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Abstract

A chronic increase in the Mammalian Target of Rapamycin Complex 1 (mTORC1) signaling is implicated in reduced longevity,
altered metabolism, and mitochondrial dysfunction. Abnormal mTORC1 signaling may also be involved in the etiology of sarcope-
nia. To better understand the role of mTORC1 signaling in the regulation of muscle metabolism, we developed an inducible mus-
cle-specific knockout model of DEP domain-containing 5 protein (DEPDC5 mKO), which results in constitutively active mTORC1
signaling. We hypothesized that constitutively active mTORC1 signaling in skeletal muscle would alter the metabolomic and lipi-
domic response to an acute bout of exercise. Wild-type (WT) and DEPDC5 muscle-specific knockout (KO) mice were studied at
rest and following a 1 h bout of treadmill exercise. Acute exercise induced an increased reliance on glycolytic and pentose phos-
phate pathway (PPP) metabolites in the muscle of mice with hyperactive mTORC1. Lipidomic analysis showed an increase in tri-
glycerides (TGs) in KO mice. Although exercise had a pronounced effect on muscle metabolism, the genotype effect was larger,
indicating that constitutively active mTORC1 signaling exerts a dominant influence on metabolic and lipidomic regulation. We
conclude that increased mTORC1 signaling shifts muscle metabolism toward greater reliance on nonoxidative energy sources in
response to exercise. Understanding the mechanisms responsible for these effects may lead to the development of strategies
for restoring proper mTORC1 signaling in conditions such as aging and sarcopenia.

NEW & NOTEWORTHY This study demonstrates that hyperactive mTORC1 alters the muscle metabolomic and lipidomic
response to exercise, with genotype having a larger effect than exercise. Knockout mice exhibited an increase in reliance on
glycolysis and pentose phosphate pathway and an increase in triglyceride turnover. Wild-type mice primarily showed an increase
in utilization of TCA cycle and lipid metabolism intermediates.

exercise; lipidomics; metabolomics; mTORC1; muscle

INTRODUCTION

Mammalian target of rapamycin (mTOR) is a 289-kDa
serine/threonine protein kinase and a member of the
phosphatidylinositol 3-kinase-related kinase (PIKK) fam-
ily. It consists of two distinct protein complexes: mTOR
Complex 1 (mTORC1) and mTOR Complex 2 (mTORC2).
mTORC1 is an important regulator of cellular growth and
proliferation. It participates in balancing catabolism and
anabolism through lipid, nucleotide, and protein synthesis,
autophagy, lysosome biogenesis, and can be regulated by
amino acid availability, growth factors, energy status, and
mechanical stimuli, such as exercise andmuscle contraction
(1, 2). Short-termmTORC1 activation plays a beneficial role
in maintaining cellular homeostasis, whereas chronic acti-
vation can disrupt normalmetabolic regulation (1). Chronic

activation of mTORC1 is associated with disrupted insulin
signaling, dysregulated translation initiation and ribosomal
biogenesis, lipid accumulation, and inhibition of autoph-
agy, all of which contribute to alterations in carbohydrate,
protein, and lipid metabolism (3, 4). The role of chronic
mTORC1 activation in reducing longevity is recognized,
and studies have also shown that chronic mTORC1 activa-
tion can be linked to sarcopenia, an age-related involuntary
loss of skeletal musclemass and function (5, 6). The poten-
tial causes of sarcopenia are not completely understood but
are related to an increased number of proinflammatory
cytokines and an age-related increase in mitochondrial
dysfunction (7, 8). Although the exactmechanism of dysre-
gulated mTORC1 in aging is unknown, chronically active
mTORC1 has been associatedwith the inhibition of autoph-
agy andfiber damage in skeletalmuscle (6, 9).
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A single bout of exercise drives transient changes in the
skeletal muscle by altering mTORC1 activity and gene tran-
scriptionandcarbohydrate, lipid, andmitochondrialmetabo-
lism (10). These changes are based on the type of exercise
(resistance or endurance), exercise intensity (low, medium,
and high), duration, sex, age, diet, and training status (11).
However, it is not knownhowanacute bout of exercise affects
skeletalmuscle with chronically activemTORC1. Examining
hyperactivemTORC1 in the context of acute exercise, a strong
driver of metabolic changes in muscle, allows us to assess
how persistent mTORC1 activation influences exercise-
induced metabolic adaptations. This approach may provide
insights into how excessive mTORC1 signaling alters muscle
metabolism, helping to differentiate metabolic changes
betweenapotentially diseasedandhealthy state.

The analysis of skeletal muscle metabolome and lipi-
dome provides valuable insights into substrate utilization,
mitochondrial function, and lipid-based regulatory proc-
esses, all of which are very important for understanding
muscle health. Considering the impact of mTORC1 on met-
abolic pathways and lipid accumulation, characterizing the
skeletal muscle metabolome and lipidome can help eluci-
date how chronic mTORC1 activation influences muscle
metabolism. There are relatively few studies that have com-
prehensively examined the muscle metabolome after an
acute (i.e., single) bout of prolonged (>45–60 min) endur-
ance exercise in mice. One study found general changes in
amino acid and purine/pyrimidine metabolic pathways in
the skeletal muscle in mice after 1 h of an acute treadmill
exercise (12). This study also reported an overall decrease in
glycolytic metabolites and an increase in urea with exercise
(12). Another study found increased urea cycle, citric acid
cycle, alanine metabolism, arginine/proline, and malate-
aspartate shuttle biochemical pathways after an acute bout
of exercise to exhaustion in mice (13). However, most stud-
ies have focused on analyzing a small number of metabo-
lites rather than providing a comprehensive analysis of the
entire metabolome.

Similarly, relatively few studies have examined the skele-
tal muscle lipidome in response to acute exercise. One study
examined the effects of an hour of treadmill exercise inmice
and found no significant changes compared with rest (14).
The previous research has focused mainly on lipids from
plasma (15) or nonmuscle tissues (16) or has focused on exer-
cise training rather than acute exercise (17). Furthermore,
these studies used different mammalian species (e.g., mice
and humans), which makes it difficult to compare themwith
each other. In addition, many studies have traditionally
focused on changes in intramuscular triglycerides (IMTGs)
with exercise without considering the broader interplay
among other lipid classes (18, 19). By focusing on different
lipid classes, we can gain amore comprehensive view of lipid
metabolism in skeletal muscle and its interaction with
mTORC1 signaling.

Previously, our laboratory found a significant increase
in muscle mitochondrial function and alterations in mus-
cle metabolism in mice with constitutively active muscle
mTORC1 using an inducible skeletal muscle-specific
knockout mouse of DEP domain-containing 5 protein
(DEPDC5 mKO) (20, 21). Exercise is known to affect sub-
strate utilization and metabolic pathways localized in

mitochondria. Therefore, we used metabolomics and lipi-
domics analyses to investigate the effects of a 1 h bout of
treadmill exercise on skeletal muscle in DEPDC5 mKO
mice. We hypothesized that constitutively active mTORC1
signaling in skeletal muscle would alter the metabolomic
and lipidomic response to an acute bout of exercise. Our
findings showed that acute exercise induced an increased
reliance on glycolytic and pentose phosphate pathway
(PPP) metabolites in the muscle of mice with hyperactive
mTORC1. Lipidomic analysis showed an increase in triglyc-
erides (TGs) in KOmice.

METHODS

Transgenic Mice and Skeletal Muscle Collection

All animal procedures were conducted in accordance with
the Institutional Animal Care and Use Committee (IACUC)
guidelines under protocol number 1509061B. We developed
an inducible muscle-specific knockout model Depdc5fl/fl �
Creþ /� (20). This model induces Depdc5 deletion by Cre-
loxP technology in mice that have tamoxifen-inducible Cre
recombinase only in the skeletal muscle. To develop this
model, our laboratory crossed Tg(ACTA1-cre/Esr1�)2Kesr/
J (Cre) (RRID:IMSR_JAX:025750, Jackson Laboratory)
with a homozygote floxed Depdc5fl/fl mouse [officially,
Depdc5tm1c(EUCOMMHmgu)]. We used a total of 60 mice (4
groups) with an equal number of males and females per
group. The group size was selected based on the previous
studies from our group. Groups included C57BL/6 (RRID:
IMSR_JAX:000664, Jackson Laboratory) wild-type sedentary
(WT Sed), DEPDC5 muscle-specific knockout sedentary (KO
Sed) with C57BL/6 background, C57BL/6 wild-type exercise
(WT Ex), and DEPDC5 muscle-specific knockout exercise
(KO Ex) with C57BL/6 background. To confirm the genotype
status of the mice, DNA was extracted from an ear punch
and analyzed using RT-PCR (20). Once KOmice reached 6–8
mo of age, they were injected with tamoxifen (5 consecutive
days, 75 mg/kg), a Cre recombinase system inducer, to facili-
tate Depdc5 deletion. In the previous study, we confirmed
hyperactivation of mTORC1 after 6 wk of tamoxifen induc-
tion in the skeletal muscle of KO mice by measuring down-
stream targets of mTORC1 protein using Western blotting
technique. Increased phosphorylation of downstream pro-
teins in KO in comparison withWTmice indicated an overall
increase in mTORC1 signaling in the skeletal muscle (20).
Mice were group-housed (1–4 per cage) with their littermates
in a temperature-controlled room with ad libitum access to
food and water.

Exercise

Mice exercised on amotorized treadmill (PanLab LE 8710).
They were acclimatized to the treadmill 1 day/week for 4 wk
with the following protocols:week 1—5 min at 8 m/min;week
2—5 min at 8 m/min; week 3—30 min at 16 m/min; week 4—
30min at 16 m/min. In week 5, the mice underwent an acute
bout of exercise, which consisted of 11-min warm-up run fol-
lowed by a 60-min run at 16 m/min. Immediately after the
completion of exercise, mice were anesthetized with a
Ketamine/Xylazine mixture. Following deep anesthesia,
quadriceps muscle tissue was isolated during a nonsurvival
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surgery and flash-frozen in liquid nitrogen. All samples were
stored at�80�C.

Metabolite Extraction from Skeletal Muscle

Weextractedpolarmetabolites and lipids using amodified
Bligh-Dyer extraction (22). Approximately 20 mg of muscle
quadricep tissuewere added to a 1.5-mLSafe-LockEppendorf
tubewith enough 1.3-mmsteel beads (BioSpec Corp.) to cover
tissues. Prior to extraction, 10 μL of UltimateSPLASHONE IS
mix (Avanti Polar Lipids, Cat. No. 330820) diluted 1:5 in
dichloromethane/methanol (1:1, vol/vol) and 10 μL of a polar
metabolite ISmix prepared in 80%acetonitrile (composed of
equal volumesofCarnitine/Acylcarnitine StandardMix Set B,
Cambridge IsotopeLaboratories, Cat.No.NSK-B-1; Carnitine/
Acylcarnitine StandardMix Supplement toNSK-B, Cambridge
IsotopeLaboratories, Cat.No.NSK-B-G1;MetabolomicsQCKit,
Cambridge Isotope Laboratories, Cat. no. MSK-QC-KIT; and
Organic Acid Mix, Cambridge Isotope Laboratories, Cat. No.
MSK-OA-1) were added to samples to be used for normaliza-
tion. About 300 μL of methanol/water (2:1.8, vol/vol) were
added, and sampleswere homogenizedusing a beadhomoge-
nizer in 30-s pulses for two times. If tissues were not fully
disrupted, samples were homogenized for another 30 s.
Homogenateswere then transferred to 12� 75mmglass tubes.
The emptied homogenate tubes were rinsed with 610 μL of
methanol/water (2:1.8, vol/vol) two times, with the resulting
rinsepooledwith thehomogenate.About 800μLof chloroform
were added to samples, followedby vortexing tomix and incu-
bation on ice for 1 h. Following incubation, samples were cen-
trifuged to separate the two phases; 1.3 mL of the upper
aqueous phase were transferred to a new glass tube and dried
through speedvac (Jouan RC 10.22 vacuum centrifuge). This
fraction represented to polar metabolites. From the lower
organic phase, 760 μLwere transferred to anew tube anddried
under a streamofnitrogengas (OrganomationMicrovap). This
fraction represented the lipids. The remaining protein pellet
was used to determine theprotein content through aBCApro-
tein assay (PierceBCAAssayKit, ThermoScientific). Thepolar
metabolite extractswere resuspended in 100 μL of 80% aceto-
nitrile following drying,whereas the lipid extractswere resus-
pended in 100μLofdichloromethane/methanol (1:1, vol/vol).

LC-MS/MS Analysis

LC-MS/MS analysis for polar metabolites was performed
using a 1260 Infinity UHPLC System (Agilent) coupled to a
Turbo V electrospray ionization (ESI) source and a Qtrap
6500 mass spectrometer (SCIEX). In brief, the samples were
separated in HILIC mode using an Atlantis Premier BEH
Z-Hilic column (2.5 μm, 2.1� 150 mm,Waters). Mobile phase
A consisted of acetonitrile/water (10:90, v/v) þ 10 mM
ammonium acetate þ 2.5 μM InfinityLab deactivator agent
(Agilent), pH 9.0; and mobile phase B consisted of acetoni-
trile/water (90:10, v/v) þ 10 mM ammonium acetate þ 2.5
μM InfinityLab deactivator agent (Agilent), pH 9.0. All sol-
vents were LCMS grade. The LC gradient was as follows: 0–
2 min, 15% A; 2–6 min, 15% to 70% A; 6–15 min, 70% to 85%
A; 15–16 min 85% to 95% A; 16–20min, 95% A; 20–22 min, 95
to 15% A; 22–32 min, 15% A. The flow rate was 200 lL/min,
and the column temperature was 35�C. Ten microliters of
samples were injected. Polar metabolites were analyzed

using scheduled multiple reaction monitoring (sMRM) for a
total of 274 metabolites. The ESI source parameters were set
as follows: curtain gas (CUR) at 25 psi, collision activated dis-
sociation (CAD) set to high temperature of 475�C, nebulizing
gas (GS1) and heating gas (GS2) at 35 psi, and ionspray volt-
age at 4,500 V in positive ionization mode and �4,500 V in
negative ionization mode. Lipids were analyzed using the
same LC and mass spectrometer described earlier, using a
method previously described (23). Samples were separated
in HILIC mode using a Luna NH2 column (3 lm, 150 �
4.6 mm, Phenomenex). Mobile phase A consisted of acetoni-
trile/water/hexane (92:6:2, vol/vol/vol) þ 2 mM ammonium
acetate, pH 9.3, andmobile phase B consisted of acetonitrile/
water (50:50, vol/vol) þ 2 mM ammonium acetate, pH 9.3.
The gradient was as follows: 0–2 min, 100% A; 2–6.5 min,
100% to 60% A; 6.5–7 min, 60% to 55% A; 7–9min, 55% A; 9–
9.5 min, 55% to 30% A; 9.5–12 min, 30% A; 12–12.1 min, 30%
to 15% A; 12.1–14.5 min, 15% A; 14.5–14.6 min, 15% to 0% A;
14.6–17 min, 0% A; 17–18.1 min, 0% to 100% A; 18.1–22 min,
100% A. The flow rate was 1 mL/min, column temperature
was 35�C, and the injection volume was 5 lL. Lipids were
also analyzed using sMRM for a total of 1,870 lipid species
across 18 lipid classes. The ESI source parameters were set as
follows: CUR set to 30 psi, CAD set to medium, temperature
set to 450�C, GS1 set to 50 psi, GS2 set to 55 psi, and ionspray
voltage set to 5,500 V in positive ionization mode and
�4,500 V in negative ionizationmode.

Data Processing and Statistical Analysis

Peak areas formetabolites and lipids were normalized to
peak areas of the relevant internal standards and the sam-
ple protein concentration. Analyst software (V. 1.7, Sciex)
was used to operate the LC-MS instrument and acquire
data. Skyline software 22.2 (RRID:SCR_014080) was used
for peak picking and exporting sample data. Multivariate
and univariate statistical analyses were performed using
Metaboanalyst 6.0 (RRID:SCR_015539) (24), including prin-
cipal component analysis (PCA) and pathway analysis
(KEGG [RRID:SCR_012773] database). Two-way ANOVA
and Games–Howell post hoc tests were used to analyze dif-
ferences between groups with P and P-adjusted [False
Discovery Rate (FDR)]<0.05 (Benjamini–Hochberg correc-
tion). Volcano plots were created between sample groups
with thresholds of P and P-adjusted<0.05. Heatmapswere
created based on relative fold change and P values.

RESULTS

The Effect of Exercise on Metabolic Responses
(Sedentary vs. Postexercise)

WT and DEPDC5 mKOmice exercised for 60 min at 16 m/
min on a motorized treadmill. There was no difference in
exercise performance between both groups. First, we exam-
ined mTORC1 activation in skeletal muscle to confirm the
knockout status. Previous extensive work conducted in our
laboratory validated the knockout status of our models (20).
For this study, there was an overall increase in mTORC1 sig-
naling in sedentary DEPDC5 mKO mice compared with WT
Sed mice as indicated by a large increase in downstream

HYPERACTIVE mTORC1 ALTERS MUSCLE METABOLOME/LIPIDOME WITH EXERCISE

J Appl Physiol � doi:10.1152/japplphysiol.00987.2024 � www.jappl.org 1175
Downloaded from journals.physiology.org/journal/jappl (129.111.114.061) on May 1, 2025.

http://www.jappl.org


substrates p-4E-BP1 and p-rS6 (Supplemental Fig. S1). In con-
trast, we found a decrease in phosphorylated eukaryotic
translation initiation factor 4E-binding protein 1 (p-4E-BP1)
and an approaching significance increase in phosphorylated
AMP-activated protein kinase (p-AMPK) in all exercising
mice as compared with sedentary mice (P < 0.07 for WT and
P < 0.1 for KO). To evaluate the exercise-induced changes in
the skeletal muscle metabolome, we performed LC-MS/MS
analysis following 1 h of an acute bout of treadmill exercise
in WT and DEPDC5 muscle-specific KO mice (Fig. 1).
Principal component analysis (PCA) (Fig. 2A) showed a large
overlap between WT exercising (WT Ex) and WT sedentary
(WT Sed) groups, indicating small differences between the
two groups (Fig. 2A). To a similar extent, there was a large
overlap between KO groups (Fig. 2B). There were nine signifi-
cantly decreased and five significantly increasedmetabolites
in WT Ex mice (P-adjusted < 0.05) (Fig. 2C). In contrast, KO
Ex mice showed 8 significantly decreased and 12 increased
metabolites (P-adjusted< 0.05) (Fig. 2D). There was no over-
lap in metabolites between two groups (Fig. 2E). The data
displayed in the heatmap showed the WT group had
increased metabolites related to lipid metabolism (octanoyl-
carnitine), organic acids (3-indolebutyric acid), and purines/
pyrimidines (thymine, adenine, dGDP). In contrast, KO Ex
mice had significantly increased metabolites related to
nucleotide metabolism (dCTP, CTP, NAD, ADP, UDP-N-ace-
tyl-glucosamine), organic acids (citraconic acid, maleic acid),
glycolytic (glucose-6-phosphate), lipid metabolism (retinal),
amino acids, and their derivatives (imidazole,N-alpha-acetyl-
l-lysine) (Fig. 2F). There was a total of nine significantly
decreased metabolites in WT Ex mice and eight metabolites
in KO Exmice (Fig. 2G). Topmetabolites decreasing inWT Ex
mice were related to nucleotide metabolism (UTP, methyl
adenosine), TCA cycle (succinate), amino acid metabolism
(sarcosine, imidazole), carbohydrate metabolism (glucosa-
mine), metabolic regulation (methylmalonate), cofactors/vita-
mins (biotin), and citraconic acid (Fig. 2H). In contrast, KO Ex
mice showed decreases in metabolites related to glycolysis
(fructose 1,6-diphosphate and glycerol phosphate), organic
acids (2-isopropylmalic acid and 3-indolebutyric acid), amino
acid derivatives (aminobutyric acid), cholesterol metabolism
(trimethylamine-N-oxide), and nucleotide metabolism (thy-
mine and methylthioadenosine). Pathway analysis (Fig. 2I)
indicated that most of the pathways were decreased in WT
mice after exercise including TCA cycle, valine, leucine, and
isoleucine degradation, and fatty acid metabolism. In turn,
KOmice had significantly decreased pathways related to gly-
colysis/gluconeogenesis and PPP and increased lipid and
pyrimidinemetabolism.

The Effect of Genotype on Metabolic Responses

We alsowanted to investigate the effect of the hyperactive
mTORC1 genotype in the experiment relative to its corre-
sponding exercise group (i.e., KO Sed vs. WT Sed and KO Ex
vs. WT Ex) (Fig. 3). PCA showed a partial separation between
WT Sed versus KO Sed (Fig. 3A) and a partial separation
between KO Ex and WT Ex groups (Fig. 3B). A volcano plot
indicated thatmoremetaboliteswere decreased inKOSed in
comparison to WT Sed (Fig. 3C). In contrast, little fewer
metabolites were decreased after exercise when comparing
KOExversusWTEx (Fig. 3D).Whencomparing the overlap in
significantly decreasedmetabolites,we found 34metabolites
were unique to the KO Sed versus WT Sed comparison, 30
metaboliteswere unique to theKOExversusWTEx compari-
son, and 18 were shared between the two group comparisons
(P-adjusted<0.05) (Fig. 3E).Heatmapdata indicated that the
top decreasedmetabolites in KO Sed relative toWT Sedwere
related to carbohydrate and energy metabolism (succinate,
dihydroxyacetone phosphate, succinate, and methylmalo-
nate), amino acids and their derivatives (1-methylhisti-
dine), organic acids (maleic acid), and vitamin (riboflavin)
(P-adjusted< 0.05) (Fig. 3F). In contrast, KO Exmice showed
significant decrease in amino acids and their derivatives
(hydroxyproline, threonine, serine, isoleucine, and proline),
nucleotides/nucleosides (thymine), vitamins and cofactors
(pyridoxamine and riboflavin), trimethylamineN-oxide, and
3-indolebutyric acid (P-adjusted< 0.05). Therewas a smaller
number of significantly increasedmetabolites in both groups
(Fig. 3G). It included 3-indolebutyric acid, octanoylcarnitine,
and fructose 1,6-diphosphate for KO Sed, whereas KO Ex had
alternations in nucleotide/nucleoside metabolism (methyl
adenosine, UTP, andUDP), glucosamine, isovalerylcarnitine,
biotin, and citraconic acid (Fig. 3H). Pathway analysis indi-
cateda fewdistinctpathways thatwereunique forKOSedand
KO Ex comparisons. For example, KO Sed had significant
decreases in glycolysis/gluconeogenesis, taurine, pentose
phosphatepathway, pyruvate, andhistidinemetabolismcom-
pared withWT Sed. In contrast, KO Ex had decreases in lino-
leic acid, nicotinate and nicotinamide metabolism, arginine
biosynthesis, tryptophan, and phenylalanine metabolism in
comparison with WT Ex (Fig. 3I). In addition, we wanted to
investigate the potential sex-based differences between exer-
cising and nonexercising groups. Since males and females
were analyzed separately, we assessedwithin-sex differences
in response to exercise.We found thatmales exhibited signifi-
cant changes in amino acids and their derivatives (P < 0.05)
(Fig. 4A),whereas similar effectswerenot observed in females
(Fig. 4B).

Figure 1. An acute exercise bout study
design. C57BL/6 WT and DEPDC5 mKO
mice (n ¼ 10–20 per group; males and
females) were familiarized with the tread-
mill and underwent 1 h of an acute treadmill
run after which muscle tissue was col-
lected. Sedentary groups did not exercise.
WT, wild type. CreatedwithBioRender.
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ses, data were pooled from both males and females (n¼ 10–20 per group). 3-D, three-dimensional; EX, exercising; KO, knockout; PCA, principal compo-
nent analysis; SED, sedentary; WT, wild type.
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Figure 3.Metabolomics analysis of skeletal muscle at rest and after 1 h of treadmill exercise. Pairwise comparisons based on genotype (KO Sed vs. WT
Sed and KO Ex vs. WT Ex). A and B: 3-D PCA plot of KO Sed and WT Sed (A) and KO Ex and WT Ex (B). C and D: volcano plot of increased (red) and
decreased (blue) metabolites (P-adjusted<0.05) for KO Sed and WT Sed (C) and KO Ex and WT Ex (D). E andG: Venn diagram of significantly decreased
and increased metabolites (P-adjusted< 0.05) for KO Sed and WT Sed (green and red) and KO Ex and WT Ex (blue and pink). F and H: top significantly
different metabolites (P-adjusted < 0.05). I: pathway analysis for KO Sed and WT Sed (blue) and KO Ex and WT Ex (green). Relative distribution of path-
ways according to their P values [�log (FDR)] and relative impact from 0 (small) to 1 (large). Log2 (FC) indicates pathway fold change. For all analyses,
data were pooled from both males and females (n¼ 10–20 per group). 3-D, three-dimensional; EX, exercising; KO, knockout; PCA, principal component
analysis; SED, sedentary; WT, wild type.

HYPERACTIVE mTORC1 ALTERS MUSCLE METABOLOME/LIPIDOME WITH EXERCISE

1178 J Appl Physiol � doi:10.1152/japplphysiol.00987.2024 � www.jappl.org
Downloaded from journals.physiology.org/journal/jappl (129.111.114.061) on May 1, 2025.

http://www.jappl.org


Figure 4. Sex-specific responses in amino acids and their derivatives. A: bar plots indicating differences in amino acids and their derivatives in males
(A) and females (B). Data were stratified by sex (n¼ 5–10 per group), and separate two-way ANOVAs were performed (means ± SE, �P< 0.05).
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The Effect of Exercise on Lipidomic Responses
(Sedentary vs. Postexercise)

Lipidomic analysis of the skeletal muscle tissues detected
1,092 lipid species (Fig. 5A). PCA of the lipidomic data from
either the WT Sed versus WT Ex comparison or the KO Sed
versus KO Ex comparison showed a partial separation, indi-
cating small differences between the lipid profiles (Fig. 5, B
and C). Volcano plot data indicated that 17 lipids were
increased and 13 decreased in WT Ex mice relative to WT
Sed, whereas 37 lipids were increased and 11 decreased in KO
Ex mice relative to KO Sed (P < 0.05) (Fig. 5, D–F and I). The
increased lipids were unique to either of the WT or KO
comparisons (Fig. 5F). Phosphatidylglycerols (PGs), TGs,
and phosphatidylcholines (PCs) were among the most
altered lipid classes in WT after exercise (Fig. 5G), whereas
TGs and PGs had the highest number of increased lipid
species in KO mice after exercise. Data displayed in the
heatmap indicated that the lipids with the greatest
increases for WT Ex versus WT Sed were a cholesterol ester
(CE), PGs (38–42 total carbons), TGs (50–54 total carbons),
and PIs (39 total carbons) (Fig. 5H). In contrast, KO Ex
mice showed increases in ceramide (20:1) (Cer), hexosyl-
ceramides (HexCers), dihydroceramides (dCers), PGs, DGs
(36–38 total carbons), and TGs (Fig. 5H). There was a total
of 11 unique lipids that decreased in WT Ex mice and 9 in
KO Ex mice (Fig. 5I). CEs, DGs, and PGs were the top
decreasing lipids in WT Ex mice (Fig. 5J), whereas PCs
were the top decreasing lipids in KO after exercise (Fig.
5J). Heatmap data indicated that WT Ex mice showed the
greatest reductions in PGs with 36–37 total fatty acid car-
bons, DGs with 32–36 total fatty acid carbons, and CEs
with 16–18 fatty acid carbons (Fig. 5K). In contrast, KO
mice showed the greatest decreases in PCs and PIs (Fig.
5K).

The Effect of Genotype on Lipidomic Responses

Similar to the metabolomic comparisons, we wanted to
investigate the effect of genotype during exercise on the lipi-
domic profile (Fig. 6). PCA showed partial separation
betweenWT Sed and KO Sedmice (Fig. 6A) and betweenWT
Ex and KO Exmice but to a lesser extent (Fig. 6B). A volcano
plot indicated that 198 lipids were significantly decreased
and 6 increased in KO Sed in comparison with WT Sed (P <
0.05) (Fig. 6C). In contrast, 145 lipids were decreased and
33 increased in KO Ex mice (P < 0.05) (Fig. 6D). All lipids
shown to be increased for either the sedentary or the exer-
cise group comparison were unique to those comparisons
(Fig. 6E). TGs and plasmenylethanolamines (PE-Ps) were
mostly altered in KO Sed in comparison with WT Sed (Fig.
6F). In contrast, multiple classes including PGs, DGs, PEs, and
PCs were the top increased lipids in KO Ex in comparison with
WT Ex (Fig. 6F). Heatmap indicated that the top increased lip-
ids for KO Sed in comparison withWT Sed were TGs with 50–
54 total carbons and 1–3 double bonds and PE-Ps with 40–41
carbons (Fig. 6G). In contrast, KO Ex versusWT Ex hadmostly
altered DGs with 33–36 total carbons, Cers with 20–24 total
carbons, and PGs with 33–44 total carbons (Fig. 6G). There
was a total of 167 unique decreased lipids in KO Sed in compar-
ison with 114 in KO Ex mice (Fig. 6H). The lipid classes show-
ing the largest decreases in KO Sed versus WT Sed were TGs

and DGs (Fig. 6I). In contrast, PCs and TGs were the most
decreased lipids in KO Ex (Fig. 6I). Heatmap data showed that
TGs with 52–60 carbons were the most altered in KO Sed ver-
sus WT Sed, whereas PGs (38–42 total carbons) and TGs with
52–60 carbons were themost reduced in KO Ex versus WT Ex
(Fig. 6J).

We also wanted to determine sex-specific differences in
the muscle lipidome between WT and KO after one bout of
exercise. We stratified data by sex and found males having
exercise-specific differences in PS, PI, PG, SM, Cer, and dCer
lipid classes (P < 0.05) (Fig. 7A). In contrast, within-group
comparisons in females had significant exercise-specific dif-
ferences in PSs and dCers (Fig. 7B).

DISCUSSION

In this study, we investigated the effect of 1 h of an acute
bout of treadmill exercise on muscle metabolomic and lipi-
domic profile in mice with hyperactive muscle mTORC1. KO
mice showed decreases inmetabolites in pathways related to
glycolysis and pentose phosphate pathway and increase in
nucleotide and lipid metabolism intermediates. In contrast,
WTmice primarily showed decreases in TCA cycle and fatty
acid metabolism intermediates. In terms of specific lipid
classes, KO Ex mice showed an increased turnover of TGs.
Conversely, WT Exmice showed differences inmultiple lipid
classes, but to a smaller extent. Genotype had a larger effect
than exercise in both skeletal muscle metabolome and lipi-
dome, with sedentarymice experiencing themost significant
changes, which decreased following exercise. We also
observed within-sex differences in the muscle metabolome
and lipidome with males and females having unique altera-
tions in amino acids and their derivatives and males reveal-
ing increases in SM, Cer, PG, PI, and PS lipid classes. These
findings highlight that mTORC1 hyperactivation profoundly
alters muscle metabolism with a greater impact than the
effect of an acute exercise alone, while still driving unique
metabolic changes in response to exercise stress.

Regarding the overall fuel utilization during exercise,
pathway analysis revealed significant decrease in TCA
cycle metabolites for WT mice, whereas KO mice exhibited
significant decrease in glycolytic metabolites, indicating dis-
tinct patterns of fuel utilization. During prolonged moder-
ate-intensity exercise, fuel usage shifts toward aerobic
metabolism with carbohydrates and fats having similar rel-
ative contribution (25), which leads to greater reliance on
the TCA cycle and oxidative phosphorylation pathways (11).
In our study, WT mice had a decrease in TCA cycle metabo-
lites indicating an exercise-induced shift toward oxidative
metabolism. In the context of mTORC1 hyperactivation and
fuel usage, previous studies showed that Tsc1�/� and Tsc2�/�

cells, which result in constitutively active mTORC1, exhibit
increased expression of glycolytic enzymes and an increased
reliance on glycolysis (26). Another study demonstrated
that similar knockout models of hyperactive mTORC1 had
increased glucose consumption and lactate production,
which was reversed by rapamycin treatment (27). These
findings support our observations of increased reliance on
glycolysis in both sedentary and exercisedmice with hyperac-
tivemTORC1 and suggest that thesemice sustain a preference
for nonoxidative glucose metabolism, potentially impairing
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Figure 7. Sex-specific lipidomic responses. Bar plots indicating average lipid intensity in males (A) and females (B). Data were stratified by sex, and sepa-
rate two-way ANOVAs were performed. Reported means ± SE, �P< 0.05; n¼ 5–10 per group.
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the ability to transition to oxidative metabolism even during
prolonged exercise.

Exercise caused a significant increase in intermediate
metabolites of pyrimidinemetabolism inKOmice. Regarding
exercise-induced changes, although two studies reported an
increase in degradation of pyrimidine metabolites (28, 29),
there is a lack of studies that investigated the impact of exer-
cise on pyrimidine metabolism. Our finding is consistent
with the stimulated pyrimidine synthesis with activated
mTORC1 in cells (30). These changes indicate that KO mice
with hyperactivemTORC1may relymore on nucleotide syn-
thesis to support the increased anabolic demands inducedby
bothmTORC1 activation and exercise, rather than relying on
nucleotidedegradation.

We also found exercise-induced decrease in metabolites
in PPP in KO mice. Similarly, D€uvel et al. (26) reported
activation of PPP genes and increase in pathway flux in
cells with hyperactive mTORC1. Although it is unclear
whether exercise in animals stimulates PPP, one study
reported that high-frequency electrical stimulation of
C2C12 myotubes upregulated gene expression and metabo-
lites in PPP through ROS-dependent activation (31).
Combining these findings, similar to glycolytic changes, it
may suggest an increased utilization of PPP pathway dur-
ing exercise in the muscle of mice with hyperactive
mTORC1 that serves potentially as an adaptive mechanism
to manage oxidative stress and demands for nucleotide
synthesis.

There are few studies thathave examined theeffect of acute
exercise on the skeletal muscle lipidome. Our study revealed
exercise-induced distinct lipidomic profiles betweenWTand
KOmice. Notably, KOmice had a higher number of uniquely
increased lipids postexercise comparedwithWTmice. InWT
mice, exercise led to small turnover in multiple lipid classes
includingDG,TG, andPG,which arekey components in cellu-
lar energy storage and signaling. Conversely, we observed a
large increaseof TGs inKOmice. Studies examining the effect
of exercise on lipids in skeletal muscle found an increase in
intramuscular triglycerides (IMTG)utilizationwithexercise in
humans (19, 32). This decrease in IMTG can be attributed to
the breakdown of TGs into DGs, free fatty acids (FFAs), and
glycerol (32). FFAs can then be used for beta-oxidation, pro-
viding a primary source of fuel in the form of ATP needed
for skeletal muscle contraction during prolonged exercise.
mTORC1 controls de novo lipid synthesis by regulating the
activation state of sterol regulatory element-binding pro-
tein 1 (SREBP-1) in liver and adipose tissue (33), although its
role in skeletal muscle is unclear. The increased number of
TGs in our study in KO mice, in addition to an increased
reliance on the glycolytic pathway, after exercisemay indi-
cate a reduced reliance on oxidativemetabolism.

Cers, sphingolipid derivatives, play a role in apoptosis, cell
growth arrest, differentiation, and senescence (34). They are
implicated in the pathogenesis of diabetes and insulin resist-
ance. An increase in Cers in a lipotoxic environmentmay con-
tribute to the development of insulin resistance in the skeletal
muscle (35). In the context of acute exercise, one study
reported a decrease in Cers in humans performingmoderate-
intensity exercise for 90 min (32). Another study examined
nine intramuscular ceramides (C14:0 to C24:1) in young and
old adults after an acute bout of resistance exercise (36).

Although they did not find significant differences in cer-
amides before and after exercise, older individuals had signifi-
cantly higher Cers as compared with young individuals. In
our study, when analyzed males and females separately, we
found males had a significant increase in Cers, in KO mice
postexercise, and bothmales and females had Cer 18:1;O2/20:1
levels increasing 28-fold. Cers have been found to inhibit the
Akt pathway, an upstream regulator of mTORC1, which sug-
gests potential modulation of mTORC1 activity (37). In the
context of hyperactive mTORC1 and exercise, the interplay
between increased exercise-induced oxidative stress and
inflammation, enhanced lipolysis, and a feedback inhibition
of Akt signaling pathwaymay be responsible for the increased
Cers in KOmice with hyperactivemTORC1 after exercise.

We observed an increased turnover of PGs in both WT and
KOmice in response to exercise. PGs are important structural
components of mitochondrial membrane and mediators of
molecular signaling (38). These changes in PGs contentmay be
caused by exercise-induced changes in mitochondrial mem-
brane remodeling due to an increase in energy demands.

Our study demonstrates that hyperactive mTORC1 as
induced by the skeletal muscle-specific knockout of DEPDC5
exhibited greater changes in themuscle metabolome and lipi-
dome compared with the effects of exercise alone. Metabolites
and lipids were predominantly decreased in KO mice in the
sedentary state relative to WT mice. During exercise, there
were fewer significantly changing metabolites, suggesting a
potential compensatory effect of exercise in restoring meta-
bolic homeostasis. In terms of lipids, sedentary KOmice com-
pared with WT mice had a large decrease in TGs and DGs,
whereas exercising KOmice had a decrease in TGs and PCs.

Our findings reveal significant alterations in themetabolo-
mic and lipidomic profile of mice with hyperactive muscle
mTORC1 following 1 h bout of exercise. Genotype had amuch
stronger impact than exercise alone, with predominantly
decreased metabolites in sedentary mice that were partially
restored with exercise. Prolonged acute exercise induced an
increased reliance on glycolytic and PPP metabolites in the
muscle of mice with hyperactive mTORC1, along with an
increase in TGs. These findings suggest a reduced reliance
on oxidative metabolism and a shift toward nonoxidative
metabolism. Understanding the mechanisms of mTORC1
hyperactivation in the skeletal muscle and its impact on
muscle metabolism and function could lead to the develop-
ment of strategies for restoring mTORC1 signaling in aging
and sarcopenia.
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