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By satisfying bioenergetic demands, generating biomass, and providing metabolites serving as cofactors for chro-
matinmodifiers, metabolism regulates adult stem cell biology. Here, we report that a branch of glycolysis, the serine
biosynthesis pathway (SBP), is activated in regenerating muscle stem cells (MuSCs). Gene inactivation and
metabolomics revealed that Psat1, one of the three SBP enzymes, controls MuSC activation and expansion of
myogenic progenitors through production of the metabolite α-ketoglutarate (α-KG) and α-KG-generated glutamine.
Psat1 ablation resulted in defective expansion of MuSCs and impaired regeneration. Psat1, α-KG, and glutamine
were reduced in MuSCs of old mice. α-KG or glutamine re-established appropriate muscle regeneration of adult
conditional Psat1−/−mice and of oldmice. These findings contribute insights into themetabolic role of Psat1 during
muscle regeneration and suggest α-KG and glutamine as potential therapeutic interventions to ameliorate muscle
regeneration during aging.
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Adult stem cells sustain postnatal growth, maintain
homeostasis, and ensure regeneration of tissues and or-
gans in response to injury or disease. Muscle stem cells
(MuSCs) reside in an anatomically and biochemically spe-
cialized niche (Yin et al. 2013; Relaix et al. 2021). Follow-
ing injury, physical and biochemical modifications
occurring in the niche cause MuSCs to leave quiescence
(Kann et al. 2022;Ma et al. 2022). The ensuingMuSC divi-
sion gives rise to a daughter stem cell returning to quies-
cence and one myogenic progenitor (MP; asymmetric
division) or two MPs (symmetric division) that, after ex-
pansion, differentiate into myocytes, fusing with pre-
existing or new myofibers to repair damaged muscles
(Kuang et al. 2007; Evano et al. 2020). The low energetic
demands of quiescentMuSCs are suppliedmainly by fatty
acid oxidation (FAO) metabolism (Ryall et al. 2015b; Ma-
chado et al. 2017; Pala et al. 2018; Zeng et al. 2022). Con-
sistently, FAO inhibition reducesMuSCcolony formation

and induces early MuSC differentiation (Cerletti et al.
2012; Pala et al. 2018). MuSC activation and MP prolifer-
ation are energetically costly processes required to sustain
increased biosynthetic activity. In activated MuSCs and
MPs, metabolic reprogramming from FAO to glycolysis
generates ATP and pyruvate, which is subsequently
used bymitochondria for oxidative phosphorylation (Rod-
gers et al. 2014; Ryall et al. 2015b; Baker et al. 2022; Hong
et al. 2022; Sousa-Victor et al. 2022; Zeng et al. 2022). Be-
sides providing ATP, glycolysis generates glycolytic inter-
mediates required for the production of biomass and
metabolites regulating chromatin modifiers (Ryall et al.
2015b; Das et al. 2017; Yucel et al. 2019). Genetic deple-
tion of MuSCs induces features of age-associated dysfunc-
tions, including impaired regeneration and loss of balance
and coordination, suggesting that MuSCs play an impor-
tant role in preserving muscle function during aging (Fry
et al. 2015; Englund et al. 2020). Compromised regenera-
tion observed in aging is indeed accompanied by impaired
adult stem cell function. A plethora of cell-extrinsic and
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-intrinsic factors contribute to the low regenerative capac-
ity of agingMuSCs, including inflammation, extracellular
matrix modifications, reduced heterogeneity, premature
exit from quiescence, increased apoptosis, decreased cel-
lular bioenergetics, and impaired proliferation (Brack
et al. 2007; Bernet et al. 2014; Cosgrove et al. 2014;
Almada and Wagers 2016; Baraibar et al. 2016; García-
Prat et al. 2016; Feige et al. 2018; Liu et al. 2018; Lukja-
nenko et al. 2019; Palla et al. 2021; Dong et al. 2022; Sou-
sa-Victor et al. 2022; Moiseeva et al. 2023; Shavlakadze
et al. 2023).

In this study, we report that starting from the glycolytic
intermediate metabolite 3-phosphoglycerate (3-PG), the
serine biosynthesis pathway (SBP) is activated in regener-
ating MuSCs. Of the three SBP enzymes, Psat1 specifi-
cally regulates MuSC activation and expansion of MPs
through production of the metabolite α-ketoglutarate (α-
KG) and α-KG-generated glutamine. Genetic ablation of
Psat1 inMuSCs resulted in defective expansion ofMuSCs
and MPs, ultimately leading to muscle regenerative de-
fects. Myogenic progenitors isolated from Psat1−/− mice
displayed glycolytic defects, impaired proliferation, and
reduced α-KG and glutamine levels. Glycolysis, myogenic
proliferation, andmuscle regeneration could be rescued in
culture and in injured Psat1−/−mice by treatment with ei-
ther α-KG or glutamine. We found that Psat1, α-KG, and
glutamine levels were reduced in aged mice and that ei-
ther α-KG or glutamine could improve mouse muscle re-
generation and proliferation. These findings contribute
mechanistic insights into the role of Psat1 as a generator
of metabolites regulating MuSCs and MPs during muscle
regeneration. They further identify α-KG and glutamine as
potential therapeutic interventions to ameliorate muscle
regeneration during aging.

Results

The serine biosynthesis pathway is induced in activated
MuSCs and regenerating myogenic progenitors

The energetic and metabolic demands associated with
MuSC activation and myogenic progenitor (MP) prolifera-
tion are sustained by both glycolysis and oxidative phos-
phorylation (Tang and Rando 2014; García-Prat et al.
2017; Pala et al. 2018; Yucel et al. 2019; Baker et al. 2022;
Hong et al. 2022). Fatty acid oxidation (FAO) is prominent
in quiescentMuSCs, and a glycolytic switch is observed in
activatedMuSCs and proliferatingMPs (Ryall et al. 2015a,
b;Machado et al. 2017;Zenget al. 2022). In addition to gen-
erating lactate, pyruvate, and intermediate metabolites,
glycolysis sustains amino acid synthesis (Stryer 1988).
Starting from the glycolytic intermediate 3-phosphoglyc-
erate (3-PG), the serine biosynthesis pathway (SBP) is con-
secutively regulated by three enzymes: phosphoglycerate
dehydrogenase (Phgdh), phosphoserine aminotransferase
(Psat1), and phosphoserine phosphatase (Psph) (Fig. 1A).
Transcripts for these three enzymes were barely detected
in freshly FACS-isolated MuSCs and became highly ex-
pressed in MuSCs cultured for 48 h (Fig. 1B–D; Ryall
et al. 2015b). Moreover, single-cell RNA sequencing

(scRNA-seq) of uninjured or 60-h postinjury MuSCs re-
vealed enrichment of Phgdh, Psat1, and Psph transcripts
in activated 60-h postinjury MuSCs (Fig. 1E–H; Dell’Orso
et al. 2019). The gene ontology terms “glycolytic process”
and “L-serine biosynthetic/metabolic process” were en-
riched in data sets of both 60-h postinjuryMuSCs and pri-
marymyoblasts (Fig. 1I,J; Dell’Orso et al. 2019). Thus, SBP
is induced in activated MuSCs and MPs.

Psat1 regulates myoblast proliferation
and α-KG synthesis

To initially evaluate their potential function, we reduced
Phgdh, Psat1, or Psph by siRNA in primary myoblasts of
adult (3- to 4-mo-old) mice and scored cell proliferation
by 5-ethynyl-2′-deoxyuridine (EdU) incorporation assay.
Impaired EdU incorporation was observed only in myo-
blasts receiving Psat1 siRNAs (Fig. 2A–C). Psat1 siRNAs
reduced EdU incorporation also in human primary myo-
blasts or murine myogenic C2C12 cells (Supplemental
Fig. S1A,B). Conversely, Psat1 overexpression increased
EdU incorporation in C2C12 cells (Supplemental Fig.
S1C). These results raise the question of how Psat1 and
not the other two SBP enzymes influences myoblast pro-
liferation. In addition to catalyzing the second step of
serine biosynthesis, Psat1 promotes the synthesis of α-
ketoglutarate (α-KG) from glutamate (Fig. 2D). To deter-
mine whether Psat1 regulates cell metabolites, we con-
ducted untargeted metabolomics (see the Materials and
Methods) (Fig. 2E). Aminomalonate, glycine, glucose-1-
phosphate, and α-KG were significantly reduced in Psat1
siRNA transfected myoblasts (Fig. 2E; Supplemental Ta-
ble S1). Reduced α-KG in Psat1 siRNAmyoblastswas con-
firmed with an independent assay (Fig. 2F). Instead, the
SBP-related amino acids serine, methionine, glutamic
acid, cysteine, and alanine were not modified in Psat1
siRNA transfected myoblasts (Supplemental Fig. S1D;
Supplemental Table S1).

Psat1 is required for muscle regeneration

Whole-body Psat1 knockoutmice present growth retarda-
tion, exencephaly, and craniofacial abnormalities at E14.5
(White et al. 2013). Thus, to ablate Psat1 in MuSCs, we
generatedPsat1fl/flmice by introducing loxP sites flanking
the second exon of Psat1 and crossed the resulting mice
with either constitutive Pax7Cre or tamoxifen-inducible
(TMX) Pax7CreERT2 to generate constitutive Pax7Cre;
Psat1fl/fl (Psat1cKO) and inducible Pax7CreERT2;Psat1fl/fl

(Psat1iKO) mice, respectively. Psat1cKO mice were born
at the expectedMendelian ratios and did not display overt
muscle abnormalities, indicating a dispensable role of
Psat1 in MuSCs during development (Supplemental Fig.
S2A–F).We investigated the role of Psat1duringmuscle re-
generation in Psat1iKO mice. TMX treatment for five
consecutive days resulted in (1) ∼75% deletion of Psat1
exon2, (2) reduced Psat1 exon2 transcripts, and (3) de-
creased Psat1 protein in Psat1iKO 3-d postinjury (dpi)
MuSCs (Fig. 3A–C). After TMX treatment, muscle injury
was inducedwith notexin, and regenerationwas evaluated
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at 3, 7, and 28 dpi (Fig. 3D). These three time points were
chosen because they coincide with MuSC proliferation,
myocyte differentiation, and MuSCs returning to quies-
cence. To ease identification, MuSCs were lineage-traced
by crossing Psat1iKO with ROSA26STOP-Sun1-GFP mice
(Psat1iKO nGFP) (Supplemental Fig. S2G). In vivo cell prolif-

eration at 3 dpi was monitored by intraperitoneal (IP) EdU
injection. The percentage of MuSCs incorporating EdU
was significantly lower in 3-dpi Psat1iKO nGFP mice com-
pared with littermate control (Pax7CreERT2;Psat1+/+nGFP)
mice (Fig. 3E). The percentage of Pax7+, MyoD+, andMyo-
genin+ cells was decreased at 7 dpi (Fig. 3F). Finally, Pax7+
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Figure 1. The serine biosynthesis pathway is activated in injured MuSCs. (A) Schematic representation of the serine biosynthesis path-
way. (3-PG) 3-phosphoglycerate, (Phgdh) phosphoglycerate dehydrogenase, (Psat1) phosphoserine aminotransferase, (Psph) phosphoserine
phosphatase. (B–D) RNA-seq tracks of Phgdh, Psat1, and Psph transcripts from freshly FACS-isolated and 48-h cultured MuSCs. (E)
scRNA-seq graph-based clustering of freshly FACS-isolated MuSCs from uninjured or 60-h injured muscles. (F–H) Expression pattern
of Phgdh, Psat1, and Psph transcripts from scRNA-seq data sets obtained from uninjured or 60-h injured MuSCs. Data were generated us-
ing a custom script (https://zenodo.org/records/10211509). (I,J) Gene ontology of selected terms enriched in 60-h injured MuSCs (I ) and
cultured primary myoblasts (J).
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cells returning to a niche position and muscle cross-sec-
tional area (CSA) were reduced in 28-dpi Psat1iKO mice
compared with littermate control mice (Fig. 3G,H). Apo-
ptosis was not increased in Psat1iKO mice (Supplemental
Fig. S2H), and no differences were observed in the num-
ber of cells positive for the senescence-associated marker
p16Ink4a in control and Psat1iKO mice (Supplemental
Fig. S2I).

α-KG improves glycolysis, promotes glutamine synthesis,
and restores proliferation of Psat1−/− myoblasts

In agreement with the results observed in myoblasts re-
ceiving Psat1 siRNA (Fig. 2), myoblasts isolated from

Psat1cKO mice have reduced proliferation compared
with those of control littermate mice (Fig. 4A), and
RNA-seq performed on FACS-isolated 3-dpi Psat1iKO

MuSCs revealed down-regulation of genes involved in
skeletal muscle tissue development and up-regulation of
genes preventing cell growth (negative regulation of cell
growth) (Supplemental Fig. S3A; Supplemental Table
S2). α-KG regulates the activity of α-KG-dependent dioxy-
genases, including histone H3K27 and H3K9 demethy-
lases and the TET family of DNA demethylases (Klose
and Zhang 2007; Carey et al. 2015; Islam et al. 2018).
Because of decreased α-KG levels observed in Psat1cKO

myoblasts (Supplemental Fig. S3B), we set out to investi-
gate whether histone H3K27me3 and H3K9me3 and
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Figure 2. Psat1 regulates proliferation of primary myoblasts (A–C, left panels) Representative images of EdU incorporation in primary
mouse myoblasts transfected with control (Ctrl), Phgdh (A), Psph (B), or Psat1 (C ) siRNA. Scale bar, 20 μm. (Right panels) Data represent
mean±SEM; n=3. (∗) P≤ 0.05, (∗∗∗) P≤ 0.001, (∗∗∗∗) P≤ 0.0001. (D) Schematic representation of Psat1-mediated α-KG production. (3-PHP)
3-phosphohydroxypyruvate, (3-PS) 3-phosphoserine, (Glu) glutamate. (E) Schematic of GC-TOF-MS (top panel) and heatmap (bottom pan-
el) based on peak height (arbitrary units [a.u.]) of metabolites identified by GC-TOF-MS in si-Ctrl or si-Psat1 primarymyoblasts. Each row
represents a metabolite, and each column represents a sample. n =7. (F ) α-KG levels in si-Ctrl or si-Psat1 primary mouse myoblasts. Data
represent mean± SEM; n=3. (∗∗) P≤ 0.01.
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demethylated 5′-hydroxymethylcytosine (5hmC) marks
were modified. Total H3K27me3 and H3K9me3 levels
were comparable in control and Psat1cKO primary myo-
blasts and were not modified by α-KG (Supplemental
Fig. S3C–F). We performed H3K27me3 CUT&RUN and
5hmC immunoprecipitation sequencing (5hmC-seq) as-

says in control and Psat1cKO myoblasts and interrogated
H3K27me3 and 5hmC at genes down-regulated or up-reg-
ulated in Psat1cKO myoblasts. Integrated analysis of these
data sets did not reveal significant H3K27me3 or 5hmC
modifications occurring at differentially regulated genes
in Psat1cKO myoblasts (Supplemental Fig. S3G–L;

A

E

G

H

F

D

B C

Figure 3. Psat1 is required formuscle regeneration. (A) Quantitative PCRof genomic DNA fromMuSCs of control or Psat1iKOmice. The
amplified region corresponds to Psat1 exon2. Data represent mean±SEM; n= 3. (∗) P≤0.05. (B) RNA-seq tracks documenting reduced
exon2 transcripts (boxed area) in Psat1iKO 3-dpi MuSCs. (C ) Immunoblot for Psat1 from uninjured (Uninj) or 3-dpi MuSCs from control
or Psat1iKO mice. β-Tubulin served as the loading control. (D, left panels) Scheme indicating tamoxifen (TMX) treatment and the notexin
(NTX)-inducedmuscle injury regimen. (E) Representative images ofmuscle sections of 3-dpi littermate control (Pax7CreERT2;Psat1+/+nGFP)
or Psat1iKO nGFP mice intraperitoneally injected with 100 μL of 40 mM EdU solution. GFP identifies MuSCs and DAPI cell nuclei. Scale
bar, 75 μm. (Right panel) Quantification is shown as percentage of EdU+/GFP+ cells over total number of GFP+ cells. Data representmean±
SEM;n= 4. (∗∗) P≤0.01. (F, top panels) Pax7,MyoD, andMyoG immunostaining of TA/EDLmuscle sections fromcontrol or Psat1iKO 7-dpi
mice. Scale bar, 75 μm. (Bottom panels) Quantification of Pax7+, MyoD+, and MyoG+ cells in control or Psat1iKO muscle sections. Data
represent mean±SEM, n= 4–5. (∗) P≤ 0.05, (∗∗) P≤ 0.01. (G, left panels) Pax7 and laminin immunostaining of 28-dpi control or Psat1iKO

muscle sections. Scale bar, 75 μm. (Right panel) Quantification of Pax7+ cells in control or Psat1iKO muscle sections. Data represent
mean±SEM; n =4. (∗) P≤ 0.05. (H) Percentage size groups of the fiber cross-sectional area from 28-dpi control or Psat1iKO mice. Data rep-
resent mean± SEM; n=4. (∗) P≤ 0.05, (∗∗) P≤0.01.
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Supplemental Table S3). We conclude that it is unlikely
that reduced α-KG levels have functional consequences
by affecting H3K27me3, H3K9me3, or 5hmC epigenetic
marks in Psat1cKO myoblasts. We then asked whether α-
KG had any discernable effect on myoblast proliferation.
Adding 1 mM cell-permeable dimethyl-α-KG (DM-αKG)
to the culture medium at 24 h (Hwang et al. 2016) im-
proved EdU incorporation in Psat1cKO myoblasts (Fig.
4B). α-KG is generated in the mitochondria and cytosol
by isocitrate dehydrogenase (IDH) and by Psat1 during
the glycolysis-branched serine biosynthesis pathway,
serving as a precursor of glutamine (Locasale and Cantley
2011). Psat1 also regulates de novo biosynthesis of serine
that further feeds into one-carbon metabolism, compris-
ing the folate andmethionine cycles (Stryer 1988).We rea-
soned that if the reduced α-KG levels observed in Psat1cKO

myoblasts were affecting the tricarboxylic acid (TCA) cy-
cle, providing downstream succinate would rescue myo-
blast proliferation (Fig. 4B, scheme). Surprisingly, while
α-KG improved Psat1cKO myoblast proliferation, succi-
nate did not (Fig. 4B), suggesting that α-KG does not exert
its effects on Psat1cKO myoblasts through the mitochon-
drial TCA cycle. In agreement with these initial observa-
tions, total mitochondrial content (determined by
MitoTracker Green) and energetic activity (expressed as
MitoTracker Red/MitoTracker Green ratio intensity)
were not modified in Psat1cKO myoblasts compared
with control myoblasts (Supplemental Fig. S4A). Basal,
maximal, and spare mitochondrial respiratory capacities
were also comparable in control and Psat1cKO myoblasts,
and α-KG did not modify them (Fig. 4C). In contrast, total
glycolysis, glycolytic capacity, and glycolytic reservewere
decreased in Psat1cKO myoblasts and were corrected by
α-KG (Fig. 4D). Consistently, α-KG increased glycolysis-
generatedATP (glycoATP) in Psat1cKOmyoblasts (Supple-
mental Fig. S4B). α-KG can be converted to intermediate
glutamate (Glu) and further amidated to glutamine (Gln)
by glutamine synthetase (GS) (Fig. 4E). Glutamate levels
were decreased in Psat1cKO myoblasts, and α-KG in-
creased them (Supplemental Fig. S4C). Glutamine was
also decreased in Psat1cKO myoblasts, and α-KG corrected
glutamine levels (Fig. 4F). Moreover, glutamine could im-
prove Psat1cKO myoblast proliferation (Fig. 4G). Gluta-
mine also increased glycoATP production (Supplemental
Fig. S4D). To evaluate whether α-KG exerts its effects
through glutamine, we inhibited GS activity with the
GS competitive inhibitor methionine sulfoximide (MSO)
(Fig. 4E; Krajewski et al. 2008) and measured Psat1cKO

myoblast proliferation without or with α-KG supplemen-
tation. While α-KG could restore proliferation, GS inhibi-
tion prevented α-KG-mediated improved proliferation of
Psat1cKO myoblasts (Fig. 4H, MSO+DM-α-KG panel).
The inhibitory effects of MSO on α-KG-treated Psat1cKO

myoblast proliferation were rescued by supplementing
the culture medium with excess glutamine (Fig. 4H,
MSO+Gln panel). The effects of α-KG, glutamine, and
MSO observed on Psat1cKO myoblast proliferation were
paralleled by concordant patterns of glycolysis and
glycolytic capacity (Supplemental Fig. S4E). Glycolytic
capacity (an indication of glycolytic efficacy when mito-

chondrial activity is inhibited by oligomycin) was
improved by α-KG also in MSO-treated Psat1cKO myo-
blasts, suggesting potential metabolic compensation
that is, however, insufficient to rescue proliferation (Fig.
4H). Glycine, which was reduced in Psat1 siRNA myo-
blasts (Fig. 2E), is required for MuSC and MP function
(Gheller et al. 2021). In agreement with these findings,
supplementing Psat1cKO myoblasts with glycine in-
creased EdU incorporation (Supplemental Fig. S4F) and
improved glycolysis (Supplemental Fig. S4G). On the oth-
er hand, supplementationwith the serine biosynthesis-de-
rived one-carbon metabolite S-adenosyl methionine
(SAM) or folic acid (FA) had no effect on Psat1cKO myo-
blast proliferation (Supplemental Fig. S4H,I). Overall, the
results of these experiments indicate that α-KG improves
glycolysis and that α-KG and its derivative glutamine im-
prove Psat1cKO myoblast proliferation, while succinate,
FA, and SAM do not.

α-KG or glutamine rescues impaired muscle regeneration
in Psat1iKO mice

We next tested whether α-KG may also correct defective
muscle regeneration observed in Psat1iKO mice. Control
and Psat1iKOmicewere treated with TMX for five consec-
utive days followed by a 7-d washout period. One day be-
fore notexin injection (day −1), mice were
intraperitoneally injected with either vehicle (PBS) or
600 mg/kg α-KG (Tran et al. 2020). IP α-KG injections
were repeated 1, 3, and 5 d after notexin injection (Fig.
5A). Since our experiments indicated an effect of Psat1
on MP proliferation (which peaks at 3 dpi), we reasoned
that IP α-KG injections beyond 5 dpimaynot be necessary.
MuSCproliferationwasmonitored by IP EdU injection 1 h
before sample collection at 3 dpi. Muscle samples were
collected at 3 dpi to assess proliferation and at 28 dpi to
determine muscle regeneration. At 3 dpi, α-KG improved
EdU incorporation inMuSCs of Psat1iKOmice (Fig. 5B). At
28 dpi, α-KG-treated Psat1iKOmice displayed an increased
number of MuSCs located in a niche position to levels
comparable with those observed in control mice (Fig.
5C). The muscle cross-sectional area (CSA) of Psat1iKO

micewas also increased by α-KG (Fig. 5D). Next, we tested
whether glutamine could also improve EdU incorporation
in MuSCs of Psat1iKO mice. Muscle samples of injured
Psat1iKO mice receiving IP injections of 500 mg/kg gluta-
mine collected at 3 dpi revealed increased EdU incorpora-
tion in MuSCs compared with control (Pax7CreERT2;
Psat1+/+nGFP) mice (Supplemental Fig. S5). Thus, α-KG
and glutamine not only improve proliferation of cultured
Psat1cKO myoblasts, they also ameliorate MuSC prolifer-
ation and muscle regeneration of Psat1iKO mice.

α-KG or glutamine increases proliferation of aging mouse
myoblasts

The number and regenerative potential of MuSCs are re-
duced during aging (Conboy et al. 2003; Carlson et al.
2009; Chakkalakal et al. 2012; Sousa-Victor et al. 2022).
We investigated expression of Psat1 in 3-dpi MuSCs of
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Figure 4. α-KG or glutamine rescues Psat1cKOmyoblast proliferation. (A, left panels) Representative images of EdU incorporation in con-
trol (Ctrl) or Psat1cKO myoblasts. Scale bar, 20 μm. (Right panel) Data represent mean±SEM; n =3. (∗) P≤ 0.05. (B, left panels) Control or
Psat1cKO myoblasts were cultured in control medium (CM) or medium supplemented with 1 mM DM-α-KG or 1 mM succinate for 24 h
and pulsedwith 10 μMEdU for 2 h before cell processing. Scale bar, 20 μm. (Right panel) Schematic representation of the tricarboxylic acid
cycle. Data represent mean±SEM; n =3. (∗∗) P≤ 0.01. (C ) Normalized oxygen consumption rates (OCRs) of control or Psat1cKO myoblasts
in CM or medium supplemented with 1 mMDM-α-KG. Data represent mean±SEM; n =3. (BR) Basal respiration, (MR) maximal respira-
tion, (SRC) spare respiratory capacity. (D) Normalized extracellular acidification rate (ECAR) of control or Psat1cKO myoblasts in CM or
medium supplemented with 1 mMDM-α-KG. Data represent mean± SEM; n =3. (∗) P≤ 0.05, (∗∗) P≤0.01. (E) Schematic representation of
the glutamine–glutamate–α-KGmetabolism. (Glu) Glutamate, (GS) glutamine synthetase. (MSO)methionine sulfoximide. (F ) Glutamine
(Gln) measurements in control or Psat1cKO myoblasts cultured in CM or treated with 1 mM DM-α-KG for 24 h. Data represent mean±
SEM; n= 5. (∗) P≤ 0.05, (∗∗) P≤ 0.01. (G, left panels) Control or Psat1cKO myoblasts were cultured in CM or medium supplemented
with 4mMglutamine (Gln) for 24 h and exposed to 10 μMEdU for 2 h before cell processing. Scale bar, 20 μm. (Right panel) Data represent
mean±SEM; n =4. (∗∗) P≤0.01. (H, left panels) Control or Psat1cKOmyoblasts were cultured in CM ormedium supplemented with 1mM
DM-α-KG, 4mMglutamine (Gln), 1mMMSO,MSO+DM-α-KG, orMSO+glutamine for 24 h and exposed to 10 μMEdU for 2 h before cell
processing. Scale bar, 20 μm. (Right panel) Data represent mean±SEM; n=3. (∗) P≤ 0.05, (∗∗∗) P≤0.001.
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old (23- to 24-mo-old) mice and found it to be reduced
compared with that of adult (3- to 4-mo-old) 3-dpi MuSCs
(Fig. 6A,B). Moreover, α-KG levels were diminished in pri-
mary myoblasts of old (Fig. 6C) or geriatric (31- to 32-mo-
old) (Supplemental Fig. S6A) mice compared with those of

adult mice. These commonalities between Psat1cKO and
myoblasts of aging mice prompted us to investigate their
metabolic profiles. As observed for Psat1cKO myoblasts
(Fig. 4D), myoblasts of geriatric mice displayed reduced
glycolysis (Supplemental Fig. S6B). In addition, and in
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Figure 5. α-KG rescues impaired muscle regeneration in Psat1iKO mice. (A) Schematic representation of tamoxifen (TMX)- or notexin
(NTX)-induced muscle injury and α-KG treatment in control or Psat1iKO mice. (B, left panels) Representative images of muscle sections
of 3-dpi littermate control (Pax7CreERT2;Psat1+/+nGFP) or Psat1iKO nGFP mice intraperitoneally injected with PBS or 600 mg/kg α-KG. One
hour before harvesting, mice were intraperitoneally injected with 100 μL of 40 mM EdU solution. GFP identifies MuSC and DAPI cell
nuclei. Scale bar, 75 μm. (Right panel) Quantification of the percentage of EdU+/GFP+ cells over total number of GFP+ cells. Data represent
mean±SEM; n =3–4. (∗∗) P≤0.01. (C, left panels) Representative muscle sections showing Pax7 and laminin immunostaining of 28-dpi
control (Pax7+/+;Psat1fl/fl) or Psat1iKO mice treated with PBS or 600 mg/kg α-KG. Scale bar, 75 μm. (Right panel) Quantification of
Pax7+ cells in control or Psat1iKO muscle sections. Data represent mean±SEM; n =3. (∗) P≤ 0.05. (D) Muscle fiber cross-sectional area
(CSA) quantification (left panel) and percentage of size groups (right panel) of 28-dpi muscle sections in control or Psat1iKO mice treated
with PBS or 600 mg/kg α-KG. Data represent mean± SEM; n=3. (∗) P≤0.05, (∗∗) P≤0.01.
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agreement with previous findings (Baker et al. 2022; Hong
et al. 2022), geriatric myoblasts also had decreased mito-
chondrial respiration (Supplemental Fig. S6C). DM-α-KG
(1mM for 24 h) did not improvemitochondrial respiration
but ameliorated glycolysis of geriatric myoblasts (Supple-
mental Fig. S6B,C). Furthermore, DM-α-KG increased
EdU incorporation in myoblasts of both old and geriatric
mice to levels comparable with those observed in adult
myoblasts (Fig. 6D; Supplemental Fig. S6D). Supplement-
ing myoblasts of old mice with DM-α-KG increased intra-
cellular glutamine (Fig. 6E). Proliferation of old myoblasts
was also improved by glutamine, and the proproliferative
effects of α-KG on myoblasts of old mice were blunted by
GS inhibition (Fig. 6F). Thus, even though mitochondrial

respiration was not corrected, proliferation of myoblasts
from old mice was improved by α-KG or glutamine.

Age-related decline of muscle regeneration is improved
by exogenously supplied α-KG or glutamine

We tested whether, beside promoting cell proliferation of
cultured aged myoblasts, α-KG may also improve muscle
regeneration of aging mice. To this end, 23- to 24-mo-old
mice were intraperitoneally injected with either vehicle
(PBS) or 600 mg/kg α-KG 1 d before injury (day −1) and
1, 3, and 5 dpi (Fig. 7A), and Pax7+ cells andCSAwere eval-
uated at 15 and 28 dpi. At both time points,mice receiving
α-KG displayed a significant increase in the number of
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Figure 6. α-KG increases proliferation of myoblasts from aging mice. (A) RT-qPCR of Psat1 mRNA level in 3-dpi MuSCs isolated from
adult (3-mo-old) or old (24-mo-old) mice. Data representmean±SEM of FC relative to Psat1 transcript level in adults. 18S transcripts were
used as housekeeping control; n=4. (∗∗∗∗) P≤ 0.0001. (B) Immunoblot of Psat1 protein in 3-dpi MuSCs from adult or old mice. Vinculin
served as the loading control. (C ) α-KG levels in primary myoblasts of adult and old mice. Data represent mean±SEM; n= 3. (∗) P≤
0.05. (D, left panel) Representative immunofluorescence images of EdU incorporation in primary myoblasts of adult or old mice cultured
in control medium (CM) or treated with 1 mM DM-α-KG for 24 h. DAPI identifies cell nuclei. Scale bar, 20 μm. (Right panel) Quantifi-
cation of the percentage of EdU+ cells over total number of nuclei. Data represent mean± SEM; n=3. (∗) P≤ 0.05, (∗∗) P≤ 0.01. (E) Gluta-
mine (Gln) levels in myoblasts of adult or old mice cultured in control medium or treated with 1 mMDM-α-KG for 24 h. Data represent
mean±SEM; n=3. (∗) P≤ 0.05. (F, left panel)Myoblasts of oldmicewere cultured in control medium (CM) or in the presence of 1mMDM-
α-KG, 4 mM glutamine (Gln), 1 mM MSO, or 1 mM MSO+1 mM DM-α-KG for 24 h and exposed to 10 μM EdU for 2 h before cell pro-
cessing. Scale bar, 20 μm. (Right panel) Data represent mean± SEM; n=3–4. (∗) P≤ 0.05, (∗∗) P≤0.01.
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Figure 7. α-KG or glutamine improves muscle regeneration of old mice. (A) Schematic representation of notexin and α-KG or
glutamine (α-KG/Gln) treatment in old mice. (B, top panels) Representative images of muscle sections of 15-dpi old (23- to 24-mo-old)
mice intraperitoneally injected with either PBS or 600 mg/kg α-KG and immunostained with Pax7 antibody. Scale bar, 75 µm. (Bottom
panel) Quantification of Pax7+ cells in PBS- or α-KG-treated mice. Data represent mean±SEM; n =3. (∗) P≤ 0.05. (C ) Percentage size group
of fiber cross-sectional area from 15-dpi old (23- to 24-mo-old) mice intraperitoneally injected with either PBS or α-KG. Data represent
mean±SEM; n= 3. (∗) P≤0.05, (∗∗) P≤ 0.01. (D,E) Experimental conditions and measurements are as described in B and C, except that
mice were evaluated at 28 dpi. n=4–5. (F, top panels) Representative images of muscle sections of 28-dpi old (23- to 24-mo-old) mice in-
traperitoneally injected with either PBS or 500mg/kg glutamine (Gln) and immunostained with Pax7 antibody. Scale bar, 75 μm. (Bottom
panel) Quantification of Pax7+ cells in PBS- or glutamine-treated mice. Data represent mean±SEM; n =5. (∗) P≤ 0.05. (G) Percentage size
group of fiber cross-sectional area from 28-dpi old (23- to 24-mo-old) mice intraperitoneally injected with either PBS or glutamine (Gln).
Data representmean±SEM;n =5. (∗)P≤ 0.05, (∗∗) P≤ 0.01. (H, left panels) Representative images ofmuscle sections of 28-dpi old (23- to 24-
mo-old) mice intraperitoneally injected with either PBS or α-KG and stained with Picro-Sirius red. Scale bar, 75 μm. (Right panel) Quan-
tification of Picro-Sirius red staining in PBS- or α-KG-treated mice. Data represent mean±SEM; n =3–4. (∗) P≤ 0.05. (I, left panels) Repre-
sentative images ofmuscle sections of 28-dpi old (23- to 24-mo-old)mice intraperitoneally injectedwith either PBS or glutamine (Gln) and
stained with Picro-Sirius red. Scale bar, 75 μm. (Right panel) Quantification of Picro-Sirius red staining in PBS- or glutamine-treatedmice.
Data represent mean±SEM; n =3. (∗) P≤ 0.05.
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Pax7+ cells andCSA (Fig. 7B–E). At 28 dpi, α-KG treatment
resulted also in decreased fibrosis (Fig. 7F–H). We further
investigated the effects of glutamine. Mice (23–24 mo
old) were intraperitoneally injected with either vehicle
(PBS) or 500 mg/kg glutamine 1 d before injury (day −1)
and 1, 3, and 5 dpi, and the number of Pax7+ cells, CSA,
and fibrosis were evaluated at 28 dpi. As observed with
α-KG, glutamine also improved muscle regeneration, as
determined by the increased number of Pax7+ cells and
CSA and reduced fibrosis (Fig. 7F,G,I).

Discussion

Activation of T lymphocytes, dendritic cells, and MuSCs
is accompanied by glycolytic reprogramming (Jones and
Thompson 2007; Krawczyk et al. 2010; Ryall et al.
2015b). Glycolysis is indispensable for retinal progenitor
proliferation and biosynthesis (even when it is not used
for ATP production) (Agathocleous et al. 2012) and for
lung alveolar stem cell differentiation (Wang et al. 2023).
Moreover, a metabolic shift from oxidative phoshoryla-
tion to glycolysis is observed in somatic cells being repro-
grammed to induced pluripotent stem cells (Sperber et al.
2015; Takashima et al. 2015). By generating a defined
chemical environment, glycolysis also directs cells to
adopt specific developmental fate decisions (Oginuma
et al. 2020). In addition to energetic demands, proliferating
adult stem cells have important metabolic requirements.
Aerobic glycolysis fulfills some of these requirements by
providing intermediates for biomass production and ana-
bolic reactions (Lunt and Vander Heiden 2011). Here, we
report that glycolysis-derived SBP is required for MuSC
activation and proliferation of MuSC-derived myogenic
progenitors. The essential function of Psat1 during devel-
opment (White et al. 2013) has precluded its study in adult
animals. Using Pax7Cre driver mouse lines, we have delet-
ed Psat1 and observed that it is critical for MuSC biology.
Pax7 is expressed in MuSCs, a subset of neurons, and cra-
nofacial tissues (Buckingham and Relaix 2007). While the
participation of non-MuSC Pax7+ cells in the observed
muscle defects cannot be formally ruled out, cultured
myoblasts isolated from Psat1cKO mice displayed prolifer-
ative defects, indicating a cell-autonomous function of
Psat1. In addition to catalyzing the conversion of 3-phos-
phohydroxypyruvate (3PHP) to 3-phosphoserine, Psat1
generates α-KG using glutamate as a substrate. In a reverse
reaction, α-KG generated by Psat1 accepts an amino group
from the donor amino acid (transamination) to form gluta-
mate, which is then converted to glutamine by glutamine
synthetase. Selective and inducible genetic Psat1 ablation
inMuSCs resulted in a lack ofmyogenic progenitor expan-
sion and consequent impaired muscle regeneration fol-
lowing injury. Consistent with the observation that
Psat1 was not appreciably expressed in quiescent MuSCs,
Psat1cKO mice did not display obvious abnormalities in
homeostatic conditions. Myogenic proliferation andmus-
cle regeneration defects in Psat1iKOmice could be correct-
ed by supplementationwith either α-KG or glutamine. On
the other hand, supplementation with serine-derived one-

carbon folic acid or S-adenosyl methionine could not cor-
rect impaired proliferation of Psat1cKOmyoblasts. α-KG or
glutamine improved glycolysis in Psat1cKOmyoblasts and
in myoblasts derived from older mice. A direct role of α-
KG on glutamine biosynthesis is suggested by increased
intracellular glutamine levels that we observed after cell
exposure to α-KG and reverse of the proliferative effect ex-
erted by α-KG on Psat1cKO myoblasts upon pharmacolog-
ical inhibition of glutamine synthethase. Serine and
cysteine levels were not decreased in Psat1cKOmyoblasts,
a phenomenon likely explained by serine extracellular up-
take (Yang and Vousden 2016). Normal levels of cysteine
in Psat1cKO myoblasts might be explained by cystathioni-
nase activity, which catalyzes the conversion of serine
and homocysteine to cysteine and α-ketobutyrate (Stryer
1988). Overall, these findings point to a critical role of α-
KG and glutamine in the proliferative defects observed
in Psat1cKO myoblasts. With a Psat1-independent mecha-
nism,macrophage-derived glutamine has been reported to
boost MuSC activation and improve muscle regeneration
throughmTOR (Shang et al. 2020). However, it is unlikely
that the positive effects of α-KG or glutamine thatwe have
observed in MuSC proliferation and regeneration are me-
diated by mTOR activation. First, α-KG inhibits mTOR
activity in Caenorhabditis elegans and mammalian cells
(Chin et al. 2014). Second, mTOR activity is abnormally
elevated in old mice, and its inhibition by rapalogs im-
proves muscle regeneration and counteracts sarcopenia
in aged animals (García-Prat et al. 2016; Joseph et al.
2019). α-KG maintains pluripotency of ESCs (Carey et al.
2015), and, through α-KG generation, Psat1 affects the
timing of ESC differentiation by influencing ten-eleven
translocation (TET) protein-mediated DNA 5′-hydroxy-
methylcytosine (5hmC) and histone methylation (Hwang
et al. 2016). We have not observed significant changes of
5hmC or histone H3K27 or H3K9 methylation in
Psat1cKO MuSCs, suggesting either cell type-specific ef-
fects or distinct α-KG stoichiometric requirements in reg-
ulating specific biological processes. Studies in humans
have suggested the potential benefits of α-KG in muscle
growth and wound healing and in promoting faster recov-
ery after surgery (Cynober 1999, 2004; Donati et al. 1999).
More recently, α-KG has been reported to extend life span
in aging mice and to reduce biological age in humans
(Asadi Shahmirzadi et al. 2020; Demidenko et al. 2021).
In mice, α-KG was found to induce interleukin 10 (IL-10)
expression and to suppress chronic inflammation (Asadi
Shahmirzadi et al. 2020). In humans, α-KG plasma levels
decline∼10-fold between the ages of 40 and 80 yr old (Har-
rison and Pierzynowski 2008). Psat1, α-KG, and glutamine
levels were all reduced in MuSCs isolated from aging
mice, and IP injection of either α-KG or glutamine im-
proved MuSC activation, promoted muscle regeneration,
and reduced fibrosis of aged mice. Other metabolites,
such as NAD+ precursors, improve muscle function in
both aging rodents and humans (Ryu et al. 2016; Zhang
et al. 2016; Pirinen et al. 2020). While a causative role of
MuSCs in the pathogenesis of human sarcopenia remains
to be firmly demonstrated, the number and regenerative
potential of MuSCs are reduced during human aging
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(Verdijk et al. 2014; Snijders et al. 2015). As there are no
efficacious therapeutic interventions for sarcopenia
(Cruz-Jentoft and Sayer 2019), α-KG or glutamine—alone
or in various combinations with other metabolites,
antioxidants (García-Prat et al. 2016), and rapalogs (Shav-
lakadze et al. 2018)—may constitute a potential pharma-
cological approach to improve MuSC function and
muscle mass in the aging population.

Materials and methods

Animals

Mice were housed in a pathogen-free facility, and all ex-
periments were performed according to the National In-
stitutes of Health (NIH) Animal Care and Use
regulations. Psat1fl/fl mice were generated at the Trans-
genic Core Facility of theNational Heart, Lung, and Blood
Institute (NHLBI) by CRISP/Cas9 insertion strategy.
Guide RNAs, single-strand DNAs, and PCR primers for
generating and genotyping the edited alleles are provided
in Supplemental Table S4. The following mice were
used: C57BL/6J (JAX 000664) and Psat1fl/fl crossedwith ei-
ther constitutive Pax7Cre (Psat1cKO) (JAX 010530) (Keller
et al. 2004) or tamoxifen-inducible Pax7CreERT2 (Psat1iKO)
(JAX 017763). Psat1iKO mice were crossed with nuclear
membrane-binding ROSA26STOP-Sun-1-GFP (JAX 021039)
mice (Mo et al. 2015) to generate Psat1iKO nGFP. Psat1cKO,
Psat1iKO, and Psat1iKO nGFPmice and their respective con-
trol mice (Pax7+/+;Psat1fl/fl, Pax7CreERT2;Psat1+/+, and
Pax7CreERT2;Psat1+/+;ROSA26STOP-Sun-1-GFP) received 10
mg/mL tamoxifen (Sigma T5648) in corn oil via IP injec-
tion at 100 µL/d for five consecutive days. For comparative
studies, age- and sex-matched littermates were used for all
experimental procedures. Genotyping was done by a Taq-
Man-based genotyping approach provided by Transnetyx,
Inc. (http://www.transnetyx.com). Old (23–24-mo-old)
and geriatric (32-mo-old) C57BL/6J mice were imported
from Charles River Laboratories, Inc.

Mouse primary myoblast isolation and culture

Mouse primary myoblasts were isolated following the de-
scribed methods (Liu et al. 2015; Riparini et al. 2022).
Briefly, hindlimb muscles were dissociated into single
cells by enzymatic digestion with 1000 U/mL collagenase
II in Ham’s F10 medium supplemented with 10% horse
serum and 1% penicillin/streptomycin (wash medium
[WM]) for 1 h at 37°C. Digested muscles were then sub-
jected to further digestion with 1000 U/mL collagenase
II and 11 U/mL dispase for 30 min. The cell suspension
was then filtered and plated onto 10-cm plates and incu-
bated overnight at 37°C and 5% CO2. The following day,
primary myoblasts were enriched by preplating. Primary
myoblasts were cultured in WM supplemented with 2.5
ng/mL bFGF (control medium [CM]).

Human primary myoblasts

Human primary myoblasts were purchased from Cook
MyoSite and culterd with MyoTonic basal medium

(Cook MyoSite MB-2222) supplemented with MyoTonic
growth supplement (Cook MyoSite MS-3333) and 1%
penicillin/streptomycin. Human primary myoblasts
were plated on at a density of 4 × 103 to 6 × 103 cells/cm2.

Muscle injury

Mice were anesthetized in an isoflurane scavenging sys-
temwith the appropriate pain relief measures (subcutane-
ous injection of 0.5 mL of 0.3 mg/mL buprenorphine for
each mouse). Injury was induced by intramuscular injec-
tion of 50–100 µL of 2 µg/mL notexin (Accurate Chemical
TXL8104-100) into the TA/EDL muscles with an insulin
syringe. At the indicated times after injury, mice were eu-
thanized and muscles were dissected for cryo-embedding
or flow cytometry.

In vivo EdU labeling

Psat1iKO nGFP and their littermate control mice were in-
jured by notexin injection and intraperitoneally injected
with 100 µL of 25.5 mg/kg 5′-ethynyl-2′-deoxyuridine
(EdU; Invitrogen A10044;) 1 h before being euthanized at
3 dpi. Muscles were collected and processed for immuno-
fluorescence staining on tissue slides. EdU-labeled cells
were detected using the Click-iT EdU imaging kit (Invi-
trogen C10086) following the manufacturer’s protocol.

In vivo α-KG treatment

One-hundred microliters of 180 mg/mL KG (600 mg/kg
body weight; Sigma 75890) or vehicle (1× PBS) was admin-
istered intraperitoneally to each mouse. Treatment was
performed every other day for 7 d. TA/EDL muscles
were collected at 3 or 28 dpi. For aged mice, injured mus-
cles were collected at 15 or 28 dpi. TA/EDL muscles were
cryo-embedded for further analysis.

In vivo glutamine treatment

Five-hundred microliters of 30 mg/mL L-glutamine (500
mg/kg body weight; Sigma G8580) or vehicle (1× PBS)
was administered intraperitoneally. Treatment was per-
formed every other day. Injured TA/EDL muscles were
collected at either 3 or 28 dpi, cryo-embedded, and stored
at −80°C for further analysis.

Ex vivo myoblast treatment

Primary myoblasts from 2- to 4-mo-old or aged (24- to 32-
mo-old) control and Psat1cKO mice were cultured for one
passage, and cells were plated at a density of 1.5 × 104

cells/cm2 in CM. One day after plating, cells were treated
for an additional 24 h with one of the following compo-
nents: 1 mM DM-α-KG (Sigma T31458), 1 mM succinate
(Sigma 73605), 4 mM glutamine (Gibco 25030-081),
4 mM glycine (MP Biomedicals 194681), 10 mM folic
acid (Sigma F8758), or 10 µM SAM (Sigma A2408). EdU
(10 µM) was supplied 2 h before cell harvesting. Cells
were then fixed with 4% PFA for 10 min at room
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temperature, washed three times for 5 min each with 1×
PBS, and stored in 1× PBS at 4°C for the Click-iT EdU
assay.

Muscle dissection, cryo-embedding,
immunofluorescence, and Sirius red histology

The TA/EDL muscles obtained from uninjured or injured
mice were processed at 3, 7, 15, and 28 dpi, respectively.
The TA/EDL muscles were dissected, covered with OCT,
snap-frozen in cold methylbutane, and stored at least over-
night at −80°C before sectioning. Cryo-embedded tissues
were mounted on a cryostat (Leica CM 1860) in the trans-
verse direction and sectioned at 10-µm thickness. Sections
were collected on Superfrost Plus slides (VWR 48311-703)
and processed for immunofluorescence analysis. For im-
munofluorescence, 1× 104 myoblasts were plated on a col-
lagen-coated 96-well plate.Myoblastswere fixed for 10min
with 2% PFA, permeabilized with 0.1% Triton/PBS, and
further processed for immunofluorescence staining. Prima-
ry and secondary antibodies and their dilution ratios are
listed in Supplemetal Table S4. Sirius red staining was per-
formed using a kit (Abcam ab150681). Briefly, cryosections
on slides were fixed with 4% PFA for 30 min and sequen-
tially washed with 70%, 50%, and 30% ethanol and 1×
PBS for 2 min for each step. Sections were stained in Sirius
red solution for 10 min and then washed twice with acetic
acid solution. Sectionswere further dehydratedwith 100%
ethanol and xylene and then mounted with Permount and
cover slides.

Oxygen consumption and extracellular
acidification analysis

Primary myoblasts were plated at 1.5 × 104 cells/well in a
collagen-coated 96-well Seahorse cell culture plate and
cultured in CM. One day before measurements, 1 mM
DM-α-KG was added to 1 mM medium for an additional
24 h. The XF calibrant (Agilent 100840) and a cartridge
submerged in ddH2O were maintained in a CO2-free Sea-
horse incubator for 12 h. For themitochondrial stress test,
on the day of the Seahorse assay, CM was replaced with
Seahorse assay medium (phenol red-free DMEM at pH
7.4, supplied with 25 mM glucose, 1 mM sodium pyru-
vate, 2 mM glutamine) and incubated in a CO2-free Sea-
horse incubator for at least 45 min before the assay to
deplete CO2. Selected drugswere dissolved in Seahorse as-
say medium. Cells were treated serially with 1 μM oligo-
mycin, 1 μM FCCP, and 2 μM rotenone-antimycin A,
and oxygen consumption rates (OCR) were measured
over time. For the glycolysis stress test, 1.5 × 104 cells/
well were plated onto a collagen-coated 96-well Seahorse
plate in CM. One day after plating, cells were treated with
1 mM DM-α-KG, 4 mM glutamine (Gln), 1 mM MSO, or
4 mM MSO+DM-α-KG, MSO+Gln, or glycine (Gly) for
an additional 24 h. On the day of the experiment, CM
was replaced with Seahorse assay medium (phenol red-
free DMEM at pH 7.4, supplied with 2 mM glutamine).
Cells were treated serially with 25 mM glucose, 1 μM oli-
gomycin, and 100mM2-DG, and the extracellular acidifi-

cation rate (ECAR) was measured over time. Statistical
analysis relative to Supplemental Figure S4, E and G,
was performed using the same control group (Ctrl_CM
or Psat1cKO_CM).

Metabolomics

Isolated primary myoblasts were plated onto a 10-cm col-
lagen-coated dish for 24 h and transfected with scrambled
siRNAcontrol or siRNA targeting thePsat1 gene and then
collected 48 h after silencing. Briefly, cells were trypsi-
nized, washed twice in 1× PBS, snap-frozen in liquid nitro-
gen, and then stored at −80°C until analysis. Untargeted
metabolomics was performed at West Coast Metabolo-
mics (University of California, Davis) for the following
group of metabolites: carbohydrates, sugar phosphate,
amino acids, hydroxyl acids, free fatty acids, purines, py-
rimidines, aromatics, and exposome-derived chemicals.
A full list of themetabolites screened is available as prima-
ry metabolism analysis at https://metabolomics.ucdavis
.edu/core-services/metabolites. Briefly, samples were ex-
tracted using theMatyash extraction procedure, which in-
cludes MTBE, MeOH, and H2O. The aqueous (bottom)
phase was dried and subjected to derivatization for gas
chromatography (GC). Analysis was performed on an Agi-
lent 7890 GC (Agilent) coupled with a Leco Pegasus IV
TOF (Leco). Using a splitlessmethod, 0.5 µL of derivatized
sample was injected onto a Restek RTX-5SIL (Restek Bel-
lefonte 12723-127) MS column with an Integra-Guard at
275°C with a helium flow of 1 mL/min. The transfer line
was set to 280°C, and the EI ion source was set to 250°C.
The mass spectrometry parameters of collected data are
from 85 to 500m/z at an acquisition rate of 17 spectra/sec.

Metabolomic analysis

Univariate analyses were performed as described (Chen
et al. 2022). Metabolite differences between the two
groups (si-Psat1 vs. si-Ctrl myoblasts) were identified by
Welch’s independent sample t-tests, with the peak height
of each metabolite as the dependent variable. Signifi-
cantly changed metabolites were selected based on P-val-
ue≤ 0.05.

α-KG measurements

Primary myoblasts (1 × 106) were counted using an auto-
mated cytometer (Cellometer Vision, Nexcelom) and im-
mediately processed for α-KG assay (Abcam ab83431)
following the manufacturer’s instructions. α-KG values
were normalized to total protein levels.

Glutamine/glutamate assays

Control, Psat1cKO, or aged myoblasts (1 × 104 per well)
were plated onto a collagen-coated 96-well plate. The fol-
lowing day, cells were treated with 1mMDM-α-KG for an
additional 24 h. Cells were incubated for 5 min with
15 mL of inactivation solution (0.3 N HCl; Mallinckrodt
Baker UN1789), followed by 1-min incubation with Tris
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solution (450 mM Tris at pH 8.5; SAFC RES9680T-
A102X). For each sample, 25-µL aliquots were transferred
into two wells of a 96-well white luminometer plate
(Greiner 655075). These wells were used to determine
the signal of glutamine plus glutamate and of glutamate
only, following the manufacturer’s protocol (Promega
J8021). To evaluate glutamine levels, the signal from glu-
tamate-only wells was subtracted from that of the total
glutamine plus glutamate wells. The signal was normal-
ized on cell viability.

RNA-seq

For RNA-seq, Illumina RNA libraries were prepared with
an NEBNext Ultra II RNA library preparation kit for Illu-
mina (NEB E7490) according to the manufacturer’s in-
structions. Briefly, 250 ng of total RNA from Ctrl or
Psat1iKO 3-dpi MuSCs or 500 ng of total RNA from Ctrl
or Psat1cKO myoblasts was enriched for poly(A)+ mRNA
and retrotranscribed. cDNA was then fragmented and
adapters were added to both ends of the fragments. The
obtained libraries were amplified and size-selected before
NGS. All libraries were diluted to 3 nM and sequenced on
an Illumina NovaSeq6000 or Illumina NextSeq550 using
the following read length: 50 bp for read1, 8 bp for the I7
index, and 50 bp for read2.

RNA-seq analysis

For 3-dpi Ctrl or Psat1iKO analysis, paired-end reads were
aligned to themm10 reference genome usingHISAT2 ver-
sion 2.2.1 (Kim et al. 2019) and default parameters.
Aligned reads were quantified using Sailfish (Patro et al.
2014) and annotated in R using the org.Mm.eg.db package
version 3.15.0. Differential expression analysis was per-
formed using DESeq2 pipeline version 4.2.0 (Love et al.
2014). Genes with a fold change of Ctrl/Psat1iKO >2 and
adjusted P-value of <0.05 were selected as significantly
differentially expressed. For Ctrl and Psat1cKO myoblast
analysis, the FastQ files were produced by processing
raw sequencing data using bcl2fastq (v2.20.0). Subse-
quently, sequence reads were aligned to the mouse ge-
nome build mm10 using TopHat 2.1.1. Gene expression
values,measured in reads per kilobase permillionmapped
reads (RPKM), were computed using Partek Genomic
suite 7.21.119. Differential gene expression analysis was
conducted through ANOVA (Partek Genomic suite), ap-
plying fold change criteria of 1.5 and a significance cutoff
of P < 0.05. Sequencing data sets have been deposited in
the GEO repository under accession number GSE248916.

Statistical analysis

All of the experiments were conducted with at least three
biological replicates. Sample size for each experiment is
shown in the figures and legends. Statistical significance
was determined using two-tailed Student’s t-test (un-
paired for unrelated samples and paired for biologically
matched samples; GraphPad software 10.0). Quantitative
data displayed as histograms are expressed as mean±SEM

unless otherwise indicated. Sequencing data analysis pa-
rameters are described in the Supplemental Material.
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