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GDE5/Gpcpd1 activity determines
phosphatidylcholine composition in
skeletal muscle and regulates contractile
force in mice
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Glycerophosphocholine (GPC) is an important precursor for intracellular choline supply in
phosphatidylcholine (PC) metabolism. GDE5/Gpcpd1 hydrolyzes GPC into choline and glycerol 3-
phosphate; this study aimed to elucidate its physiological function in vivo. Heterozygous whole-body
GDE5-deficient mice reveal a significant GPC accumulation across tissues, while homozygous whole-
body knockout results in embryonic lethality. Skeletal muscle-specific GDE5 deletion (Gde5 skKO)
exhibits reduced passive force and improved fatigue resistance in electrically stimulated gastrocnemius
muscles in vivo. GDE5 deficiency also results in higher glycolytic metabolites and glycogen levels, and
glycerophospholipids alteration, including reduced levels of phospholipids that bind polyunsaturated
fatty acids (PUFAs), such asDHA. Interestingly, this PC fatty acid compositional change is similar to that
observed in skeletal muscles of denervated and Duchenne muscular dystrophy mouse models. These
are accompanied by decrease of GDE5 expression, suggesting a regulatory role of GDE5 activity for
glycerophospholipid profiles. Furthermore, a DHA-rich diet enhances contractile force and lowers
fatigue resistance, suggesting a functional relationship between PC fatty acid composition andmuscle
function. Finally, skinned fiber experiments show that GDE5 loss increases the probability of the
ryanodine receptor opening and lowers the maximum Ca2+-activated force. Collectively, GDE5 activity
plays roles in PC and glucose/glycogen metabolism in skeletal muscle.

Choline is an essential nutrient for normal cell functions and occurs mainly
in the form of phosphatidylcholine (PC), the major component of mem-
brane phospholipids1. Depending on the tissue type, PC synthesis is regu-
lated by two independent pathways: the CDP-choline (Kennedy) pathway
and the phosphatidylethanolamine (PE)methylation pathway. In the CDP-

choline pathway, PC synthesis from free choline involves choline kinase,
phosphocholine cytidylyltransferase, and choline/ethanolamine phospho-
transferase. Alternatively, the PE methylation pathway consumes
S-adenosylmethionine as the major biological methyl donor in a reaction
catalyzed by phosphatidylethanolamine N-methyltransferase (PEMT)2.
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contrast with progress in understanding PC synthesis pathways, the reg-
ulation of the PC hydrolysis remains an incomplete puzzle. PC degradation
mainly relies on two pathways: the phospholipase D (PLD) pathway, which
catalyzes PC hydrolysis to free choline and phosphatidic acid (PA)3, and the
phospholipase A1/phospholipase A2 (PLA1/PLA2) and lysophospholipase
pathway, which hydrolyzes PC into free fatty acids and glyceropho-
sphocholine (GPC)4. GPC is widely proposed not only as an intermediate of
the PC degradation pathway, but also as one of the major forms of stored
choline. However, the enzyme hydrolyzing GPC to choline in vivo remains
unknown. In mammals, the glycerophosphodiesterase (GDE/Gpcpd)
family of enzymes, which deacylates glycerophospholipids into glycerol
phosphate and alcohols, such as free choline, ethanolamine, or inositol, is
believed to hydrolyze GPC5,6. We previously identified mammalian GDEs
and showed that GDE5/Gpcpd1 is the sole cytosolic enzyme highly
expressed in skeletalmuscle, which effectively hydrolyzesGPC into glycerol
3-phosphate (Gro3P) and choline in vitro (Fig. S1a)5,7. SinceGPC is awater-
soluble intermediate of cholinemetabolism,GDE5maybe the key to solving
the PC-choline turnover puzzle.

Alteration of choline and its metabolites in response to physical
activity, environment, and pathological conditionsmay be the physiological
link between cholinemetabolism andmuscle functions8,9. In animal studies,
a spontaneous recessive mutation within the choline kinase beta (Chkb)
gene can cause progressive muscular dystrophy, suggesting a physiological
significance of total PCbiosynthesis during skeletalmuscle development10,11.
Recent studies have focused on the fatty acid composition ofmembrane PC,
widely recognized as the quality of lipids (lipoquality), becausephospholipid
compositional changes can affect membrane fluidity and signal transduc-
tion. Accumulating evidence shows that impaired PCmetabolism is closely
associated with pathological conditions such as liver failure12, Parkinson’s
disease13, and Alzheimer’s disease14. Moreover, recent reports have
demonstrated that PC composition in skeletalmuscle is significantly altered
not only in response to physical exercise and fat supplementation but also
under pathological conditions15–17.However, themechanismof endogenous
regulation of PC composition and its physiological significance in skeletal
muscle functions remain obscure.

In an attempt to solve the choline–PC turnover puzzle, we explored the
physiological importance of GDE5, a candidate enzyme in the PC degra-
dation pathway in vivo, in modulating PC and choline metabolism in
skeletal muscle. We generated skeletal muscle-specific GDE5-deficient
(Gde5 skKO) mice to investigate the role of GDE5 in a tissue-specific
manner. We examined the effect of GDE5 depletion on GPC levels, and its
effect on glycolysis-related metabolites and PC composition. Furthermore,
we compared GDE5 expression and PC composition in mouse atrophy
models to those in Gde5 skKOmice. The results of this study may lead to a
better understanding of the function of GDE5 as a key enzyme for PC
composition and skeletal muscle properties.

Results
Phenotype analysis of whole-body Gde5 (Gpcpd1)
knockout mice
To clarify the role of GPC/choline metabolism, we tried to generate Gde5
KO mice by using the CRISPR-Cas9 system. The amino acid sequence of
GDE5/Gpcpd1 revealed that the GDE5 protein contains a catalytic domain
that shares a commonmotif (amino acids 320–385) with othermammalian
GDEs. A guide RNA (gRNA) was encoded in the exon 11 coding region
(55 bp), which corresponds to the GDE domain of mouse GDE57. We
createdwhole-bodyGde5KOmice using an all-in-oneCRISPR-Cas9 vector
expressing two gRNAs to target both regions outside exon 11 in Gde5 (Fig.
S1b). PCRanalysis confirmedGde5 allele in genomicDNA isolated fromtail
biopsies of the offspring. Intercrossing between heterozygote Gde5+/− par-
ents only produced Gde5+/− and WT mice but not Gde5−/− mutant mice.
Next, we performed in vitro fertilization with eggs and sperm fromGde5+/−

parents and isolated the Gde5−/− mutant blastocysts (Fig. 1a), suggesting
that GDE5 deficiency does not affect blastocyst development. Because
whole-bodyGde5−/−mutation is embryonically lethal,Gde5+/−mutantmice

were further analyzed to determine GPC metabolism in vivo. Body weight
and serum metabolite levels were comparable between Gde5+/− and WT
mice (Fig. S2). We measured choline metabolite levels in Gde5+/− mice fed
on a standard AIN93 diet (Fig. 1b–g) and found that the GPC levels
increased in skeletal muscles (Fig. 1d) and livers (Fig. 1g), whereas choline
levels were not significantly different between Gde5+/− and WT mice
(Fig. 1b, e). Because dietary cholinemay supply endogenous choline to these
tissues, we further investigated whether a choline-deficient diet alters the
choline levels in Gde5+/− and WT mice. We found that the body weight,
serum metabolite levels, and tissue choline levels were not significantly
different between Gde5+/− and WT mice (Fig. S2). These suggest that het-
erozygous GDE5 deletion actually affects the GPC hydrolysis in vivo,
although cholinemetabolism seems to be functioning regardless of choline-
deficient diet. Given the wide use of a choline-deficient, high-fat diet (CD-
HFD) to induce a mouse model of NASH, we further examined whether
CD-HFD alters the choline levels and serum marker levels in Gde5+/− and
WT mice. Our findings revealed no significant differences in the serum
metabolite levels and hepatic choline levels betweenGde5+/− andWTmice
(Fig. S3). These observations suggest that choline metabolism in Gde5+/−

remains functional possibly through PEMT pathway.

Contractile functionand fatigue in skeletalmuscle-specificGde5
knockout mice
GDE5 mRNA was highly expressed in mouse skeletal muscle (Fig. 1h). To
explore the biological significance of GDE5 expression in skeletal muscle,
floxed mice were generated using the CRISPR-Cas9 and PITCh (Precise
Integration into Target Chromosome) systems18, wherein latter uses a
microhomology-mediated end-joining-directed plasmid as a donor (Fig.
S4a). The in vitro transcribed gRNA and recombinant Cas9 protein were
microinjected into C57BL/6 zygotes, and the surviving zygotes were
transferred into pseudopregnant ICR female mice. We confirmed two loxP
sites inserted into the introns flanking exon 11 of the Gde5 gene by
nucleotide sequencing (Fig. S4b). Next, we generated skeletal muscle-
specific Gde5 KO mice (Gde5 skKO mice) using the Cre-loxP system and
HSA-Cre transgenic mice for selective expression of the Cre protein in
skeletal muscle. We analyzed the GDE5 expression level in Gde5 skKO
skeletal muscles, uncovering a significant decrease in both GDE5 mRNA
and protein levels and a considerably lowered GPC hydrolyzing activity in
the skeletal muscles (Figs. 2a and S5). No difference was observed in the
body weight of Gde5 skKO and WT mice (Fig. S6a). Among the tissues
assessed in this study, only the quadriceps muscle weight was slightly but
significantly increased inGde5 skKOmice (Fig. S6b-k). mRNA expressions
ofmusclefiber typeswere also comparable between theGde5 skKOandWT
mice (Fig. S6l). To confirma state of cholinemetabolism,wemeasuredGPC
andmetabolite levels in theGde5 skKOmice. The GPC level was markedly
accumulated in the skeletal muscle ofGde5 skKOmice, whereas the betaine
level was reduced in the tissue (Fig. 2b). Notably, the GPC level was also
increased in the liver tissues ofGde5 skKOmice (Fig. 2c–e). As a significant
change inGDE5 expressionwas not observedwithin the liver tissue ofGde5
skKO(Fig. S7a), the increased serumGPC level (Fig. 2f) likely contributed to
the increasedGPC level in liver cells. These results suggest a close association
between the skeletal muscle and liver tissues in GPC/choline metabolism.

Studies have examined alterations in choline and its metabolites in
response to physical activity andunder pathological conditions to clarify the
physiological link between choline metabolism and skeletal muscle func-
tions. Here, we investigated whether contractile force and fatigability were
affected by GDE5 deficiency using in vivo stimulation (Fig. 2g). We
observed decreased contractile force in the muscles of Gde5 skKO mice
(Fig. 2h, i), while force decline while testing fatigability was less steep
compared to the WT mice (Fig. 2j), strongly suggesting that Gde5 skKO
mice experience reduced muscle force but have higher resilience to fatigue.

GDE5 deficiency alters glucose metabolism
Wenext investigatedwhetherGPC/cholinemetabolism interactswith other
forms of metabolism in skeletal muscles. As GPC is an important organic
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osmolyte in mammalian tissues19, GPC accumulation in skeletal muscle
followingGDE5 deficiencymay affect other hydrophilic metabolites, which
may subsequently alter other modes of metabolism. Here, we assessed the
metabolomic profiles of skeletal muscles from Gde5 skKO and WT mice,
and found that 27 of the 85 water-soluble metabolites analyzed differed
significantly (Fig. 3a). Interestingly, several glycolysis-related metabolites,
including dihydroxyacetone phosphate (DHAP), fructose 1-phosphate,
glucose 6-phosphate (G6P), and pyruvic acid, were markedly increased in
Gde5 skKO mice (Fig. 3b–d). Moreover, there was an unexpected, striking
increase in Gro3P in theGde5 skKOmice, even though Gro3P is a product
of GDE5 reaction (Fig. 3c). As a key metabolite involved in the intersection
of glucose, lipid, and energy metabolism20, Gro3P can also be synthesized
from DHAP, which is increased and possibly feeds into the Gro3P pool.

Interestingly, glycerol 2-phosphate (β-glycerophosphate)was also increased
in the Gde5 skKO mice. These findings suggest that glucose metabolism is
altered in Gde5 skKO skeletal muscles. Next, we performed DNA micro-
array analysis and identified 574 upregulated and 632 downregulated genes
in the skeletal muscles of Gde5 skKOmice compared to WTmice 1 h after
injecting 20% glucose. Then, we carried out a comparative analysis based on
additional transcriptomic data with fasting, which identified 97 upregulated
and91downregulated genes that overlapped inGde5 skKOmiceunderboth
conditions (fed and fasted) (Fig. 3e). Further, we observed elevated hex-
okinase activity (Fig. 3f) in the skeletalmuscles ofGde5 skKOmice, which is
consistent with the increased G6P level. Gde5 skKO mice also showed
blunted insulin sensitivity (Fig. 3g). In an attempt to further elucidate the
changes in glucosemetabolism, we fed a high-fat diet (HFD, 60% of calories

Fig. 1 | Embryonic lethality of Gde5−/− mice and
higher GPC level in skeletal muscle and liver of
Gde5+/− mice. a PCR genotyping using DNA from
single blastocyst. IsolatedWT, Gde5+/− and Gde5−/−

mutant blastocysts. b–d Choline metabolites levels
in skeletal muscle of Gde5+/− and WTmice fed with
standard AIN93 diet. e–gCholine metabolites levels
in livers of Gde5+/− and WT mice fed with standard
AIN93 diet. h Gde5 mRNA expression on various
tissues in WT mice. Values are means ± SEM. Sta-
tistical analysis was performed with Student’s t
test. *p < 0.05.
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Fig. 2 | Abnormal GPC/choline metabolism and reduced passive force in the
skeletal muscle of Gde5 skKO mice. aWestern blot, mRNA expression, and GPC
hydrolyzing activity in skeletal muscle of Gde5 skKO and WT mice. b–f Choline
metabolites levels in skeletalmuscle (b), liver (c), kidney (d), white adipose tissue (e),
and serum (f) of Gde5 skKO and WT mice. g Schematic figure of in vivo model for

contractile force and fatigability experiment. h In vivo contractile force test of Gde5
skKO and WT mice (n = 7). i Representative examples of contractile force test.
j Fatigability test of Gde5 skKO and WT mice (n = 7). Values are means ± SEM.
Statistical analysis was performed with Student’s t test (a–f) and two-way ANOVA
(h, j). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; #p < 0.05 (main effect).
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Fig. 3 | Abnormal glucose metabolism in the skeletal muscle ofGde5 skKOmice.
a Volcano plot of water-soluble metabolites in Gde5 skKO andWT skeletal muscle.
bHeatmap representation of glucose metabolism-related metabolites levels in Gde5
skKO and WT skeletal muscle. c Glucose metabolism-related metabolites levels in
Gde5 skKO and WT skeletal muscle (n = 6–7). d Amino acids and their related
metabolites levels inGde5 skKO andWT skeletal muscle (n = 6–7). eVenn diagram
of DEGs between Gde5 skKO under fasting and 1 h-post 20% glucose injection.
fHexokinase activity ofGde5 skKO andWT skeletal muscle. g Insulin tolerance test

ofGde5 skKO andWTmice under normal chow diet (n = 7). h Fasting blood glucose
levels of Gde5 skKO and WT mice (n = 7) under chow diet and high-fat diet. ND,
normal chow diet; HFD, high-fat diet. i Insulin tolerance test ofGde5 skKO andWT
mice under high-fat diet (n = 7). j Glycogen level of Gde5 skKO and WT skeletal
muscle. Values are means ± SEM. Statistical analysis was performed with Student’s t
test (c, d, f, h, j) and two-way ANOVA (g, i). #p < 0.05 (main effect); *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001.
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from fat) to Gde5 skKO and WTmice for 20 weeks. We observed elevated
fasting blood glucose levels (Fig. 3h) and reduced insulin sensitivity inGde5
skKOmice (Fig. 3i)without significant changes inother serummarkers (Fig.
S7b–e). Notably, no marked difference was observed in GLUT4 protein
expression levels within the whole membrane fraction compared to that in
the WT skeletal muscles (Fig. S7f, g). Additionally, in Gde5 skKO mice fed
on a normal diet during fasting, a greater glycogen content was observed
without any difference in serum insulin levels (Figs. 3j and S7h). Typically,
glycogen levels are tightly regulated. Because degradation of muscle glyco-
gen (e.g., by exercise) leads to increased glucose-derived glycogen
phosphate21, we nextmeasured glycogen C6-phosphate levels in the skeletal
muscles of Gde5 skKO and WT mice. Gde5 skKO mice showed a 50%
decrease in average glycogenC6-phosphate content compared toWTmice,
suggesting that the higher glycogen content in theGde5 skKOmice could be
a consequence of a lower glycogen degradation rate compared toWTmice
(Fig. S7i). These findings raise the possibility that choline and glucose/
glycogen metabolism are interconnected through the GDE5 enzyme and
that alterations in glucose/glycogen metabolism affect the skeletal muscle
contractile profile.

Aside from glucose metabolism-related metabolites, metabolomic
profiling also revealed altered amino acid and amino acid-relatedmetabolite
levels and suggested dysregulated amino acid metabolism in Gde5 skKO
skeletal muscle (Figs. 3d and S7j). Low taurine and hydroxyproline levels
have been reported in aging mice22,23. Taurine also acts as an organic
osmolyte22, suggesting that maintaining adequate levels of taurine is
important in preserving osmotic balance, particularly during GPC accu-
mulation. In addition, reduced serine and glycine levels reportedly impair
muscle regeneration24, whereas increased glutamic acid was observed in an
animalmodel of Duchennemuscular dystrophy (mdxmice)25. Hence, these
data indicate impaired muscle function in response to Gde5 skKO.

GDE5 deficiency shifts phospholipid composition to n-6 rich
species and similar change occurs in atrophy models
Phosphatidylcholine (PC) is a zwitterionic phospholipid that constitutes
between 30% and 60% of mammalian cell membrane phospholipids. Since
GPC is an intermediate in phospholipids metabolism, we next investigated
how GDE5 deficiency with GPC accumulation affects PC metabolism by
performing lipidomic analysis. Although no difference was observed in the
amounts of total PC and PE betweenGde5 skKO andWTmice (Fig. S8a-c),
we found increased linoleic acid-rich PC (16:0–18:2) and decreased DHA-
rich PC (16:0–22:6) levels in the Gde5 skKOmuscles compared to those in
the WT (Fig. 4a, b). These data suggest a mechanistic relationship between
GPC accumulation and PC remodeling in skeletal muscle following GDE5
deficiency. A similar pattern was observed in PE (Fig. 4c), and lysopho-
sphatidylcholine (LPC) 16:0, 18:0, and 22:6 were significantly lower inGde5
skKOmice (Fig. 4d). Next, to exclude a possibility of the side-effect of HSA-
Cre transgene on skeletal muscle functions, we confirmed that the con-
stitutive expression of Cre recombinase in the muscle had no effect on
muscle contraction functions, choline metabolite levels and PC levels (Fig.
S9). PC biosynthesis shares core intermediates, such as PA and diacylgly-
cerol (DAG), with the triglyceride (TAG) biosynthesis pathway26. Although
there were no differences in both total TAG levels (Fig. S8d) and the TAG
profile within the skeletal muscles of the Gde5 skKO mice that were fed a
normal diet (Fig. 4h), we observed similar PC compositional changes,
decreased total TAG level, and altered TAGprofiles in response to theHFD
treatment, particularly involving the C18:1 fatty acid (Fig. S8e–i).

Phospholipid compositional alterations have been discussed inmuscle
atrophy models27,28; consequently, we compared the phospholipid compo-
sition of Gde5 skKO mice with two mouse models of atrophy, namely,
denervation and mdx mice. Surprisingly, we observed similar patterns in
these three models, wherein linoleic acid-rich species increased and DHA-
rich species decreased (Fig. 4e-g and S8j). Furthermore, the altered PC
compositionwas aggravated by a longer duration of denervation (Fig. 5a, b),
accompanied by a gradual decrease in n-3/n-6 ratio (Fig. 5c), prompting us
to consider a similar mechanism for PC composition regulation. We next

assessed GDE5 expression at the mRNA (Fig. 5d, e) and protein levels
(Fig. 5f, S10) in the atrophymodels to clarifywhetherGDE5was involved in
PC compositional changes. GDE5 expression was significantly decreased in
both models compared to their respective controls. In addition, a time-
dependent GPC accumulation was observed 7 days post-denervation
(Fig. 5i), in parallel with decreases in n-3/n-6 ratio (Fig. 5c) and GDE5
expression (Fig. 5f and S10). These findings suggest that the change in PC
composition is mechanistically linked to decreased GDE5 function and
possibly GPC accumulation, while it may also be associated with muscle
weakness. Although an increase in the n-3/n-6 ratio was observed in the
contralateral sham-operated limb 14-days post-denervation in the absence
of any increase in GDE5 expression (Fig. 5c), this could be attributed to
muscle overuse, as themice were dependent on the sham-operated limb for
movement. Exercise training has been reported to promote increases in
DHA-rich PC in skeletal muscle16,29,30, and it is plausible that the compen-
satory use of sham-operated limbs has similar effects. Given that training
induces complex metabolic processes, it is feasible that other processes are
also involved in regulating the n-3/n-6 ratio of trained muscle without
altering GDE5 expression. However, the mechanisms associated with the
regulation of PC compositional change in trained muscles require future
investigation. In contrast toGde5 skKO, elevated choline and betaine levels
were observed in the denervation model 7-days and 14-days post-surgery,
respectively (Fig. 5g, h).

Previously, the n-3/n-6 balance in the membrane has been shown to
correlate withmuscle function30,31. As denervation led to parallel changes in
the n-3/n-6 ratio, GDE5 expression, and GPC levels, we denervated both
Gde5 skKO mice and their WT littermates to verify GDE5 involvement in
regulating the n-3/n-6 balance, which revealed a significant decrease in the
n-3/n-6 ratio in WT mice alone (Fig. 5j). Given that GDE5 deficiency
restored the changes in the n-3/n-6 ratio induced by denervation, we
examined the effect of GPC accumulation on PLA2, an enzyme involved in
the PC remodeling pathway (Lands’ cycle)32, to investigate the mechanism
through which GDE5 participates in regulating PC composition. We
examined PLA2 activity in the skeletal muscle in the presence of GPC,
revealing complete inhibition of PLA2 activity upon the addition of GPC in
vitro, even at low doses (Fig. 5k). Collectively, these results emphasize the
importance ofGDE5 in regulating PC composition, particularly the n-3/n-6
balance, through negative feedback of GPC on PLA2 enzyme. This shed
more light on the significance of PC composition in muscle function.

The balance of n-3/n-6 in Gde5 skKOmice may correlate with
alterations in contractile properties
On the basis of the similarities in skeletal muscle lipid profiles betweenGde5
skKO mice and atrophy mouse models, we investigated whether contractile
force and fatigability are affected by PC compositional changes. We fedWT
mice with a DHA-rich diet for 2 weeks to induce a PC compositional change
to n-3 rich species and an increase in n-3/n-6 ratio in the skeletal muscle; a
corn-richdietwas fed to the control group.Weobservedan increase inDHA-
containing PC and an elevated n-3/n-6 ratio (Fig. 6a–c). Consistent with the
results from theGde5 skKOmice, the highDHAcontent andn-3/n-6 ratio in
PC yielded opposing results with respect to contractile force and fatigability
(Fig. 6d, e). We further fed the Gde5 skKO mice with a DHA-rich diet for
2 weeks and observed an increase in contractile force within the muscles,
accompanied by an increase in the level of DHA-containing PC and an
elevated n-3/n-6 ratio (Fig. 6f–i). These observations underscore the invol-
vement of GDE5 in modulating PC composition, especially the n-3/n-6
balance, suggesting that PC composition is correlated withmuscle weakness.

PC compositional change increases the open probability of RyR
and potential Ca2+ leakage from the sarcoplasmic reticulum
To identify the molecular mechanisms underlying the decreased contractile
force of skeletal muscle in Gde5 skKO mice, we isolated single muscle fibers
from the gastrocnemius (GAS) using fine forceps, and a segment of the
skinned fiber was used to analyze the myofibril and sarcoplasmic reticulum
(SR) properties (Figs. 7a and S11a). TheDHA content of the SRmembrane is
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associated with SR Ca2+ ATPase (SERCA) function and SR Ca2+

permeability33, and previous studies have showed that SERCA activity
decreases during muscular dystrophy34. Based on this information, we first
evaluated SR Ca2+ uptake ability by exposing the skinned fiber to a load-
release cycle, but did not observe any difference (Fig. S11b). This may be
attributed to the SERCA activity and ionophore ratio, an indicator of SRCa2+

permeability, which did not differ compared to WT (Fig. S11c, d), implying
that the muscle weakness in Gde5 skKO mice was not due to changes in
SERCA function or SR Ca2+ permeability. Next, we examined the myofibril
cross-bridge function by measuring Ca2+-activated maximum force, which
was significantly reduced in Gde5 skKO muscles compared to WT muscles
(Fig. 7b, c). The cross-bridge function is associated with force production35;

therefore, this data is consistent with our in vivo experiment. We also eval-
uatedmyofibrilCa2+ sensitivity,which typicallydecreases in fatiguedmuscle36,
but our results showed no differences between the groups (Fig. 7d, e), indi-
cating that Ca2+ sensitivity in themyofibrils was unaffected byGde5 skKO. In
addition, a lower contractile force is linked with decreased Ca2+ release from
theSR37; thus,wenext assessed the functionof ryanodine receptor (RyR)—the
main channel for SR Ca2+ release—by measuring the caffeine-induced force
response. Caffeine is a potent Ca2+ releasing agent specific for RyR and has
been used as an indicator of open probability of RyR38.Gde5 skKO induced a
higher open probability of RyR (Fig. 7f, g), indicating greater Ca2+ leakage via
RyR, which is consistent with previous reports linking higher RyR open
probability and elevated Ca2+ leakage from the SR39. Increased Ca2+ leakage

Fig. 4 | Comparison of phospholipid profile of the skeletal muscle from
Gde5 skKO mice with denervated and mdx mice. a Volcano plot of phospholipid
content in Gde5 skKO andWTmice skeletal muscle. b–d Profiles of PC (b), PE (c),
and LPC (d) molecular species in Gde5 skKO andWT mice skeletal muscle (n = 7).
eHeatmap representation of phospholipid species in skeletal muscle of Gde5 skKO,

mdx, denervation and their respective controls. f, g Profiles of PC molecular species
in denervated (f) and mdx (g) skeletal muscle. h TAG molecular species of Gde5
skKO andWT skeletal muscle under normal chow diet. TAG, triacylglycerol. Values
are means ± SEM. Statistical analysis was performed with Student’s t test. *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001.
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Fig. 5 | Role of GPC inmodulating PC composition of the skeletal muscle. a–c PC
compositional change post-denervation with non-operated control as external
control and sham-operated muscle as internal control. d, e qPCR analysis of Gde5
mRNA expression in denervated (d) and mdx (e) skeletal muscle compared to their
respective control. Sh, sham; Den, denervated; mdx-con, mdx control. f GDE5
western blot on denervated and mdx skeletal muscle compared to their respective
control. Con, non-operated control; Sh, sham; Den, denervated; m-c, mdx control.

g–i Choline metabolites levels post-denervation with non-operated control as
external control and sham-operated muscle as internal control. j n-3/n-6 ratio of
denervated Gde5 skKO and WT skeletal muscle compared to respective sham-
operated muscle. k PLA2 activity in skeletal muscle homogenates following addition
of GPC (n = 6). Values are means ± SEM. Statistical analysis was performed with
Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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may have contributed to the lower force in Gde5 skKO mice because it can
decrease SRCa2+ content and increase cytoplasmicCa2+ concentration. Thus,
we deduce that the in vivo low contractile force in Gde5 skKOmice is partly
caused by impaired myofibril cross-bridge function, and that increased open
probability of the RyR may contribute to force depression.

Discussion
GPC is widely recognized as a major form of intracellularly stored choline
and an organic osmolyte. Inmammals, GPC levelsmay be tightly controlled
by phospholipase activity via PC degradation pathway as no transporter for
GPChas been reported.However, the in vivomolecularmechanismofGPC

Fig. 6 | DHA-rich diet affects phospholipid profile of the skeletal muscle and
contraction force of mice. a–c PC compositional change in skeletal muscle of mice
fed with DHA-rich and corn oil-rich diet. d Contractile force test of mice fed with
DHA-rich and corn oil-rich diet (n = 5). e Fatigability test ofmice fedwithDHA-rich
and corn oil-rich diet (n = 5). f, g PC compositional change in skeletal muscle of
Gde5 skKO fed with DHA-rich and corn oil-rich diet withWT fed with corn-oil rich

diet as control.h, iContraction force test ofGde5 skKO fedwithDHA-rich and corn-
oil rich diet at 60 Hz (h) and 80 Hz (i). Values are means ± SEM. Statistical analysis
was performed with Student’s t test (a–c) and two-way ANOVA (d–i), followed by
Tukey’s test (f–i). #p < 0.05 (main effect); *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001.
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homeostasis remains largely unclear. We previously reported that
GDE5 selectively hydrolyzes GPC into choline in vitro; in the present study,
we confirmed that GDE5 deficiency led to GPC accumulation in various
tissues, strongly suggesting its role in the PC degradation pathway. Mem-
brane phospholipid composition has been well-documented to affect
membrane fluidity and signal transduction associated with physiological
conditions12–14. In particular, PC metabolism and composition have
attracted significant attention; however, it is largely unclear how PC com-
positional changes impact physiology because it is difficult to introduce
specific changes in PC composition in mammals. In skeletal muscles, PC
composition changes following physical exercise and diet composition, and
may be correlated withmuscle function15–17. Here, we provide evidence that

inactivation of the GDE5 enzyme induces PC compositional changes in
skeletalmuscle, suggesting that the intracellularGPC level plays a key role in
regulating PC composition.

The diversity of PC fatty acid composition is established through the
remodeling pathway (Lands’ cycle) and the Kennedy pathways in
mammals40. PC homeostasis is closely modulated by remodeling reactions
known as the Lands’ cycle. In this process, PC is cleaved by PLA2 at the sn-2
position to produce LPC, which is then re-acylated to form new or different
PC species by lysophospholipid acyltransferases (LPLATs)32,41. Further-
more, recent studies usingmouse genetic models have shown that LPLATs,
which incorporate fatty acyl chains into the sn-2 position of PC, play
important roles in the PC fatty acid composition42,43. GPC reportedly acts as

Fig. 7 | Skinned fiber experiments with the skeletal muscle from Gde5 skKO and
WTmice. a Scheme of skinned fiber preparation. b Ca2+-activated maximum force
of Gde5 skKO and WT skinned fiber. c Representative example of Ca2+-activated
maximal force in skinned fiber. d Force-Ca2+ curve of Gde5 skKO and WT skinned
fiber (n = 4–5). e [Ca2+]50, Ca

2+ concentration required to 50% of maximal force in

skinned fiber of Gde5 skKO and WT mice. f Caffeine-induced force response in
skinned fiber of Gde5 skKO and WT mice. g Representative example of caffeine-
induced force in skinned fiber. Values are means ± SEM. Statistical analysis was
performed with Student’s t test. *p < 0.05; ***p < 0.001.

https://doi.org/10.1038/s42003-024-06298-z Article

Communications Biology |           (2024) 7:604 10



a competitive inhibitor of lysophospholipase activity in brain homogenates
in vitro44. In this study, we found that a highGPCconcentration suppressed
PLA2 activity, and the lipidomic profiles in Gde5 skKO skeletal muscle
showed significantly reduced levels of LPC 16:0, 18:0, and 22:6. Conse-
quently, this proposes a novel role for intracellular GPC, suggesting its
involvement not only in maintaining a choline source for PC biosynthesis,
but rather in modulating PC composition through the regulation of key
enzymatic activities in the PC remodeling pathways, including the Lands’
cycle. Additionally, in yeast, phospholipase B-mediated hydrolysis of PC
results in GPC formation, which can be re-acylated to PC by GPC acyl-
transferase (Gpc1) and LPC acyltransferase. Interestingly, Gpc1 activity
regulates the PC species balance between monounsaturated and diunsatu-
ratedPC species45,46.However, PC fatty acid composition is also regulated by
the Kennedy pathway. Gro3P, the precursor of this pathway, is converted to
lysophosphatidic acid (LPA) by Gro3P acyltransferases (GPATs), which is
subsequently transformed into PA—a common intermediate for PC and
TAG—by LPA acyltransferases (LPAATs)47. An intriguing finding is that
the muscle TAG level in Gde5 skKO mice was decreased following HFD
intake. Together with the striking accumulation of Gro3P, these results
suggest a Kennedy pathway downregulation under GDE5 deficiency. Spe-
cifically, LPAAT3 is reportedly selective in incorporating C22:6 into LPA,
which eventually determines the levels of DHA-rich phospholipids48.
Therefore, we cannot exclude the possibility that PC compositional changes
are also mediated by Kennedy pathway downregulation. Notably, dener-
vated muscles exhibited an increase in muscle choline levels 7 days post-
surgery, although tissue choline levels are supposedly constant under nor-
mal conditions. These data suggest that the PC synthesis pathway is
downregulated in denervatedmuscles and that the denervation-induced PC
compositional changes are caused by both impairedPCdegradation and the
PC synthesis pathways. Further investigations are necessary to elucidate the
role of intracellular GPC in modulating the two PC remodeling pathways,
namely, the Lands’ cycle and Kennedy pathways.

The functional relationship between membrane phospholipid com-
position and skeletal muscles has been discussed extensively16,49,50. For
instance, DHA supplementation can alter the membrane phospholipid
composition in skeletal muscle and improve fatigue resistance51–53. How-
ever, because diet composition can affect systemic metabolic changes in the
body, it is unclear whether the effect on muscle was exclusively related to
changes in PC composition orwhether it was due to secondary effects of the
altered overall metabolism. In this respect, our study provides interesting
information on how PC composition may be related to muscle function.
Gde5 skKOmice showeddecreasedPUFA levels and then-3/n-6 ratio in the
phospholipid membrane, which was also observed in denervated and mdx
muscles. Furthermore, increasing the DHA-containing PC level and n-3/n-
6 ratio using a DHA-rich diet inWTmice enhanced contractile force. This
finding signifies the relationship between PC fatty acid composition, espe-
cially the n-3/n-6 balance, and muscle strength, and provides mechanistic
insights into muscle weakness in denervated and mdx mice. Additionally,
the Gde5 skKOmice exhibited a higher resistance to muscle fatigue. While
this result appears contradictory, it aligns with the slower glycogen degra-
dation rate in Gde5 skKO skeletal muscles. Notably, several studies have
demonstrated a strong correlation between glycogen levels and muscle
fatigue54–56. A previous study in humans demonstrated that slower glycogen
utilization improves endurance capacity57. As a major energy source in
skeletal muscles, glycogen is possibly linked to muscle fatigue through its
role in providing ATP, which is necessary for muscle contractions58. Fur-
thermore, under low glycogen levels, muscle fibers possibly lose their ability
to respond to transverse tubular depolarization, even in the presence of
ATP59. Hence, the slower glycogen utilization observed in Gde5 skKOmice
may play metabolic and structural roles in the context of muscle fatigue.

Low force production in skeletal muscle is reportedly associated with
decreased SRCa2+ release37,60. Our skinnedfiber experiment showed a larger
SRCa2+ leakage through the RyR inGde5 skKOmuscles without changes in
the activity of the SERCApump.Thismayhave contributed to reducedCa2+

release from the SR, according to previous observations, where a leaky RyR

resulted in decreased SR Ca2+ release39,61,62. Furthermore, elevated intracel-
lular Ca2+ can activate calpain, member of a family of calcium-activated
proteases, that mediates cytoskeletal and myofibril proteolysis, leading to
reduced force production post-exercise63–65. The RyR-mediated Ca2+ leak-
age inGde5 skKOmay have induced calpain activation, leading to impaired
cross-bridge function and reduced force production. Leakage of Ca2+ from
the RyR also reportedly occurs in denervated and mdx muscles61,66, which
show PC compositional properties similar to the muscles of Gde5 skKO
mice used in this study. Previous reports showed a reduced interaction
between RyR and FKBP12, a calcium channel stabilizing binding protein,
which contributed to altered Ca2+ homeostasis in mdx muscles61; thus, a
functional relationship may exist between altered PC composition and
alterations in the macromolecular complex containing RyR in the Gde5
skKO muscles. Although decreased neuromotor activity and reduced
acetylcholine levels are the primary factors contributing to muscle altera-
tions following denervation67, our study suggests that decreased levels of n-3
PUFAs and a lowern-3/n-6 ratio in the phospholipidmembrane partly play
a pathological role in denervated muscle.

Another intriguing finding of this study was the altered glucose
metabolism following GDE5 downregulation, indicating a possible
interaction between choline/GPC and glucose metabolism. In this study,
insulin sensitivity was downregulated following GDE5 suppression. Both
in vitro and clinical studies showed that an increase in PUFAs in mem-
brane PC was associated with improved insulin sensitivity68,69, suggesting
thatmembrane PC compositionmodulates insulin receptor activity at the
cell surface. Interestingly, despite the lowered insulin sensitivity in Gde5
skKO muscles, several glycolysis-related metabolites, including G6P,
DHAP, and Gro3P, were significantly increased, along with the glycogen
level. Previous studies on skeletal muscle-specific GLUT4 KO mice have
showed similar characteristics to Gde5 skKO mice, where insulin resis-
tance, glycogen accumulation, increased hexokinase activity, and elevated
G6P levels were observed. Although GLUT4 deficiency in skeletal muscle
reduces glucose transport, it elevates glycogen content through two other
mechanisms. First, glycogen-targeting subunits of protein phosphatase-1
activate glycogen synthase. Second, glycogen synthase is allosterically
activated by an increase in G6P due to higher hexokinase activity70,71. As
membrane PC composition can affect membrane fluidity, the PC com-
positional changes inGde5 skKOmicemay affectGLUT4 translocation or
its activity on the plasma membrane, leading to altered glucose transport
and metabolism, as seen in GLUT4 KO mice. Alternatively, GDE5 may
directly regulate glycogenmetabolism.GDE5 is a cytosolic proteinwith an
N-terminal carbohydrate-binding domain often found in glycosyl
hydrolases and intracellular glycogen-binding proteins7. Glycogen
degradation leads to elevated glucose-based glycogen phosphate due to
the faster removal of glucose units compared to phosphate21. Gde5 skKO
muscles showed reduced glycogen C6-phosphate levels, indicating that
elevated glycogen levels in the Gde5 skKO muscles might be a con-
sequence of a decreased glycogen degradation rate. Consecutively, this
higher glycogen content may result in phenotypes similar to those seen
under GLUT4 deficiency. Although the underlying mechanism of
increased glycogen levels despite reduced insulin sensitivity inGde5 skKO
muscles remains unclear, these observations prompt us to consider that
the GDE5 protein, with its N-terminal carbohydrate-binding domain in
addition toGPChydrolyzing activity, has alternative enzymatic activity in
glycogen metabolism.

To summarize, our study highlights the physiological role of GPC
metabolism in the regulation of PC composition and how it is associated
with skeletal muscle properties and glucose metabolism (Fig. 8). Because
GPC is mainly generated from PC degradation, it is plausible that it is not
merely an intermediate, but a key element involved in the modulation of
phospholipid membrane metabolism and turnover. Phospholipid mem-
brane properties are crucial for cell functions, which is probably why GPC
accumulation leads to various metabolic and functional changes within the
muscles. These findings could have broader implications for understanding
a variety of disorders related to aberrant choline metabolism and disrupted
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phospholipid membrane metabolism, not only in skeletal muscle-related
pathologies, but also those affecting other tissues.

Methods
Mouse models
All animal experiments were conducted in accordance with the animal care
protocol approved by the Animal Use Committee of the Hiroshima Uni-
versity (Ethical approvalNo. C22-30) andwe have compliedwith all relevant
ethical regulations for animal use. We previously created whole-body Gde5
KO mice harboring exon 11-deleted alleles by using CRISPR-Cas9 ribonu-
cleoproteins to target the both regions outside the exon 11 in Gde572. The
Gde5+/− F1 male offspring from this breeding were then backcrossed with
purebredC57BL/6 J females (CharlesRiver, Japan) toobtainF2offspring; this
process was continued until the F3 mice were obtained. Then, 8-week-old
male Gde5+/− mice were fed with control diet (AIN-93G diet) or choline-
deficient diet (AIN-93G diet with no choline) for 8 weeks. For generation of
Gde5-floxed mice, we targeted exon 11 of Gde5. Floxed mice were created
using CRISPR–Cas9 and PITCh (Precise Integration into Target Chromo-
some) system with microhomology-mediated end joining-directed plasmid
as a donor. The C57BL/6 zygotes were cultured for 3 h. We performed
microinjection of CRIS-PITCh (v2) donor vector and Cas9 ribonucleopro-
tein containing two gene-specific gRNAs (Left: 5′-GGAATGACTGACA-
CACCAAC-3′, Right: 5′-GGTGTCAGATCCTGTACACT-3′) and one
generic gRNA (5′-GTGCTTCGATATCGATCGTT-3′) targeting the donor
vector by co-delivery of in vitro transcribed Trex2 mRNA to inhibit large
chromosomal deletion. After microinjection, the zygotes were transferred to
pseudopregnant female ICR mice. We selected knock-in mutants and
investigated whether the vector DNA was accidentally integrated into the
genome. PCR amplification of the backbone sequence was performed to
detect genomic integrants.Gde5flox/floxmicewere crossedwith skeletalmuscle-

specific Cre recombinase (human α-skeletal actin (HSA)-Cre) mice to gen-
erate skeletal muscle-specific GDE5-deficient (HSA-Cre;Gde5flox/flox) mice.
Male HSA-Cre;Gde5flox/flox mice with ages of 15- to 18-week-old were used in
contractile force and fatiguability test withGde5flox/flox littermates as controls.
In glucose tolerance test (GTT) and fasting challenge, male offspring and its
Gde5flox/flox littermates with ages of 12- to 15-week-old were used. For
denervation model, male C57BL/6J mice aged 8-week-old (~24 g) were
obtained from Charles River. All animals were housed at 24-26 °C in a 12 h
light-dark cycle (8:00-20.00 light cycle, 20.00-8.00 dark cycle) and fed with
commercial chow diet (MF, Oriental Yeast Co., Ltd.) and water ad libitum.

RNA extraction and qPCR analysis
Total RNA was extracted using QIAzol and purified with a RNeasy Lipid
Tissue Mini Kit (Qiagen Sciences, Germantown, MD, USA). Reverse
transcription was conducted with ReverTra AceTM (TOYOBO, Osaka,
Japan), random primers (TOYOBO), and dNTPs (TOYOBO). For qPCR
analysis, cDNA and primers were added to the THUNDERBIRD SYBR
qPCR Mix (TOYOBO). PCR reactions were then performed using
StepOnePlusTM (Applied Biosystems, Foster City, CA). The primers used
can be found in the Supplementary Table 1.

Insulin tolerance test
Gde5 skKOmice were fasted 6 h prior to the experiments. Insulin (Eli Lilly,
Japan) at a dosage of 0.5U/kgwas intraperitoneally administered and blood
glucose was measured using Accu-Chek (Roche Diabetes Care) at 0, 15, 30,
60, 90, and 120min after the injection.

Muscle glycogen
Excised gastrocnemius (GAS) muscles were separated into deep and
superficial region visually by color. Approximately 10mg of superficial

Fig. 8 | A schematic presentation of reduced pas-
sive force in skeletal muscles of GDE5/Gpcpd1-
deficient mice. The loss of GDE5 resulted in a sig-
nificant accumulation of GPC and reduced levels of
glycerophospholipids that bind DHA via negative
feedback on PLA2 activity. The alterations in gly-
cerophospholipids were accompanied by an
increase in the open probability of ryanodine
receptor and lower maximum Ca2+-activated force,
indicative of impaired cross-bridge cycle, which
contribute to the decreased contractile force in the
muscles.
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region was obtained and lysed in 2N HCl at 100 °C for 2 h and then
neutralized with 2 N NaOH. Samples were centrifuged and supernatants
were used for measurement. The assay mixture was composed of 50mM
Tris-HCl (pH 8.1), 1 mMMgCl2, 0.5 mMATP, 0.5mMNADP, 0.14 U/ml
glucose-6-phosphate dehydrogenase, and 0.28 U/ml hexokinase. Absor-
bances were measured on 340 nm wavelength and glycogen contents were
calculatedbasedon theobtained standard curve. Each samplewas replicated
3 times and the average of three measures was used for data analysis.

Muscle glycogen C6 phosphate
Glycogen C6 phosphate was quantified as an established proxy for total
phosphate esterification of glycogen. First, glycogen was extracted essen-
tially as previously described73. Briefly, frozen GASmuscles were ground in
liquid nitrogen and boiled in 30% [w/v] KOH and precipitated once in 67%
ethanol with 15mM sodium sulfate (18 h at -20°C). Redissolved glycogen
was subsequently precipitated thrice in 67% [v/v] ethanol and 15mM LiCl
(at least 1 h at -20°C). Aliquots of the redissolved glycogenwere subjected to
(1) glycogen quantification via enzymatic glucose quantification following
incubation with amyloglucosidase (Megazyme) and (2) to acid hydrolysis.
GlycogenC6phosphatewasdeterminedbymeasuringglucose-6-phosphate
(G6P) in neutralized hydrolysates of glycogen samples using the enzymatic
cycling assay previously described74.

Hexokinase activity
Ten percent GASmuscle homogenates were prepared with extract solution
composed of 175mM KCl, 10mMGSH, and 2mM EDTA. Homogenates
were freeze-thawed 3 times using liquid nitrogen and centrifuged at
12,500 rpm for 10min. Supernatantswere used formeasurement. The assay
mixture contained 50mM triethanolamine, 5mM EDTA, 8mM MgCl2,
1.3mM NADP, 2mM ATP, 2mM glucose, and 7U/ml of glucose-6-
phosphate dehydrogenase. Absorbances were measured at 340 nm every
30 s for 240 s and hexokinase activity was calculated based on the obtained
standard curve. Each sample was replicated 3 times and the average of three
measures was used for data analysis.

DNAmicroarray
Total RNA from theGASmuscle ofWTandGde5 skKOmice at 15weeks of
age was isolated using RNeasy Lipid Tissue Kit and subjected to cRNA
synthesis. Fluorescence labeling, hybridization, and image processing were
performed according to the manufacturer’s instructions (Agilent Tech-
nologies, PaloAlto,CA).Briefly, cRNAswere fragmentedandhybridizedon
the 44 Kwholemouse genome oligomicroarray slides at 65 °C for 17 h. The
glass slides were then washed and scanned using Agilent DNA microarray
scanner (Agilent Technologies) as previously described7. Gene expression
datawere obtainedby theAgilent Feature ExtractionProgram (version 9.5).
DNAmicroarraydata are deposited in theNCBIGEOdata base (www.ncbi.
nlm.nih.gov/geo) under accession number GSE262199.

Denervation
To induce atrophy to the GAS muscles, 8-week-old male C57BL/6 mice
were subjected to hindlimb denervation. Sixteen mice were divided into 4
groups of control, 3-days, 7-days, and 14-days post-surgery group. Mice
were anesthetized using 1.5-2% inhaled isoflurane during surgery.
Approximately 5mm section of the sciatic nerve in the right hindlimb of
mice were cut, and the left hindlimb was sham-operated. Non-operated
mice were used as the external control to avoid potential physiological effect
of denervation on its contralateral limb. Denervated mice were dissected
after the respective post-surgery period. GAS muscles of both limbs were
obtained, weighed, and stored for biochemical analyses.

Total cellular membrane protein extraction
Total cellular membrane proteins were extracted according to ab65400
PlasmaMembraneProteinExtractionKit (Abcam). Briefly, skeletalmuscles
wereminced and homogenized in homogenize buffermix containing buffer

and protease inhibitor cocktail (1/500). Homogenates were aliquoted into
1.5mL tubes and centrifuged in 700 ×g at 4 °C for 10min. Supernatants
were obtained and further centrifuged in 10,000×g at 4 °C for 30min. Pellets
were obtained as total cellularmembrane proteins and resuspended inRIPA
buffer for further analysis.

Western blot
Ten percent GAS muscle homogenates were prepared with RIPA buffer
containing 1mM PMSF, 20 µg/ml aprotinin, and 10 µg/ml phosphatase
inhibitor cocktail. Homogenates were centrifuged at 13,000 g for 15min
and the supernatants were used for measurement. Total cellular mem-
brane protein extracts described previously were used for GLUT4 mea-
surement. Protein concentration was quantified using BioRadDC Protein
Assay (Bio-Rad Laboratories, Inc). 15 µg protein for each sample was
prepared in sample buffer composed of SDS, glycerol, andmethanol, then
boiled in 92 °C for 3 min. Prepared samples were then loaded into the
wells of the SDS-PAGE gel and run for 100min at 24-26 mA. Thereafter,
protein was transferred to PVDF membranes using semi-dry method at
2 mA xmembrane area for 120min. The membranes were next blocked
using 4% skimmilk in 1x PBS for 1 h, then incubated in primary antibody
overnight at 4 °C for anti-GDE5 (1:1000, Okazaki et al. 2010), anti-
GAPDH (1:5000,WAKO, 016-25523), anti-GLUT4 (1:2000, Proteintech,
66846-1-lg), and anti-caveolin-1 (1:1000, Transduction Laboratories,
c13630). Next, membranes werewashed 3 times in PBS-T, then incubated
with respective secondary antibodies. Can Get Signal™ Immunoreaction
Enhancer Solution (TOYOBO, NKB-201 and NKB 301) were used to
incubate antibodies. Protein bands were detected usingWestern Lighting-
ECL (PerkinElmer, Inc).

PLA2 activity assay
GAS muscle was homogenized in buffer (1:9) containing 1% Triton-X,
50mM Tris-HCl (pH 8.0), 150mM NaCl, protease inhibitor cocktail
(1:200) and phosphatase inhibitor cocktail (1:200). Homogenates were
centrifuge at 13,000×g for 15min and supernatants were used for assay
using EnzCheck® Phospholipase A2 assay kit (Invitrogen).

Contractile force and fatigability test
Contractile force and fatigability tests were conducted on electrically sti-
mulated intact gastrocnemius (GAS) muscles. Mice were anesthetized by
intraperitoneal administration using a mix of Domitor® (Orion Pharma
Animal Health), Midazolam (Sandoz), and Vetorphale® (Meiji Seika
Pharma) at 10 µL/mg body weight. Electrodes were attached to the left
GASmuscle using tapes. Then, the animal was placed in a supine position
and the left limbwas attached to a homemade foot holder connected to an
isometric transducer. The GASmuscles were stimulated at 100 Hz, 80 Hz,
60 Hz, 40 Hz, 20 Hz, 10 Hz, and 1 Hz for 1.5 s each with 1 min interval
from each frequency. Five minutes after the last frequency, the GAS
muscleswere stimulatedat 70 Hz for 0.35 s repeated at an interval of 9 s for
the first 5 min and the interval was reduced every 5 min to 8, 7, 6, 5, 4, and
3 s. Limb movement during stimulation was recorded on a personal
computer and analyzed using Lab-Chart software (version 7, ADInstru-
ments, Japan). Both stimulated and unstimulated muscles were imme-
diately excised afterwards for skinned fiber experiment and biochemical
analyses.

Skinned fiber experiment
The superficial region ofGASmusclewas pinned out at resting lengthunder
paraffin oil and kept on ice. Single muscle fibers were isolated and
mechanically skinned by rolling back the sarcolemma with forceps. A seg-
mentof the skinnedfiberwas connected to a force transducer (Muscle tester,
SI, Germany), stretched, and transferred to the K-HDTA solution. Skinned
fibers were then subjected to measurement of Ca2+-activated maximum
force, caffeine threshold, andmyofibrillar Ca2+ sensitivity. All skinned fiber
experiments were carried out at 24–26 °C.
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SERCA activity and ionophore ratio
Approximately 30mgof excisedGASmuscleswerehomogenizedon ice in a
solution containing 300mM sucrose, 20mM Tris-Malate, 0.2 mM phe-
nylmethanesulfonyl fluoride (PMSF), 1.4 µM pepstatin, 2.2 µM leupeptin,
and 0.83mM benzamidine. The homogenates were diluted 4 times in an
incubation medium composed of 20mM HEPES, 200mM KCl, 15mM
MgCl2, 10mMNaN3, and 1mM EGTA-3 mM Tris. Diluted homogenates
were used for measurement. The assay mixture contained 10mM phos-
phor(enol)pyruvate, 1 µg/mL calcium ionophore, 0.4 mM NADH, 1mM
CaCl2, 20.2 U/mL lactate dehydrogenase (LDH), 12.1 U/mL pyruvate
kinase, and 4mM ATP. Changes in fluorescence were quantified using
fluorometric techniques (excitation wavelength, 349 nm; emission wave-
length, 410 and 500 nm). Each sample was replicated 3 times and the
average of three measures was used for data analysis. Ionophore ratio was
obtained by dividing sample measurements in absence of calcium iono-
phore with measurement in presence of calcium ionophore.

LC-MS
Sample Preparation. The extraction method of Bligh and Dyer was
used.GASmuscleswere homogenized inH2Oand addedwith 2 mLof 2:1
methanol-CHCl3 mix, vortexed for 15 s, and stored at−20 °C overnight.
On the next day, homogenates were vortexed, then centrifuged at
2000 rpm for 10 min. The remaining pellets were added with 2.5 mL of
2:1:0.8 methanol-CHCl3-H2O mix, vortexed, and centrifuged at
2000 rpm for 10 min. The supernatants were mixed with previously
obtained supernatants and addedwithCHCl3 andH2O, 1.3 mL each. The
supernatants mixtures were vortexed, and centrifuged at 2000 rpm for
10 min to separate the water-soluble and fat-soluble parts. The water-
soluble parts were evaporated at 60 °C for 6 h. The remaining pellets were
added with 250 µL H2O, vortexed, centrifuged at 2000 rpm for 5 min.
200 µL supernatants were added with 800 µL methanol and stored for
measurement. For the fat-soluble parts, evaporation at 40 °C for 3 h were
conducted. The remaining pellets were added with the 2:1 methanol-
chloroform mix, vortexed, and stored for measurement.

PC measurement. Mobile phase A composed of 40% CH3CN, 60%
dH2O, 5 mMHCOONH4 (pH 5.0) andmobile phase B composed of 10%
CH3CN, 90% isopropanol, and 5mMHCOONH4 (pH5.0)were prepared
for measurement. Fat-soluble samples were diluted 50 times in methanol
and separated based on gradient generated from mobile phase A and B
using Acquity UPLC BEH C18 column (Waters). Ion quantification was
performed using ESI method (positive mode) with PC (16:0/18:2) at 60 V
cone voltage, m/z = 758.7[MH+], 5 V collision voltage, and daughter m/
z = 184.2[MH+]. PC (17:0/17:0) was used as an internal standard for
quantification. The results were adjusted to analyzed muscle weights.

Choline, betaine, and GPC measurement. Mobile phase A composed
of 95%CH3CN, 5%H2O, 5 mMHCOONH4 (pH3.0) andmobile phase B
composed of 10% CH3CN, 90% dH20, 5 mM HCOONH4 (pH 3.0) were
prepared for measurement. Water-soluble samples were diluted 15 times
in solution A and separated based on gradient generated from mobile
phase A and B using Acquity UPLC BEH HILIC column (Waters). Ion
quantification was performed using ESI method (positive mode) with
choline at 25 V cone voltage, m/z = 104[MH+], betaine at 25 V cone
voltage, m/z = 118[MH+], and GPC at 20 V cone voltage, m/
z = 258[MH+]. The results were adjusted to analyzed muscle weights.
Peak area ratios of the analyte were calculated as a function of the con-
centration ratios of the analyte (QuanLynx, Waters).

Serum biochemical parameters
Serum alanine transaminase (ALT), aspartate transaminase (AST), cho-
lesterol (T-CHOL), LDL- cholesterol (LDL-C), serumureanitrogen (BUN),
and ketone body and triglyceride (TAG) levels weremeasured usingAU480
analyzer (Beckman Coulter, Krefeld, Germany), which is an instrument for

turbidimetric, spectrophotometric and ion-selective electrode
measurements.

Metabolome analysis
GASmuscles frommicewere collected on ice, weighed, and transferred into
a glass tube.After 2ml ofMeOH, 1mLofCHCl3, 0.7mLofH2Oand5 μLof
1mg/mL 2-isopropylmalic acid (2-IPM) as an internal standard were
added, themixture was vortexed for 20min. Then, after 1mL of CHCl3 and
2mL of H2O were added, the mixture was vortexed for 20min and cen-
trifuged at 500 g for 10min at room temperature. The upper layer con-
taining water-soluble metabolites was lyophilized using a centrifugal
concentrator. The lyophilized sample was sonicated in 40 μL of pyridine
containing 20mg/mlmethoxyamine hydrochloride and shook at 1400 rpm
for 90min at 30 °C. Then, 20 μL of N-methyl-N-trimethylsilyl-tri-
fluoroacetamide was added for derivatization. The mixture was then incu-
bated at 37 °C for 30min with shaking at 1400 rpm and centrifuged at
21,000×g for 5min at room temperature. In all, 1 μL of the supernatant was
injected into a DB-5 capillary column (Agilent Technologies). GC/MS
analysis was performed using GCMS-TQ8030 (Shimadzu) equipped with
AOC-20i autosampler (Shimadzu). Smallmolecularweightmetaboliteswas
analyzed based on Smart Metabolites Database Release 3.01 (Shimadzu)
that contains the data acquisition parameters for 467 compounds in mul-
tiple reaction monitoring (MRM) mode. GCMS solution software Version
4.41 (Shimadzu) was used for data processing. Retention time correction
was performed based on a standard n-alkane mixture (Restek). Each peak
area was normalized by the weight of muscle tissues and the peak area
of 2-IPM.

Lipidome analysis
Lipidswere extracted from themuscle tissues thatwere used inmetabolome
analysis. The resultant lower layer containing lipids during the extraction
processwas transferred to a newglass tube andwas dried under nitrogen gas
stream. Each lipid solution was prepared by adding a solvent mixture
(CHCl3: methanol = 2:1) which volume was set to be 1mL/100mg tissue.
Then, 10 μL of the lipid solution was transferred to a new glass tube and
evaporated to dryness. The dried sample was dissolved in 100 μL of
methanol:toluene containing the following internal standards, 1.5 μg/mL
PE (17:0/17:0), 7.5 μg/mL PG (17:0/17:0), 1.5 μg/mL PC (17:0/0:0), 0.30 μg/
mLsphingosine (d17:1), 0.75 μg /mLceramide (d18:1/17:0), 0.60 μg/mLSM
(d18:1/17:0), 3 μg/ml palmitic acid-D3, 0.40 μg/mL PC (12:0/13:0), 30 μg/
mL cholesterol-D7, 0.30 μg/mL TAG (17:0/17:1/17:0), 3.0 μg/mL DAG
(12:0/12:0/0:0), 1.5 μg/mL DAG (18:1/2:0/0:0), 6.0 μg/mL MAG (17:0/0:0/
0:0), 0.75 μg/mL PE (17:1/0:0), 15 μg/mL cholesteryl ester (22:1), and 75 ng/
mL CUDA (12-[[(cyclohexylamino)carbonyl]amino]-dodecanoic acid.
Each sample was sonicated for 30 s and vortexed for 10 s at room
temperature.

The analytical conditions were based on themethod ofMS-DIAL. LC-
MS measurement was performed on a LC system, Nexera X2 (Shimadzu)
and TripleTOF 6600 equipped with DuoSpray ion source (Sciex). The
injection volumes are 3 μL in positivemode and 5 μL in negativemode. The
flow ratewas 0.6mL/min, and the temperature of the columnovenwas kept
at 65 °C. The autosampler temperature was 4 °C. Mobile phase A was 6:4
CH3CN: H2O (v/v) containing 10mM HCOONH4 and 0.1% formic acid.
Mobile phase B was 9:1 isopropanol: CH3CN (v/v) containing 10mM
HCOONH4 and 0.1% formic acid. The LC method used Acquity UPLC
CSH C18 column (Waters). Measurements were performed at the high
sensitivity mode for TOF MS and product ion scan. SWATH (sequential
window acquisition of all theoretical mass spectra) acquisition for both
positive and negative ion mode was used to achieve data-independent
acquisition. The same parameters for SWATH and the other MS system
were used as described in the reference75. MS-DIAL version 3.98 software
was used for the peak analysis and lipid annotation. The peak height values
for each aligned peaks were exported for the statistical analysis using
Metaboanalyst (https://www.metaboanalyst.ca/).
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DHA-rich diet
Male C57BL/6 J mice aged 8-week-old (~24 g) were obtained from Charles
River. The basal dietwas composed of the following components (g/kgdiet):
α-cornstarch, 542; casein, 184; sucrose, 92; corn oil (Nacalai Tesque, Kyoto,
Japan) orDHA-rich oil (Nippon SuisanKaisha, Tokyo, Japan), 92; cellulose,
46; AIN-93G mineral mixture, 32; AIN-93 vitamin mixture, 9.2; and L-
cystine,2.8.The concentrationsofC22:6n-3 (DHA)andC20:5n-3 (EPA) in
the DHA-rich oil were 58.0% and 7.1%, respectively. All animals were fed
with the diet and water ad libitum.

Statistics and reproducibility
All data are expressed as themean±S.E. Individual data points are shown in
all graphs, with at least three independent biological replicates were used for
each experiment. Two groups comparison was done using Student’s t test
and the main effect in contraction force and fatigability data was analyzed
using Two-way ANOVA. Relative expression was determined by compar-
ing the treatment group to controls after normalization to controls. Statis-
tical analyses were conducted using GraphPad Prism 7 software, with p-
values < 0.05 are considered statistically significant as denoted in the figure
legends. All reagents and resources used in this paper can be found in
Supplementary Table 2.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The raw DNA microarray data were deposited in the Gene Expression
Omnibus (GEO) under accession GSE262199 (C57BL/6 mice: skeletal
muscle-specific GDE5 (Gpcpd1)-deficient mice, GSM8159504 and
GSM8159505). The metabolome and lipidome data were deposited in the
DDBJ database with accession number PRJDB17952 (Project title, Skeletal
muscle-specific glycerophosphodiester phosphodiesterase 5 (GDE5) dele-
tion alter the lipidome and metabolome in the muscles, MTBKS236
and MTBKS237). The source data behind the graphs in the paper can be
found in SupplementaryData 1. All data needed to evaluate the conclusions
in thepaper are present in thepaper and/or theSupplementary Information.
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