanced mitochondrial respiration, increased en-
ergy expenditure and running distance, which were closely
associated with the preservation of muscle mass, strength,
and physical performance in advanced aging.

Mitochondria perform diverse yet interconnected func-
tions, acting as the hub of energy metabolism.?® They are also
crucial for nutrient turnover, ATP production, and the synthe-
sis of various intermediates.”® By participating in essential
metabolic pathways, mitochondria are integrated into intra-
cellular signalling networks that regulate various cellular
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Figure 4 Betaine attenuated Yyl age-related decline and Yy1 transcriptionally downregulated the Mss51 transcription. (A) Six potential candidates
were figured out by utilizing three databases. YyZ mRNA expressions were significantly higher in YOU and BET group. Mean + SD, n = 4/group. (B)
WB revealed that Yyl protein level declined with aging and could be preserved by betaine treatment. Mean + SD, n = 4/group. (C) GEPIA2 database
indicates a negative correlation between the expression Yyl and Mss51. (D) The full-length promoter (T-2000) and a series of truncated promoter (T-
1000, T-350, and T-200) into pGL4.10 luciferase reporter plasmids were co-transfected with Yyl plasmid in C2C12 cells. Relative fluorescence intensity
(RFI) from Luciferase assay was compared, showing the downregulation of Yy1 on Mss51 transcription. °Significant different RFI compared with vector
group. bSigniﬁcant difference by post-hoc analysis for comparison among T-2000, T-1000, T-350, and T-200 groups. “Significant different RFI between
T-350 and T-200 groups. Mean * SD, n = 4/group. (E) ChIP results demonstrated that Yy1 could bind to the region (—350 bp to +100 bp) of the Mss51
promoter. Mean + SD, n = 4/group. (F) EMSA showed that Yy1 could specifically bind to the Mss57 promoter region with the sequence (5’ ... CAAAATGG

.. 3'). *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 5 Yyl involved in the improvement of betaine for the mitochondrial respiration and cellular energy metabolism in C2C12 cells. (A) Represen-
tative images of the WB showed that Yyl was required for betaine to improve mitochondrial respiration. Mean + SD, n = 4/group. (B) Seahorse ex-

periments demonstrated that Yyl was required for betaine to regulate
**p < 0.01; ***P < 0.001.

functions. It is not surprising that mitochondrial dysfunction
has emerged as a key factor in aging and numerous diseases,
including the muscle degeneration,?” cancer, and other
disease.?® Consistent with previous studies, we observed sev-
eral characteristic phenotypes of mitochondrial dysfunction
in aging skeletal muscle, such as decreased expression of
mitochondrial respiration proteins, a reduced number of mi-
tochondria, and the accumulation of dysfunctional mitochon-
drial vacuoles (Figure 1D). These results suggest that
age-related mitochondrial dysfunction worsens energy me-
tabolism and physical performance in aging skeletal muscle.

+

C2C12 cellular energy metabolism. Mean + SD, n = 4/group. P < 0.05;

Therefore, strategies targeting mitochondria are urgently
needed to address the growing burden from aging popula-
tions worldwide as early as possible.

In the current study, we used mice of different ages to
investigate age-related declines in muscle health and mito-
chondrial function, particularly mitochondrial respiration.
We found that betaine could alleviate age-related declines
in mitochondrial function, including upregulating the ex-
pression of mitochondrial ETC-related proteins and improv-
ing age-induced histopathological changes in mitochondrial
structure (Figure 1). While previous studies on betaine’s ef-
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Figure 6 Yyl involved in the improvement of betaine for the muscle loss and energy metabolism attrition. (A) The flow chat of the skeletal specific

gain-loss function of the Yy1 by the AAV transfection. Mice were divided into the following four groups: WT, 2%BET, Yy1

SMOE vy 1M KR = 10/group.

(B) Changes in body weight among the four groups during the intervention. Mean + SD, n = 7-9/group. (C) Knocking down Yy1 in skeletal muscle di-
minished the favourable effects of betaine on physical performance (distance covered in the cage). Mean * SD, n = 4/group. (D) Downregulation in Yy1
reduced the lean mass% and increased the fat mass%. Mean + SD, n = 7-9/group. (E, F) Depletion of the Yyl impaired the improvement of betaine on
the daily energy expenditure. Mean + SD, n = 4/group. P < 0.05; **P < 0.01; ***P < 0.001.

fects on aging skeletal muscle mitochondria are limited, its
ability to regulate mitochondrial function has been widely
reported in liver tissue. For example, betaine could
promote mitochondrial dynamics by activating MFN
expression®’; betaine could inhibit fatty acid synthesis to
regulate lipid metabolism, ameliorating symptoms of NAFLD
and NASH.3® Our discovery of betaine’s benefit impacts on
aging skeletal muscle mitochondrial respiration provides
novel evidence for its potential application in delaying
age-related skeletal muscle loss. These results are promis-
ing, given the easy availability and adherence of betaine di-
etary supplementation.

Numerous genes are essential for coordinating normal mi-
tochondrial respiration function. Compared with the OLD
group, there was a significant downregulation of Mss57 in
the BET and YOU groups. Bioinformatics analysis, along with
validation through QgRT-PCR, revealed an age-induced in-
crease in Mss51 expression (Figure 2D—F, Figure S2D), which
could be reduced after betaine treatment. From our GSEA re-
sults, we found along with the downregulation of the Mss51,

betaine activated the fatty acid beta-oxidation and ETC activ-
ity (Figure 2B, C, Figure S2B). Meanwhile, betaine treatment
was correlated with the pathway of muscle system process
(Figure S2C). While Mss51 is crucial for the assembly of
COX1 in the mitochondrial ETC in Saccharomyces cerevisiae,**
its function in mice or humans differs due to gene
heterogeneity.® Results from the study of Yoshioka et al. re-
vealed that the Mss51 was a skeletal muscle-specific regula-
tor essential for the cellular metabolism.?? In opposite, Wag-
ner et al. demonstrated that Mss51 could be stress-induced
and negatively regulated the mitochondria function.3? The
deletion of Mss51 would enhance the glucose homeostasis
and mitochondrial respiration, increase the exercise endur-
ance, and ameliorate the muscle histopathology.?® Notably,
a recent human study demonstrated Mss51 is associated with
the incidence of type 2 diabetes, indicating its adverse role in
regulating the energy metabolism.” In accordance with the
results of Wagner et al., we confirmed the adverse effects
of Mss51 on the mitochondrial biogenesis and the mitochon-
drial energy metabolism (Figure 3). The differences in under-
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Figure 7 Betaine attenuated the aging-induced inhibition of mitochondrial respiration is dependent of Yy1. (A) Representative images from TEM ex-
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staining illustrated loss of Yy1 impacted the activation of the betaine on the mitochondrial respiration, n = 4/group. (C) Representative images of WB
and the quantification demonstrate that Yy1 is required for the enhancement of betaine on mitochondrial respiration. Mean * SD, n = 3/group. (D) The
gPCR result illustrated betaine suppression on the Mss51 expression was dependent of the transcript factor Yyl. Mean + SD, n = 4/group. P < 0.05;

**p < 0.01; ***p < 0.001.

lying mechanisms and animal models may account for these
conflicting results.

By supplementing C2C12 cells with betaine, we confirmed
that betaine could significantly rescue the inhibition of mito-
chondrial respiration caused by Mss51 (Figure 3). Previous
studies indicate that Mss51 function can be transcriptionally
regulated,'® prompting us to consider that the underlying
mechanism of betaine in regulating Mss51 function may be
related to transcription factors. Further exploration identified
six candidates that could transcriptionally regulate the ex-
pression of Mss51. Through luciferase assays, ChIP, and
EMSA, it was confirmed that the transcription factor Yy1 spe-
cifically and negatively regulates Mss51 expression
(Figure 4D—F). Yyl is well-documented as a crucial regulator
of metabolic homeostasis.>*>* Previous literature has shown
that the deletion of Yy1 significantly inhibits the expression of
mitochondrial ETC-related molecules, thereby compromising
mitochondrial OXPHOS and impairing muscle function.®®> Ad-
ditionally, Yyl can inhibit TGF-B signalling in the nucleus.®
TGF-B signalling is known to regulate Mss51 activation

upstream,® providing an explanation for how upregulation
of Yyl by betaine could inhibit Mss57 expression and en-
hance mitochondrial respiration.

Our results demonstrate that the loss of Yyl diminishes the
beneficial effects of betaine on mitochondrial respiration and
oxygen consumption rate in C2C12 cells (Figure 5). As such,
we anticipated that betaine regulation on the mitochondrial
respiration via suppressing the Mss51 should be dependent
on the Yyl. Therefore, we hypothesized that betaine’s regula-
tion of mitochondrial respiration by suppressing Mss51 is de-
pendent on Yy1. This hypothesis was supported by our in vivo
study using 16-month-old mice. Through gain-loss-function
experiments of Yyl in the TA muscle, we found that Yy1 is nec-
essary for betaine’s regulation of mitochondrial respiration.
The loss of Yyl resulted in an increase in fat mass percentage
and impaired exercise ability (Figure 6). Mechanistically, we
observed a significant upregulation of Mss51 expression in
the TA muscle upon depletion of Yyl (Figure 7), further illus-
trating the dependence of betaine’s inhibition of Mss57 on
Yy1. Given our previous study demonstrating that betaine ac-
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tivates the mTORCL signalling pathway,” and Puigserver et al.
confirming that mTORC1 controls mitochondrial OXPHOS
through the Yy1-PGCla complex,®® we suspected that the
MTORC1 signalling pathway may link betaine and Yy1 in regu-
lating Mss51 expression. Further studies are warranted to ex-
plore this mechanism in the future.

Interestingly, the overexpression of Yyl did not lead to sig-
nificant improvements in mitochondria or skeletal muscle
function in vivo or in vitro, as expected (Figures 5-7). We spec-
ulated the absence of Yyl could greatly compromise energy
metabolism and other essential biological processes through
intricate transcriptional regulatory pathways, including signal-
ling activation, cell proliferation, and differentiation.>” All
these compromised processes would significantly reduce the
beneficial effects of betaine. It is possible that the impact of
betaine on mitochondrial improvement may have already
reached its peak, thereby making the improvement from Yy1
overexpression in mitochondrial respiration less noticeable.
Additionally, it remains unknown whether there is a longer
time window for the AAV-transfection of Yyl to exert effects
on betaine regulation, which may require further exploration
in the future.

In conclusion, our study demonstrates that dietary supple-
mentation with betaine can alleviate age-related suppression
of mitochondrial respiration and mitigate skeletal muscle
loss. Our findings suggest that the application of betaine sup-
plementation, either alone or in combination with other in-
terventions, holds promise for clinical translation in delaying
muscle loss, improving energy metabolism in aging skeletal
muscle, and potentially extending health span.

Conclusion

In conclusion, our study demonstrates that dietary supple-
mentation with betaine can alleviate age-related suppression
of mitochondrial respiration and mitigate skeletal muscle
loss. Our findings suggest that the application of betaine sup-
plementation, either alone or in combination with other in-
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