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Muscle-specific Ryanodine receptor 1
properties underlie limb-girdle muscular
dystrophy 2B/R2 progression

Aldo Meizoso-Huesca 1, Cedric R. Lamboley1, James R. Krycer2,3,
Mark P. Hodson 2,3,4, James E. Hudson 1,2,3 & Bradley S. Launikonis 1

Ryanodine receptor 1 Ca2+ leak is a signal in skeletal muscle, but chronic leak
can underlie pathology. Here we show that in healthy male mouse, limb-girdle
muscle presents higher sympathetic input, elevated ryanodine receptor 1 basal
phosphorylation, Ca2+ leak andmitochondrial Ca2+ content compared to distal
leg muscles. These regional differences are consistent with heat generation in
resting muscle to maintain core temperature. The dysferlin-null mouse
develops severe pathology in the limb-girdle but not leg muscles. Absence of
dysferlin disrupts dihydropyridine receptors’ inhibitory control over ryano-
dine receptor 1 leak, synergistically increasing leak through the already
phosphorylated channel of limb-girdle muscle. This alters Ca2+ handling and
distribution leading to reactive oxygen species production prior to disease
onset. With age, oxidation of Ca2+ -handling proteins in dysferlin-null limb-
girdle muscle alters basal Ca2+ movements. Our results show that muscle-
specific pathology in dysferlin-null mice is linked to increased ryanodine
receptor 1 Ca2+ leak.

Limb-Girdle Muscular Dystrophy 2B/R2 (LGMD2B/R2) is a genetic con-
dition caused by a deficiency of the protein dysferlin that manifest as a
late-onset dystrophy and selectively impact specific muscle groups as
individuals age1. Like human patients, murine models of LGMD2B show
variations in muscle wasting. While muscles like the psoas and gluteus
major are severely affected, others like the quadricep, soleus, and tibialis
anterior exhibit milder pathology2. Yet, the underlying mechanisms
responsible for these intermuscular differences remain undefined.

Dysferlin is a 230 kDa membrane protein predominantly located
in the transverse (t)-tubules3, where it mediates membrane repair,
structural development of the (t)-tubular system, and Ca2+ handling3–5.
Notably, dysferlin interacts with key Ca2+ handling players, including
the dihydropyridine receptor (DHPR) and caveolin-36. The DHPR
interacts with the ryanodine receptor 1 (RyR1), located in the mem-
brane of the sarcoplasmic reticulum (SR) terminal cisternae7 and sta-
bilizes its resting state8–10. Absence of dysferlin alters RyR1 function in

mildly dystrophic muscles following acutely applied stress11. More-
over, lack of dysferlin has been proposed to alter RyR1 clustering12.

Beyond its primary function, releasing Ca2+ during excitation-
contraction coupling, RyR1 has multiple roles in muscle physiology,
largely mediated by resting Ca2+ leakage into the cytosol. This leakage
regulates the Ca2+ permeability of the t-system membrane and there-
fore the distribution of intracellular Ca2+ content13. Additionally, RyR1
Ca2+ leak participates in exercise adaptation14,15 and contributes to
muscle thermogenesis and basal metabolism16–18.

Exacerbated RyR1 leakage is associated with various myopathies,
includingmalignant hyperthermia, central coredisease, andDuchenne
muscular dystrophy19. Additionally, it has been implicated in muscle
wasting observed in cancer-induced cachexia and aging20,21. A critical
knowledge gap that remains, however, pertains to the potential role of
RyR1 leak as a distinctive feature in severe versus mild progression of
LGMD2B within the body.
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Here, we explored the link between RyR1 function and the
prognosis of LGMD2B/R2. For this, we compared Ca2+ handling
properties and proteomic profiles of murine muscles known to
exhibit varying degrees of pathology. We compared the severely
affected psoas muscle against two mildly affected muscles, the tibialis
anterior (TA) and extensor digitorum longus (EDL). Here we show
intrinsic differences in RyR1 function and Ca2+ handling between wild-
type psoas and TA/EDL. These distinctions were characterized by
greater RyR1 Ca2+ leak, increased basal RyR1 phosphorylation, and a
differential distribution of fibre Ca2+, with higher mitochondrial Ca2+

content in WT psoas. These differences trace back to higher nor-
epinephrine concentration in psoas relative to TA, accompanied by
increased PKA signalling. In absence of dysferlin, these Ca2+ handling
disparities were further exacerbated in psoas but not in TA prior to the
dystrophic phenotype and progressed over time. Furthermore, pro-
teomic analysis identified enrichment of thermoregulation and meta-
bolic adaptation to RyR1 leak in WT psoas that was not observed
in WT TA. These findings highlight a potential divergence in the

thermogenic capacity between core and distal muscles in mice,
potentially aimed at optimizing heat generation in proximity to
internal organs. In the murine psoas, RyR1 channels operate in a
chronically leaky state; however, lack of dysferlin exacerbates RyR1
leakage, contributing to the localized progression of the disease
observed in this muscle.

Results
Inherent difference in RyR1 Ca2+ leak betweenhealthymuscles is
exacerbated in the absence of dysferlin
The selection of the psoas as a representative muscle of severe dys-
trophic presentation and the TA and EDL as representative muscles of
mild dystrophic presentation in the BlaJ mouse was based on previous
observations2,22 and confirmed by H&E staining and muscle weights at
8 and 36 weeks old (Fig. 1a–c; Sup Fig. 1a–d). In the main body of this
article, we will concentrate on using the TA as the example of a mildly
dystrophic muscle in dysferlinopathy. Supporting data on mildly dys-
trophic EDL muscle is provided in the supplement.

Fig. 1 | Dysferlin deficiency exacerbates intrinsic differences in RyR1 leak
between Psoas and TA prior to the development of dystrophic phenotype.
a H&E staining of WT and BlaJ muscles (8 and 36 weeks-old mice). b Fibrosis area
calculated as percentage of total cross-sectional muscle area. n = 3–8. c Muscle
weights from WT and BlaJ mice. n = 6–14. d Diagram showing t-system-trapped
rhod-5N to measure RyR1 Ca2+ leak. RyR1 Ca2+ leak sets the [Ca2+]JS above the bulk
cytosol. [Ca2+]JS directly influences PMCA activity and [Ca2+]t-sys. When RyR1 leak is
inhibited, [Ca2+]t-sys drops proportional to the drop in [Ca2+]JS. e, f Representative
[Ca2+]t-sys (t) during exposure to 1mM Tetracaine in a WT TA (e) and WT psoas (f)
fibre. h Steady-state [Ca2+]t-sys across a range of [Ca2+]cyto in presence (g) and
absence (h) of RyR1 leak. n = 5–17 fibres. i RyR1 Ca2+ leak by means of Δ[Ca2+]t-sys

([Ca2+]t-sys before – after 1mM tetracaine). n = 5–13 fibres. j (Top) Bright field image
of two fibres (TA and psoas, both WT) aligned for simultaneous imaging. Scale bar:
400 µm. (Bottom) Spatially averaged Rhod-2 (cytosolic) profiles from aTA (orange)
and a psoas (blue) fibre upon exposure to increasing [Caffeine]. k Ca2+ wave fre-
quency across a range of [Caffeine]. n = 7 preparations. l. RyR1 phosphorylation
(Ser2844) relative to non-phosphorylated RyR1. Data normalized to WT TA. Data
are presented asmean +/− SD (b, c, l) or +/− SEM (g, h, i, k). e–l 8weeks-old groups.
Statistical analysis: (b, c), one-way ANOVAwith Tukey’smultiple comparison. i two-
wayANOVA. (#: Two significant results; &: Five significant results). (k), pairedT-test.
(l), unpaired (multiple) t-tests. ****p <0.0001, **p <0.01, *p <0.05. Source data are
provided as a Source Data file.
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First, RyR1 leakiness was measured in 8 weeks-old psoas and TA
fibres leveraging the high sensitivity of the t-systemCa2+ concentration
([Ca2+]t-sys) to RyR1 Ca2+ leak in resting skinned muscle fibres (see
Methods). Noteworthy, this age was chosen to minimise potential
confounding effect of the dystrophy that presents disproportionally
across muscles later in BlaJ mice.

Due to its large surface-to-volume ratio and low endogenous Ca2+

buffers, the [Ca2+]t-sys responds to [Ca2+]cyto at the junctional space
([Ca2+]JS), set by the extent of RyR1 Ca2+ leak. This sets PMCA activity,
pumping Ca2+ into the t-system lumen in a [Ca2+]JS-dependent
fashion23,24. Thus, the leak of Ca2+ from the RyR1 rapidly changing the
[Ca2+]JS is detected by t-system-trapped rhod-5N13,23. RyR1 Ca2+ leak is
quantified by comparing [Ca2+]t-sys in the absence and presence of
saturating concentrations of the RyR1 antagonist tetracaine25 (Fig. 1d).
Figure 1e, f show [Ca2+]t-sys profiles over time ([Ca2+]t-sys (t)) from 8
weeks-old WT TA and WT psoas fibres, respectively. Tetracaine-
induced RyR1 inhibition exerted a slight decrease in [Ca2+]t-sys in TA
(Fig. 1e), whereas a substantial depressionof [Ca2+]t-sys (t) was observed
in psoas (Fig. 1f). This assay was performed in bothWT and BlaJ TA and
psoas fibres across a range of [Ca2+]cyto (28-1342 nM), as RyR1 leakiness
is expected to increase as the SR loads upon higher [Ca2+]cyto.
Figure 1g, h show the resting [Ca2+]t-sys as a function of [Ca2+]cyto for
each group in absence and presence of tetracaine, respectively.

The extent of RyR1 Ca2+ leak (Δ[Ca2+]t-sys) was plotted against the
experimental [Ca2+]cyto (Fig. 1i), showing that WT psoas presents
greater RyR1 leak compared to WT TA (p <0.05 at 200nM [Ca2+]cyto;
p <0.01 at 1342 nM [Ca2+]cyto). Furthermore, BlaJ psoas displayed
higher RyR1 leak compared toWT psoas (p <0.05 at 200nM [Ca2+]cyto;
p <0.01 at 1342 nM [Ca2+]cyto). No differences were observed between
the TA groups (WT vs BlaJ). Results obtained from EDL fibres (WT
and BlaJ) resembled those from TA, consistent with the mild devel-
opment of pathology in TA and EDL of BlaJ mice (Supplementary
Figure 1a-f).

To confirm the differences in RyR1 function between WT psoas
and TA fibres in an assay that would not rely on the fibre t-system, we
tested fibres response to increasing [caffeine] to generate repetitive
Ca2+ waves26. Ca2+ transients from a skinned TA fibre and a skinned
psoas fibre from the same WT mouse were simultaneously monitored
during exposure to progressively increasing [caffeine] (Fig. 1j &

Supplementary movie 1). Psoas exhibited higher caffeine sensitivity
and showcased greater wave frequency compared to TA (2mM,
p < 0.005; 3mM, p <0.0005; 4mM, p < 0.01; 5mM, p <0.01), provid-
ing additional evidence of a less stable RyR1 inWT psoas relative to TA
(Fig. 1j, k).

Since RyR1 phosphorylation is linked to increased RyR1 Ca2+

leak20,26, we tested whether this feature differed between the two WT
groups, potentially explaining the differences in RyR1 leakage between
WT TA and psoas. For this, we examined phosphorylation of the RyR1
via targetedmass spectrometry. This revealed a 3-fold increase inbasal
RyR1 phosphorylation in psoas relative to TA at Ser2844. Notably,
comparable trends were observed across BlaJ muscles (Fig. 1l, Sup-
plementary Table. 4). Together, the results in Fig. 1 show that between
the WT muscles, psoas exhibits higher RyR1 leak than TA, associated
with a greater channel phosphorylation in psoas. Moreover, in the
absence of dysferlin, RyR1 leak is exacerbated in psoas prior to the
severe dystrophic phenotype but not in TA, where the pathology is
milder throughout the lifespan of the mouse.

Next, we explored the mechanisms contributing to (1) the
increased RyR1 leak in BlaJ psoas and (2) the muscle-specific nature of
this increase, observed only in psoas. Previous studies have shown that
DHPR modulators restore RyR1 function in dysferlin-null fibres11.
Therefore, we assessed whether this was the case for 8 weeks-old WT
and BlaJ psoas fibres (Fig. 2a, b). Notably, nifedipine blunted 59.5% of
the RyR1 leak in BlaJ fibres but only accounted for 29.3% of the RyR1
leak in WT (Fig. 2c, p <0.01). To validate that nifedipine decreased
[Ca2+]t-sys bymodulating RyR1 leak (via the DHPR) and not blocking any
potential Ca2+ leak through the DHPR, we exposed fibres to tetracaine,
maximally blocking RyR1 leak, before perfusing nifedipine. Under
these conditions, nifedipine had no impact on [Ca2+]t-sys, confirming
that its former effect was solely due to an indirect modulation of RyR1
leak (Supplementary Figure 2).

As a further control, we directly targeted RyR1 leak by increasing
[Mg2+]free from 1 to 3mM27. This approach allowed evaluation of RyR1
leak inhibition bypassing the DHPR-RyR1 interaction. Mg2+-induced
RyR1 inhibition was comparable between both genotypes (Supple-
mentary Figure 3), indicating that the functional disparities in RyR1
leak between genotypes stem from the DHPR-RyR1 interaction as
opposed to intrinsic properties of the RyR1 channels.

Fig. 2 | Lack of dysferlin synergistically increases RyR1 leak via DHPR destabi-
lization andRyR1 phosphorylation. a, b Representative [Ca2+]t-sys(t) inWT (a) and
BlaJ (b) psoas fibre during sequential perfusion of nifedipine (5mM) and tetracaine
(1mM). c Percentage of nifedipine-sensitive (black) and nifedipine-insensitive RyR1
leakWTandBlaJ psoasfibres.n = 5–8.dT-systemrhod-5N confocal imageof twoTA
fibres placed in parallel to each other for simultaneous live imaging. Scale bar:

100 µm. e Representative simultaneous [Ca2+]t-sys traces fromWT and BlaJ TA fibres
exposed to cAMP (100mM) and tetracaine (1mM) subsequently. f Tetracaine-
induced Δ[Ca2+]t-sys of cAMP-exposed WT and BlaJ TA fibres. Summary of results
shown in (e). n = 7. a–f 8 weeks-old fibres. Statistical analysis in (c), unpaired t-test.
Statistical analysis in (f), paired t-test. **p <0.01. Source data are provided as a
Source Data file.
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As the impact of the absence of dysferlin on the DHPR is expected
to manifest across all muscles, we hypothesized that the increase of
RyR1 leak observed specifically in BlaJ psoas might arise from a
synergistic interplay between mechanisms destabilizing the RyR1.
Given that WT psoas exhibits a higher basal RyR1 phosphorylation
compared to TA, we postulated that this baseline disparity could
heighten RyR1 sensitivity to DHPR dysregulation in the absence of
dysferlin. To investigate this, we simultaneously exposed WT and BlaJ
TA fibres positioned in parallel in the same experimental chamber to
cAMP (Fig. 2d), a known inducer of RyR1 phosphorylation at
Ser284426,28,29. In this experimental approach, the two skinned fibres
shared the same cytoplasmic environment. Subsequently, cAMP-pre-
exposed fibres were subjected to tetracaine to assess their RyR1 leak.
Interestingly, cAMP increased RyR1 leak more in BlaJ TA compared to
WT, consistent with a compounding effect of RyR1 phosphorylation
and DHPR dysregulation on RyR1 leak (Fig. 2d–f).

RyR1Ca2+ leak coordinatesfibreCa2+distribution independently
of dysferlin
Increases in RyR1 leakage trigger intracellular Ca2+ content redistribu-
tion within the muscle, thereby influencing its function13. Given the
differences in RyR1 Ca2+ leak between WT psoas and TA, and the
exacerbation of RyR1 leak in BlaJ psoas, we assessed the fibre Ca2+

content and distribution across the SR andmitochondria of the four 8
weeks-old groups. For this, we utilized a membrane lysis method,
enabling us to quantify compartmentalised Ca2+ content with high
resolution based on fibre force response upon intracellularmembrane
lysis at a known [BAPTA]30,31 (Fig. 3a) (see Methods).

In line with its greater RyR1 leak, WT psoas presented a lower SR
Ca2+ content than WT TA (Fig. 3b) (1.19 ± 0.08mmol/L vs
1.28 ±0.07mmol/L, p < 0.05). Additionally, reduced SR Ca2+ content in
BlaJ compared to WT was observed only in psoas (0.95 ± 0.05 vs
1.19 ± 0.08mmol/L, p <0.0001) (Fig. 3b). Inversely to these patterns,
psoas displayed a higher mitochondrial Ca2+ content than TA in WT
mice (0.166 ±0.05 vs 0.074 ±0.03mmol/L, p <0.0001) (Fig. 3c).

Furthermore, BlaJ psoas exhibited greater mitochondrial Ca2+ content
compared to WT psoas (0.258 ±0.02 vs 0.166 ± 0.05mmol/L,
p <0.0001). The mitochondrial Ca2+ content values obtained were
integrated into a previously established model to estimate the cyto-
plasmic Ca2+ content across the different groups13,32 (Fig. 3d, e). Nota-
bly, the sum of SR, mitochondria and cytosolic Ca2+ revealed that
despite the changes in intracellularCa2+ distribution across the groups,
the total calcium content is preserved (Fig. 3f). Overall, Fig. 3 shows
that the intracellular Ca2+ content distribution varies between WT
psoas and TA and that Ca2+ content redistribution occurs in the
absence of dysferlin in psoas, where RyR1 Ca2+ leak increases.

Thermogenic specialization of mouse psoas
The greater RyR1 basal phosphorylation and Ca2+ leak in WT psoas
compared to TA and EDL, along with its higher mitochondrial Ca2+

content, suggest differential basal signalling within the muscles. Since
Ser2844 of the RyR1 is a PKA-dependent phosphorylation site, we
assessed whether PKA signalling was different between TA and psoas.
Compared to TA, psoas presented higher phosphorylated PKA sub-
strates, indicating that overall PKA basal signalling is constitutively
elevated in psoas (Fig. 4a, b). Consistent with the increased basal PKA
signalling and RyR1 phosphorylation (Fig. 1l), psoas displayed higher
norepinephrine concentration compared to TA (Fig. 4c).

The differences in Ca2+ handling, traced back to higher basal
sympathetic input in psoas, suggest a functional difference between
these muscles. To explore the physiological significance underlying
these differences, we compared the proteomic profiles of WT TA and
psoas. Interestingly, analysis of KEGG pathways represented by psoas
and TA-specific proteins revealed enrichment in thermogenesis in
psoas that was not present in TA (Fig. 4d), represented by proteins
such as UCP1, fatty acid metabolism-related proteins, members of
the Ras GTPase family and electron transport chain-related proteins
(Supplementary Table 5). Gene Ontology (GO) enrichment analysis
from SWATH data revealed important differences across the sig-
nificantly enriched biological processes represented by the most

Fig. 3 | Differences in intracellular Ca2+ distribution across WT TA and psoas
increase in absenceofdysferlin. aRepresentative BAPTA-lysis experimental trace.
A mechanically skinned mouse psoas fibre segment with endogenous resting Ca2+

content was depleted of SR calcium and then equilibrated with known free
[BAPTA]. TX-Oil-induced lysis produces ~45% of the maximal force. Force response
(relative to maximal response) in conjunction with pCa and known [BAPTA]
employed, enables quantification of total Ca2+ released upon lysis. b, c Endogenous
Ca2+ content (SR, b; mitochondrial, c) in TA and psoas fibres from WT and BlaJ

muscles. n = 9–13. Data presented as Mean +/− SD. d Estimation of resting [Ca2+]cyto
across TA and psoas (WT and BlaJ) derived from total mitochondrial Ca2+.
e Estimation of total cytosolic Ca2+ bound to cytosolic Ca2+ buffers. Mathematical
model obtained from Lamboley et al.13. f Ca2+ content (per fibre volume) of the
major subcellular calcium compartments in TA and psoas (WT and BlaJ), shown as
cumulative histograms. a–f 8 weeks-old. Statistical analysis in b and c were per-
formed with one-way ANOVA with Tukey’s multiple comparison. ****p <0.0001,
*p <0.05. Source data are provided as a Source Data file.
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abundant proteins in each muscle (Supplementary Figure 4; Sup-
plementary Tables 6, 7). While TA displayed enriched processes
mainly associatedwith contraction, psoas exhibited terms associated
with thermogenesis and metabolism, such as response to cold,
response to hydrogen peroxide, and fatty acid metabolism (Fig. 4e).
This finding is in line with the greater norepinephrine concentration
and RyR1 Ca2+ leak observed in psoas, as this feature constitutes a
thermogenic source in mammalian skeletal muscle17,26. Furthermore,
this is expected to enhancemetabolism tomeet the increased energy

demands associated with thermogenesis, as suggested by the pro-
teomic analysis.

Furthermore, GO enrichment analysis of biological processes of
the significantly upregulated proteins in psoas vs TA revealed NADH
regeneration as the biological processwith the highest fold enrichment
(Fig. 4f, g; Supplementary Table 8). This observation aligns with the
distinctive feature of the psoas showing elevated RyR1 Ca2+ leak com-
pared to TA,which sets the resting ATP resynthesis rate17 and enhances
NADH-dependent mitochondrial respiratory capacity33. In line with

Fig. 4 | Psoas exhibits a distinctive thermogenic program compared to TA.
aWestern blot against p-PKA substrates (left) and Ponceau-S signal (right) in TAand
psoas muscle homogenates (8 w/o, WT). b Densitometry of anti p-PKA substrate
antibody signal normalised to Ponceau-S signal. n = 9. c Quantification of nor-
epinephrine concentration in TA andpsoas (8w/o,WT)n = 4.d (Top) Venndiagram
showing identifiedproteins inWTpsoas andWTTAbyData-Dependent Acquisition
(DDA)workflow. (Bottom)Keggpathways representedby theWTpsoasandWTTA-
specific proteins identified through DDA workflow. Terms were filtered by the
criteria of ≥ 10 proteins and adjusted p-value (Benjamini) < 0.05. e TA and psoas-
exclusive biological processes revealed by Gene Ontology (GO) enrichment ana-
lysis of 180 most abundant proteins in WT TA (top) and WT psoas (bottom) (8
weeks old) revealed by SWATH workflow. Terms were filtered by the criteria of ≥ 6
proteins and adjusted p-value (Benjamini) < 0.05. f Volcano plot of total quantified

proteins showing significantly increased (blue) protein content inWTpsoas relative
to WT TA. g GO biological process analysis of upregulated proteins in WT psoas
relative to WT TA. Terms filtered by adjusted p-value (Benjamini) < 0.05.
h, i Metabolites ratio (Lactate/Pyruvate, h Glutamate/a-ketoglutarate, i present in
WT TA and psoas (8 weeks old). n = 5. j Simultaneous confocal imaging of 150nM
Tetramethylrhodamine, Ethyl Ester (TMRE) uptake in a WT TA and a psoas fibre.
Scale bar = 50 µm. k TMRE fluorescence profile over time in TA (orange) and psoas
fibre (blue) (derived from j). l TMRE intensity after plateau in TA and psoas fibres
(normalised to TA). m TMRE halftime in TA and psoas fibres (normalised to TA).
n = 11. Statistical analysis in (b, c, l,m) were performedwith paired T-test. **p <0.01,
*p <0.05. Statistical analysis in h&i were performed with an unpaired one-tailed T-
test. Source data are provided as a Source Data file.
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this, metabolomic analysis revealed that WT psoas displays a lower
NADH/NAD+ ratio in both cytosol andmitochondrial cisternae, relative
toWTTA, as revealedby a lower ratio of lactate:pyruvate (p <0.05) and
glutamate:α-ketoglutarate (p <0.05)34,35, respectively (Fig. 4h, i).
Therefore, upregulation of NADH regeneration in psoas likely repre-
sents a compensatory mechanism to meet the increased demand for
NADH. Furthermore, psoas fibres presented elevated mitochondrial
membrane potential compared to TA, indicated by increased TMRE
uptake (Fig. 4j–m) (p <0.01). Collectively, Fig. 4 shows that psoas
presents an increased thermogenic capacity compared toTA, aswell as
higher sympathetic input in basal conditions; this is consistent, and
likely supports, the increased RyR1 phosphorylation and Ca2+ leak, as
well as the raisedmitochondrial Ca2+ in psoas compared to TA and EDL
in WT mouse.

Elevated RyR1 Ca2+ leak leads to t-system Ca2+ handling protein
oxidation and functional impairment
The raised mitochondrial Ca2+ content in psoas (Fig. 3) is expected to
promote the generation of reactive oxygen species (ROS). Accord-
ingly, BlaJmice have been found to display oxidative stress, attenuated
by N-acetylcysteine (NAC)36. Yet, the impact of this oxidative stress on
the Ca2+ handling properties of the t-system remain unclear. In skeletal
muscle, the t-system relies on (1) plasma membrane CaATPases
(PMCA) over the Na+-Ca2+-exchanger (NCX) to extrude Ca2+ into the
t-system lumenbecause the PMCA is sensitive to the range of [Ca2+]JS in
the resting fibre and (2) store-operatedCa2+ entry (SOCE), providing an
extracellular Ca2+ influx in response to near-membrane SR Ca2+

depletion caused by RyR1 Ca2+ leak23,37. These processes may be prone
to oxidation38,39 playing a potential role in the preservation of fibre Ca2+

content40.
We assessed bothmechanisms (Ca2+ extrusion and SOCE) in psoas

and TA fibres fromWT and BlaJ mice by tracking [Ca2+]t-sys (t) during a
series of internal solution exchanges that depleted and refilled the SR
and t-system of Ca2+ (Fig. 5a, b). First, fibres were exposed to 30mM
caffeine in a 0 Ca2+ solution to deplete the SR of Ca2+ and chronically
activate SOCE, depleting [Ca2+]t-sys

41. Then, fibres were exposed to
60nM [Ca2+]cyto in the presence tetracaine. Inclusion of tetracaine
provided a defined [Ca2+]JS to assess PMCA activity bypassing any RyR1
leak-dependent increase in the local [Ca2+]cyto at the t-system mem-
brane. Therefore, the response of PMCA to a known [Ca2+]cyto could be
compared across genotypes. Exposure to 60 nM Ca2+ activated PMCA,
increasing [Ca2+]t-sys to a steady state of ~0.6mM [Ca2+]. After this,
SOCE was chronically activated by releasing the SR Ca2+ with caffeine
while continuously imaging [Ca2+]t-sys. The imaging rate for this
experiment (3.42 frames per second, fps), allowed the determination
of the rate of PMCA-mediated Ca2+ extrusion and SOCE (Fig. 5c–f).

Both SOCE and Ca2+ extrusion were comparable between WT and
BlaJfibres fromTA. In contrast, BlaJ psoasfibres displayed a slower rate
of Ca2+ extrusion and SOCE compared to WT psoas (Fig. 5g–j). To
assess whether this impairment in BlaJ psoas fibres was dependent on
oxidative stress36, we pre-exposed intact BlaJ psoas fibres to the anti-
oxidant N-acetylcysteine (NAC) for 20min and measured the t-system
Ca2+ handling properties as shown in Fig. 5a, b. NAC restored the rates
of t-system Ca2+ extrusion and SOCE to values comparable to those
obtained in WT psoas fibres (Fig. 5g, h). Our results show that in
dysferlin-deficient psoas, oxidation of t-system Ca2+ handling proteins
hinders Ca2+ fluxes across the t-system membrane.

In skeletal muscle, SOCE is supported by STIM and Orai proteins
interacting at the junctional membranes42,43. This facilitates the acti-
vation of Ca2+ influx immediately upon activation of SR Ca2+

depletion44,45. To test whether oxidation also impaired the rapid acti-
vation of SOCE (i.e., the coupling between SR Ca2+ depletion and
extracellular Ca2+ influx), caffeine-induced t-system Ca2+ depletion was
monitored at 27 fps in psoas WT and BlaJ fibres simultaneously
(Fig. 5i, j; Supplementary movie 2). The WT fibre provided a reference

for observing any shift in the activation kinetics of SOCE in the BlaJ
fibre. SOCE activation threshold was defined as the time for rhod-5N
signal in each fibre to reach a standardized score of -3 (relative to their
own baseline) following caffeine exposure. The delay in SOCE activa-
tion in BlaJ compared to WT was determined by calculating the dif-
ference in SOCE activation onset times between BlaJ and WT
fibres (Fig. 5k).

To account for any potential intragenotype variability among
fibres, we compared the delay observed in BlaJ vsWT fibres against the
delay observed in a WT vs WT fibre setting. A greater delay in SOCE
activation lag time following caffeine exposure was detected between
BlaJ and WT fibres (431.7 ± 233.3ms) than the WT fibres
(194.7 ± 186.2ms) (p <0.01) (Fig. 5l). This indicates that the absence of
dysferlin leads to a delay of ~200ms in the activation of SOCE in
BlaJ psoas.

Next, we assessed whether the lag in SOCE activation was due to
an impairment of the SOCE mechanism or because of differences in
RyR1 Ca2+ release activation in response to caffeine. For this, we
simultaneously tracked SR Ca2+ depletion by imaging SR-trapped fluo-
5N under the same conditions as performed in Fig. 5i. We did not
observe differences in SR Ca2+ depletion kinetics between the geno-
types (Fig. 5m–o). In Fig. 5p, the activation delay of SR depletion and
SOCE in BlaJ relative to WT is compared. This shows that the SOCE
impairment observed in the BlaJ psoas is not due to a defect in SR
calcium release, suggesting a disruption in the SOCEmechanism itself.

To investigate the potential effect of oxidation on this coupling
mechanism, we employed a 3-fibre experiment with all fibres con-
taining t-system-trapped rhod-5N (Fig. 5q). A WT fibre provided the
reference for standard SOCE activation and was positioned between
twoBlaJfibres.Oneof theBlaJfibreswaspre-exposed toNAC,while the
otherwas not. SOCE activationwas induced by caffeine exposurewhile
imaging at 20 fps (Fig. 5r, s). The NAC-exposed BlaJ fibre exhibited a
shortened time for SOCE activation following caffeine exposure
compared to the untreated BlaJ fibre (Fig. 5t) (p <0.05). Collectively,
these findings underscore thatmuscles lacking dysferlin and featuring
leaky RyR1s display impaired t-system Ca2+ fluxes, as well as delayed
SOCE onset upon SR Ca2+ depletion due to oxidation.

Oxidation promotes age-dependent progression of LGMD2B/R2
In BlaJ psoas there is a clear pathology progression from8 to 36weeks-
old (Fig. 1). Due to the high loadofmitochondrial and cytoplasmicCa2+

in the BlaJ psoas, we suspected that ROS (Fig. 4) may have a com-
pounding effect by oxidizing the already phosphorylated RyR1s,
exacerbating RyR1 Ca2+ leak with age. This would also skew the dis-
tribution of fibre Ca2+ content further away from the healthy
condition13. To analyse how the Ca2+-handling properties progress with
age, we analysed RyR1 Ca2+ leak, t-system Ca2+ handling and the fibre
Ca2+ content distribution in 36 weeks-old TA and psoas.

We observed a modest effect of the RyR1 blocker tetracaine on
[Ca2+]t-sys from both WT and BlaJ TA fibres, indicating that RyR1 Ca2+

leak was negligible (Fig. 6a). In contrast, tetracaine decreased [Ca2+]t-sys
in 36-weeks-old WT psoas, comparable to the younger WT psoas
(Fig. 1g–i), indicating that inWT, RyR1 Ca2+ leak remains higher in psoas
than in TA at 36 weeks of age (Fig. 6b, left).

The 36 weeks-old BlaJ psoas fibres, however, exhibited a distinct
response to RyR1 inhibition. Instead of decreasing the [Ca2+]t-sys, RyR1
inhibition increased [Ca2+]t-sys, more noticeably as [Ca2+]cyto was
increased (Fig. 6b). A similar response was previously observed in
human muscle with leaky RyR1 gain-of-function variants and con-
cluded to be due to chronic-low conductance SOCE activated by leaky
RyR1s23 (seeMethods). To confirm that the tetracaine-induced increase
in [Ca2+]t-sys was due to SOCE inhibition, we tested the effect of tetra-
caine in [Ca2+]t-sys in the absence and presence of the Orai1 inhibitor
BTP2 at a concentration (5 µM) that does not affect RyR1 activity46.
Figure 6c presents the effects of tetracaine and BTP2 on [Ca2+]t-sys
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transients in BlaJ psoas fibres. The strong effect of tetracaine to raise
[Ca2+]t-sys in the presence of 1.3 µM [Ca2+]cyto was initially observed.
Caffeine was then applied to open and release the RyR1 of tetracaine.
The secondary application of 1.3 µM[Ca2+]cytowas done in the presence
of BTP2 and a similar [Ca2+]t-sys is achieved to the previous measure-
ment of [Ca2+]t-sys in the presence of 1.3 µM [Ca2+]cyto with tetracaine,
consistent with both conditions inhibiting SOCE. In the presence of
BTP2, tetracaine lowered [Ca2+]t-sys indicating that leak through
the RyR1 of BlaJ psoas is increased with age, increasing the Ca2+

conductance of Orai1 channels in the resting muscle (Fig. 6d, e).
To test whether the leak of Ca2+ through the RyR1 in 36-week-old

BlaJ psoas fibres was exacerbated due to oxidation, we treated intact
fibres with NAC before mechanically skinning. In contrast to the
previous experiments (in absence of NAC), tetracaine decreased

[Ca2+]t-sys (Fig. 6f), indicating that the RyR1s of the 36 weeks-old psoas
BlaJ fibres display exacerbated oxidation-dependent leakage, leading
to a chronic activation of low amplitude SOCE in the resting muscle.
Consistent with this, the ratio of oxidised over reduced RyR1 peptides
was increased in 36 weeks-old BlaJ psoas compared to 8 weeks-old
BlaJ psoas, a trend that was not observed in the WT groups (Fig. 6g;
Supplementary Table 9).

Considering the exacerbated RyR1 Ca2+ leak of the aged BlaJ psoas
fibres, we measured the distribution of fibre Ca2+ content across all
muscle groups at both ages (as performed in Fig. 3). In theWT groups,
there was no significant change in SR or mitochondrial Ca2+ content
compared to the younger mice (Fig. 6h, Supplementary Figure 5). In
contrast, 36 weeks-old BlaJ presented a reduction in SR Ca2+ content
compared to 8 weeks-old fibres in both the TA (1.11 ± 0.04 vs

Fig. 5 | Lack of dysferlin drives oxidation-dependent t-system Ca2+ handling
changes in a muscle-specific fashion. a T-system-trapped rhod-5N signal over
time during fibre Ca2+ extrusion and SOCE. b [Ca2+]t-sys(t) profile from fibre dis-
played in (a). c, d Representative Ca2+ extrusion transients from 8 w/oWT and BlaJ
TA (c) and psoas (d) fibres. e, f Representative SOCE transients from 8 w/oWT and
BlaJ TA (e) and psoas (f) fibres. (c–f) transients are superposed for visual compar-
ison). g Summary of Ca2+ extrusion rate constants derived from exponential fitting.
h Summary of SOCE rate constants derived from exponential fitting. i Rhod-5Nt-sys

confocal image of two psoas fibres (WT and BlaJ) positioned in parallel. j Rhod-5N
profile from WT (black) and BlaJ (magenta) psoas fibre during exposure to 30mM
caffeine and calcium removal (release solution). k transients shown in (j) on an
expanded timescale. Rhod-5N signal converted to standard score values derived
from 5 s baseline. l. Summary of experiments presented in (k). Delay in SOCE
activation; comparison between BlaJ vsWT (n = 18) againstWT vsWT fibres (n = 19).

m Fluo-5NSR confocal image of twopsoasfibres (WTandBlaJ) positioned in parallel.
n Real-time [Ca2+]SR in WT (black) and BlaJ (green) psoas fibre during exposure to
release solution. o transients shown in n on an expanded timescale. Fluo-5N signal
converted to standard score values derived from 5 s of baseline. p Comparison of
BlaJ-to-WT delay in SR depletion (o) (n = 8) vs Ca2+ entry (n = 18) (k). q Rhod-5Nt-sys

confocal image of three fibres (BlaJ, WT and BlaJ (NAC)) positioned in parallel.
r Rhod-5N profile fromWT (black) and BlaJ (pink, -NAC; yellow, +NAC) psoas fibres
during exposure to release solution. s transients shown in r on an expanded
timescale. t Summary of experiments shown in (s) (n = 15). SOCE activation
threshold inWT served as reference value to define the effect of NACon BlaJ-to-WT
SOCE activation delay. Frame acquisition: 37 fps (j, n), 20 fps (r). I, m, q Scale bar:
100 µm. Statistical analysis: (g, h), one-way ANOVA with Tukey’s multiple compar-
ison. l,pUnpaired t-test. (t), paired t-test. ****p <0.0001,**p <0.01, *p <0.05. Source
data are provided as a Source Data file.
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1.27 ± 0.06, p <0.0001) and psoas (0.79 ±0.04 vs 0.95 ± 0.05,
p <0.0001) muscles. While this decrease was expected in psoas in
association with the increased RyR1 Ca2+ leak at 36 weeks of age, no
increase in leak was observed in TA fibres. This apparent discrepancy
may simply reflect a difference in resolution of the respective techni-
ques used to measure RyR1 Ca2+ leak and SR Ca2+ content.

Themitochondrial Ca2+ content in the BlaJ TA and psoas showed a
trend towards an increase with age, but this was not significant. The
further drop in SR Ca2+ content and increase in RyR1 leak in BlaJ fibres
without an increase in mitochondrial Ca2+ content indicates a plateau
has been reached in this latter parameter. For a discussionof this point,
see Ref. 32. Together, Fig. 6 shows that the oxidation of already leaky
RyR1s in BlaJ psoas exacerbates leak and induces chronic SOCE,
resulting in a further skewing of fibre Ca2+ distribution.

Discussion
The progressionof LGMD2B/R2 indistinct body regions, with dysferlin
being absent across all muscle groups, suggests that regional differ-
ences unrelated to dysferlin synergistically combine with the absence
of dysferlin to underlie disease progression. We have identified that
the healthy muscles exhibit differences in RyR1 Ca2+ leak that underlie
their thermogenic capacity, where psoas, located closer to the body
core exhibits a greater leak than the distal muscles examined. The
phosphorylation of the RyR1 of psoas and its subsequent increased
RyR1 Ca2+ leak in both healthy and dysferlin-deficient muscle are hall-
marks of muscle-based thermogenesis17,18,26. Here, we find that the
phosphorylated and leaky RyR1 of the dysferlin-deficient psoas leads
to exacerbation of RyR1 leak, changes in t-system Ca2+ permeability via
oxidation, SR Ca2+ depletion and accumulation of cytoplasmic and
mitochondrial Ca2+, events that precede the dystrophic phenotype.We
conclude that chronic RyR1 Ca2+ leak is a feature in dysferlin-deficient
muscles that differentiates the progression of pathology.

We propose that the chronically increased RyR1 Ca2+ leak and the
resultant redistribution of fibre Ca2+ content among the SR, cytoplasm,
and mitochondria (Figs. 1 & 3) is critical in triggering the regional
progression of pathology in LGMD2B/R2. We also show that the PMCA
and proteins regulating SOCE, as well as the RyR1 had their respective
functions altered by oxidation, indicating an amplification of ROS
generation in the psoas of BlaJ mice as Ca2+ accumulated in the

cytoplasm and mitochondria47. Notably, the modification of PMCA
activity in this context likely contributes to cytosolic and mitochon-
drial Ca2+ increases in BlaJ psoas compared to TA, as the capacity of the
cell to clear elevated [Ca2+]cyto is reduced. We highlight here that
although this ROS-mediatedmechanismmay offer short-term benefits
to the fibres, adapting to reductions in SR Ca2+ content for force gen-
eration, chronically elevated ROS and [Ca2+]cyto are likely underlying
factors contributing to pathology.

The stabilization of RyR1 Ca2+ leak by nifedipine in BlaJ psoas
(Fig. 2) indicates that dysferlin normally provides a stabilizing effect
within the t-system membrane to assist the resting DHPR-RyR1
interaction9,10. This aligns with previous observations of (i): a
reduced voltage-induced Ca2+ transient in dysferlin-null fibres sub-
jected to stress11 and (ii) alleviation of muscle pathology in human
LGMD2B/R2 cultured myobundles upon RyR Ca2+ leak inhibition48.
Importantly, these results show consistency across data obtained from
mechanically skinned fibres, enzymatically dissociated fibres11 and
cultured myofibres48, supporting the role of RyR Ca2+ leak likely
underlying atrophic signalling (leading to the fat and fibrosis accu-
mulation) that characterizes the decline in muscle force observed in
LGMD2B/R249. Noteworthy, the stabilizing effect of nifedipine on RyR1
leak to similar levels as the WT occurred even despite a trend of
increased RyR1 phosphorylation in BlaJ compared to WT.

Importantly, the lipid composition of the t-system membrane
differs between BlaJ and WT fibres50,51. An increase in cholesterol
content of the t-system membrane in BlaJ could be a compensatory
mechanism to stabilize the physical and functional properties of the
membrane in the absence of dysferlin46,52,53. The lack of RyR1 leak
exacerbation in BlaJ TA may indicate that the altered t-system lipid
environment50,51 is sufficient to preserve the inhibitory control of the
DHPR on the RyR1 leak in the presence of relatively low RyR1
phosphorylation.

We must also consider that the gastrocnemius muscle, which sits
outside the limb girdle, also shows pathology in human LBMD2B/R2,
but not in mouse. The biomechanical differences in the walking gait of
mouse and human see more stress exerted on the human gastro-
cnemius compared to mouse. Since mechanical stress on the muscle
triggers changes in Ca2+-handling in dysferlinopathy11,54, the extent of
muscle excursion during walking may be sufficient to significantly

Fig. 6 | Lack of dysferlin drives age-dependent, muscle-specific Ca2+-handling
alterations. a, b Steady-state [Ca2+]t-sys in 36weeks-old TA and psoas fibres across a
rangeof [Ca2+]cyto in presence (black) and absence (red) of RyR1 leak. c 36weeks-old
BlaJ psoas [Ca2+]t-sys (t) showing the effect of tetracaine on [Ca2+]t-sys in absence and
presence of BTP2 (5mM). d Effect tetracaine on [Ca2+]t-sys in absence and presence
of BTP2. Data is presented as Mean +/− SEM. n = 5–11. e Diagram displaying rela-
tionship between RyR1 leak and chronic SOCE observed in 36 weeks-old BlaJ psoas
fibres. Upon extensive RyR1 leak, chronic SOCE is activated. Inhibition of this leak
inactivates chronic SOCE, leading to accumulationof Ca2+ in the t-system. f Effect of

N-acetyl cysteine (NAC) on RyR1 leak of 36 weeks-old BlaJ psoas fibres. n = 7–11.
g Ratio of oxidized/reduced RyR1 peptides in psoas. Data derived from data-
dependent acquisition MS (Supplementary Table 9). h Endogenous Ca2+ content
(per fibre volume) of the major subcellular compartments in 8 and 36-weeks-old
WT and BlaJ TA and psoas fibres, shown as cumulative histograms. (see Supple-
mentary Figure 5). Statistical analysis in d&f were performed with an unpaired
T-test. ****p <0.0001. Statistical analysis in (g) were performed with a one-way
ANOVA with Tukey’s multiple comparison. Source data are provided as a Source
Data file.
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increase RyR Ca2+ leak in the absence of dysferlin in human55. Impor-
tantly, this possible explanation of the initiation of dysferlinopathy at
the gastrocnemius of humandoes not discount the hypothesis that the
thermogenic properties of themuscles at the core of the bodyunderlie
the progression of dysferlinopathy at the limb girdle. The suggestion
that mechanical stress can initiate dysferlinopathy at the human gas-
trocnemius is consistent with dysferlin-deficient muscle being intol-
erant of multiple physiological stresses.

Ca2+ handling at the junctional membranes
In the aged BlaJ psoas fibres, we observed a leaky RyR1 that triggered a
dominant SOCE over Ca2+ extrusion by PMCA. An equivalent block of
SOCE could be achieved by either inhibiting the RyR1 leak or Orai1 Ca2+

influx (Fig. 6). This result confirms that the spatial distribution and
molecular components for RyR1 leak-SOCE coupling are the t-system
membrane Orai1 conducting the influx of Ca2+ via direct coupling from
STIM1, positioned to detect the SR terminal cisternae near-membrane
luminal Ca2+ gradients generated by the leaky RyR137,42–44,56,57.

Previously we have shown that chronic RyR1 Ca2+ leak increases
t-system membrane Ca2+ permeability, where the RyR1 promotes an
increased inward Ca2+ flux simultaneously with an increased PMCA
activity. These changes compensate for thedecrease in SRCa2+ content
caused by leaky RyRs by increasing the bulk resting [Ca2+]cyto

13. In this
study, a departure from the expected increase in these t-system Ca2+

flux rates were observed in BlaJ psoas (Fig. 5). Despite the unexpected
impairment in SOCE and PMCA fluxes, the resting bulk [Ca2+]cyto
increased. This is supported by the mitochondrial Ca2+ content being
increased significantly (Figs. 3 & 6), which is a function of resting bulk
[Ca2+]cyto in muscle13,32. We propose that the net increase in the inward
Ca2+ permeability, necessary to elevate the bulk [Ca2+]cyto, is reflected
by the ratio between the SOCE flux and the PMCA extrusion flux,
regardless of the individual fluxes collectively becoming either faster
or slower.

In BlaJ psoas at early stages of the pathology, generation of ROS
occurs due to the accumulation of Ca2+ in the cytosol and mitochon-
dria. Oxidation of the PMCA and either or both of Orai1 and STIM
proteins causes the mutual slowing of the bidirectional fluxes (Fig. 4).
Compounding oxidation of the RyR1 and subsequent accumulation of
cytosolic Ca2+ due to both increased RyR1 leakage and impaired PMCA
activity may be significant factors that underlie the onset and pro-
gression of pathology.

We have also shown here that SOCE activation following SR Ca2+

release is delayed due to oxidation of the SOCE proteins (Fig. 4). We
introduce the term SOCEmiscoupling to describe this extended delay
betweenCa2+ release andSOCE.Thedelay in activation of SOCEmaybe
another important compensatorymechanism to slow the influx of Ca2+

to the cytosol, tuning the [Ca2+]cyto to the required level. Taken toge-
ther, these results reveal feedback across the t-system-SR-
mitochondrial axis to maintain Ca2+ homeostasis in the presence of a
leaky RyR1, decreased SR Ca2+ content and an altered t-system Ca2+-
handling function.

The response to cold in core and distal muscles
In endothermic animals such as the mouse, minimising heat loss is
critical to saving energy. It follows that generating heat close to the
internal organs where it is most needed is more efficient than trans-
porting heat from the distal limbs for the same purpose. The chronic
sympathetic activation, RyR1 phosphorylation and increased leak in
WT psoas measured here represent a response to a cold challenge, as
mice were housed at room temperature, which is below thermo-
neutrality for this animal. This being the case would support the
functional divergence of psoas relative to TA as a muscle specialized
for heat generation. As Ser2844of the RyR1 is a target of protein kinase
A, and this kinase is activated by adrenergic signalling, our results
suggest that the sympathetic nervous system coordinates the

thermogenic capacity of regions ofmuscles regulates the thermogenic
capacity in a muscle and region-specific fashion.

Here we have shown that the RyR1 Ca2+ leak is locally regulated,
likely for the purpose of meeting the thermogenic need of regions of
the body. Specifically, the body core is surrounded by muscles of
higher thermogenic capacity under cold stress58. A leaky RyR1 of core
compared to distal muscles is carried in dysferlin-deficient muscle.
However, we discovered that dysferlin is important for the stabiliza-
tion of the DHPR and its inhibitory control of the RyR1 resting state.
The combination of reduced DHPR inhibitory control and RyR1
phosphorylation of the psoas critically destabilizes the RyR1, exacer-
bating its leakage prior to the onset of pathology. The resulting
redistribution of fibre Ca2+ content causes the cytoplasm and mito-
chondria to accumulate Ca2+ and generate ROS. This results in oxida-
tion of the Ca2+ handling proteins at the junctional membranes and
further increase of RyR1 leak in pathologic dysferlin-deficient muscle.

Methods
Animals
All experimental procedures were approved by the Animal Ethics
Committee at the University of Queensland and the study abides by
the ARRIVE guidelines for reporting of animal experiments. Male
C57BL/6 J (WT parental control strain) and BlaJ (dysf−/−) mice were
purchased from Ozgene Australia and housed in groups of 4 mice per
cage with standard chow food and water ad libitum and maintained in
a 12-hour light/dark schedule at room temperature (23 ˚C). Mice were
euthanized by cervical dislocation at 8 and 36 weeks of age and their
TA, EDL and psoas muscles were rapidly excised.

RyR1 Ca2+ leak and t-system Ca2+ handling measurements
Both RyR1 Ca2+ leak and t-system Ca2+ handling was assessed in single
muscle fibres via rhod-5N salt trapped within the compartmentalized
transverse tubular (t-) system41. Briefly, tibialis anterior, EDL, and psoas
fibres were isolated under paraffin oil and exposed for 2min to a
“Rhod-5N-external solution” containing (in mM) Rhod-5N, 2.5; CaCl2,
2.5; NaCl, 132; MgCl2, 1; KCl, 3.3; Hepes, 20 (pH 7.4), using a 2μL
microcapillary tube. Subsequently, the fibres were mechanically skin-
ned using #5 jewellery forceps. This leads to the sealing of the trans-
verse tubules at their mouths, trapping the dye inside this newly
generated compartment. Skinned fibres were transferred to a custom-
made chamber containing a K+-based internal solution (EGTA, 50mM;
ATP, 8mM; creatine phosphate, 10mM; Hepes, 90mM; Na+, 36mM;
K+, 126mM; Mg2+, 1mM; and n-benzyl-p-toluene sulphonamide (BTS),
0.05mM). [Ca2+] in the internal solution was set at 0, 28, 52, 87, 200 or
1342 nM. Internal solutions were prepared and [Ca2+] calculated as
described59. 50mM EGTA was used in all internal solutions to heavily
buffer the bulk cytoplasmic [Ca2+]. This assists in setting a difference in
[Ca2+]cyto and [Ca2+]JS, which is critical formeasuringRyRCa2+ leak13,23,60.
The presence of BTS kept type II fibres from contracting in higher
[Ca2+]cyto, allowing type I fibres to be identified by the presence of
contractile protein movement under these conditions. Proteomic
analysis showed that the muscles used here were each > 90 % type II
fibres (Supplementary Figure 6). To induce a thorough SR Ca2+

depletion, fibres were exposed to a “release” internal solution, which
was a K+-based internal solution where [Mg2+] was lowered from 1 to
0.01mM, no Ca2+ was added, and 30mM caffeine was added.

Rhod-5Nwas excitedwith the 543-nm line of a HeNe laser, and the
emission was filtered using a spectral detector. Depending on the
specific experiment, the fibres were imaged using either an Olympus
FV1000 or a Leica SP8 confocal microscope, with a 20x or 40× Plan-
Apochromat objective. Unless otherwise stated, the long aspect of the
image was parallel to the preparation.

For RyR1 leak experiments, rhod-5N images were continuously
recorded in xyt mode with an aspect ratio of 256× 512. Each xy frame
was captured every 0.8 s. In t-system Ca2+ handling experiments, rhod-
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5N images were continuously recorded in xyt mode with an aspect
ratio of 512 × 128. Frames were captured every 0.29 s. For high tem-
poral resolution real-time comparisons of SOCE, two or three fibres
were placed in the same chamber ~50microns apart fromone another.
Rhod-5N images were recorded in xyt mode with an aspect ratio of
256× 128, with the long aspect of the image perpendicular to the
preparations. Frames were captured every 37 (two fibres) or 51 msecs
(three fibres). T-system rhod-5N fluorescence (t) was collected from
each fibre present in the chamber during xyt imaging across multiple
internal solution changes.

At the conclusion of the experiment, ionomycin (derived from
Streptomyces conglobatus) and 5mM Ca2+ were applied to each fibre
to obtain the fluorescence maximum (Fmax), followed by a solution
devoid of Ca2+ to obtain theminimum (Fmin). These values, alongwith
the previously determined KD,Ca of rhod-5N in the t-system of
0.8mM41, were used to determine the [Ca2+]t-sys using the following
relationship:

½Ca2+ �t�sysðtÞ=KD,Ca*½FðtÞ � Fmin�=½Fmax � FðtÞ�: ð1Þ

Analysis of [Ca2+]t-sysmeasurements for estimatingRyRCa2+ leak
To detect RyR Ca2+ leak with t-system-trapped rhod-5N, fibres were
exposed to a [Ca2+]cyto in the range 28–1342 nM. Following equilibra-
tion to the applied [Ca2+]cyto, a solution containing the same [Ca2+]cyto
and tetracaine was substituted for the one without tetracaine and
[Ca2+]t-sys was given enough time to reach a new steady state, which is
when the t-systemCa2+ uptake equals t-systemCa2+ leak. Thedifference
between the steady state [Ca2+]t-sys in the absence and presence of
tetracaine (Δ[Ca2+]t-sys) is the indicator of the RyR Ca2+ leak.

When Δ[Ca2+]t-sys becomes more positive, it indicates RyR leak
increased. For this to occur, the contribution of RyR Ca2+ leak to the
junctional space must have caused the [Ca2+]JS increase to activate the
t-system PMCA tomovemore Ca2+ into the t-system lumen than under
conditions where Δ[Ca2+]t-sys was lower but > 0. Therefore, RyR Ca2+

leak can be concluded to have increased. In these cases, we do not
expect significant action of SOCE.

In some cases, Δ[Ca2+]t-sys becomes negative. Because the steady
state [Ca2+]t-sys is the net outcomeof influx and efflux of Ca2+ across the
t-systemmembrane, the addition of tetracaine to block the RyR causes
the [Ca2+]t-sys to rise; this indicates that in the presence of tetracaine a
dominant effluxofCa2+ from the t-system lumenhas beenblocked. The
blockade of the RyR Ca2+ leak is proposed to stop the near-membrane
depletion of Ca2+ inside the SR terminal cisternae. This allows STIM1 to
bind adequate Ca2+ to terminate the SOCE that was causing the
dominant efflux of Ca2+ across the t-system membrane in the absence
of tetracaine. In this study (Fig. 6), the leaky RyR of the aged BlaJ psoas
fibres presented this behaviour and the same result to blocking SOCE
with a RyR inhibitor was achieved by directly bockingOrai1with BTP-2.
This confirms the origin of the dominate t-systemCa2+ effluxwas SOCE
and that the activation of a dominant SOCE (compared to t-system
PMCA Ca2+ flux) indicates RyR Ca2+ leak was greater than in situations
where Δ[Ca2+]t-sys was > 0.

We note that there is some variability across the [Ca2+]t-sys values
presented, for example, across Fig. 2. Note that this occurs frequently
if comparing fibres from different muscles. This may reflect differ-
ences in populations of t-systemmembrane Ca2+ channels and pumps,
which must affect the evolution of [Ca2+]t-sys and its steady state.

Ca2+ content measurements
The intracellular Ca2+ content of a fibre was calculated based on the
force elicited by the fibre in response to membrane lysis that releases
all compartmentalized Ca2+ to the cytoplasm.

First, the total amount of Ca2+ contained in a fibre was quantified
by pre-equilibrating the skinned fibre in a solution with a known

concentration of the very fast Ca2+-buffer BAPTA and then transferring
the fibre to an emulsion of 10%TritonX-100 andparaffinoil (TX–oil) to
lyse all membranous compartments and release any Ca2+ from within
the fibre. The Ca2+ released from the different intracellular organelles
upon the membrane lysing binds to the known amount of BAPTA
present within the fibre and to troponin C (TnC) proteins. The pre-
equilibrating [BAPTA]was chosen such that the fibre produced a finite,
non-maximal force response upon lysis (in the µM to low mM range);
this allowed for the calculation of the total amount of Ca2+ present in
thefibre in absolute terms considering the [BAPTA] in the equilibration
solution and themagnitude of the force response. Other skinned fibre
preparations, prior to the TX–oil lysing, were i) fully depleted of their
endogenous SR Ca2+ content by a 1min exposure to a full release
solution (0 Mg2+ + 30mM Caffeine), or ii) fully depleted of their
mitochondrial Ca2+ content by exposure to 5 μM FCCP.
Calculation of Ca2+ release from lysing experiment:
The total Ca2+ content within the fibre at the time of lysis ([Ca2+]T),
expressed in millimoles per litre total fibre volume was calculated as
the sum of (i) the Ca2+ bound to BAPTA, (ii) the Ca2+ bound to all other
high affinity binding sites in the fibre (predominantly Troponin C
(TnC)). Briefly, the total amount of Ca2+ within a given fibre ([Ca2+]T)
was calculated as follows:
1. The cytoplasmic free Ca2+ concentration ([Ca2+], in molar units)

within the fibre at the peak of the force response elicited upon
lysis was calculated from the relationship between force and
[Ca2+] which was defined as being the Hill curve with values of
pCa50 and Hill coefficient for that fibre of the specified
mouse group.

2. The effective [BAPTA] within the fibre was taken as being 1.13
times the [BAPTA] of the pre-equilibration solution, to account for
the swelling of the fibre when initially placed in solution, and also
the fibre volume to which BAPTA was not accessible (i.e., that
occupied by the SR, t-tubular system and mitochondria etc.)

3. The percentage of BAPTA with bound Ca2+ (%CaBAPTA) was
determined from the size of the force response, the relevant
force-[Ca2+] relationship and the knownCa2+-binding properties of
BAPTA61.

4. Ca2+ binds to the ATP and HDTA present, and the total of these
and the free [Ca2+] was estimated as being ~9.6 × [Ca2+].

5. Finally, 0.015mmol l-1 was deducted from the total to take into
account the contaminating Ca2+ present in the BAPTA pre-
equilibration solution. The total Ca2+ content within the fibre at
the time of the lysis (expressed in millimoles per liter fibre
volume) was thus calculated as:

½Ca2+ �T= 1:13 × ½BAPTA�×%CaBAPTA=100+CaTnC+9:6

× ½Ca2+ �× 1000� 0:015
ð2Þ

N-acetylcysteine treatment
To assess the effect of N-acetylcysteine (NAC) in t-system Ca2+ hand-
ling, a bundle of (5-20) fibres was isolated under paraffin oil, pinned at
resting tension and exposed for 20min to a “rhod-5N-external solu-
tion” (described in RyR1 Ca2+ leak and t-system Ca2+ handling mea-
surements section) containing 2mM NAC. Following this, single fibres
were mechanically skinned and imaged as described above.

Hematoxylin and Eosin staining
TA, EDL and psoas muscles were excised from WT and BlaJ mice at 8
and 36 weeks of age and cut in half transversely across the belly of the
muscle. Samples were fixed (4% paraformaldehyde (PFA) in phosphate
buffer solution (PBS)) overnight at 4 ͦ C and washed in running water
for 20min.

Washed samples were progressively incubated through 70, 90
and 100% ethanol solutions for 45min each. The samples were then
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covered in xylene for 45min. Finally, muscles were covered in wax for
45min at 60 ͦC before wax immersion. Embedding was performed
resting the belly-side of each sample at the bottom of the chamber.
0.25microns depth cross sectionswere obtained using a Leica RM2245
semi-automated rotary microtome and mounted into 40 × 24mm
slides.

Samples went through brief (1min) incubations in Xylene fol-
lowed by absolute ethanol prior to incubation in Hematoxylin for
2min. Afterwards, the samples were washed in runningwater for 5min
and exposed to Eosin for 0.5min. This was followed by exposure to
increasing concentrations of ethanol (70, 90 and 100%, 1min per
ethanol concentration). Finally, 3 consecutive 1-minute incubations
with xylene were performed. Images were obtained with an Aperio XT
Brightfield Slide Scanner at least 24 h after the stainingwas performed.

Proteomic analysis
Reagents and consumables. Trifluoroacetic acid, dithiothreitol,
iodoacetamide, ammonium bicarbonate, formic acid, acetonitrile and
trypsin (MS grade) were purchased from Sigma-Aldrich. C18 ZipTips
were from Millipore. 10 kDa cut-off Ultra devices were from Amicon.

Tissue lysis. Mouse TAs and psoas (2mg) were finely diced and
resuspended in 60 µl of trifluoroacetic acid (TFA) in Eppendorf tubes.
The mixtures were incubated at room temperature with frequent
vortexing. During tissue lysis, the volume of TFA in the reaction gra-
dually decreased so it was critical that additional TFA was added to
ensure the volume of TFA in the reaction was maintained. Once lysis
was complete, samples were neutralized with 2M Tris Base using 8 x
volume of TFA.

Filter aided sample preparation (FASP). To improve MS signal, FASP
was used to remove small molecular weight components frommuscle
homogenates. Each muscle homogenate sample (500μl) was mixed
with 18μl of 0.5M dithiothreitol and incubated at 30 °C for 30min.
Following addition of 19μl of 0.5M iodoacetamide, the mixture was
incubated at 30 °C for 50min. The reduced and alkylated protein
sample was transferred to a 10 kDa cut-off Ultra device which was
placed into a collection tube and centrifuged at 14,000 × g for 30min.
Theflowthrough from the columnwas removed and 200μl of 100mM
ammonium bicarbonate was added to the column followed by cen-
trifugation at 14,000× g for 30min. To digest proteins in the column,
150μl of 100mMammoniumbicarbonate containing 2μg Trypsinwas
added. The column was incubated at 37 °C for 20 h and then cen-
trifuged in a new collection tube at 18,000 ×g for 30min. 50μl of 0.1%
formic acid was then added to the spin column followed by cen-
trifugation at 14,000× g for 30min to elute remaining digested pep-
tides. C18 ZipTips were used to desalt the samples following the
manufacturer’s instructions and the desalted peptides were eluted
with 80% acetonitrile/0.1% formic acid into Eppendorf tubes. Digested
peptide samples were dried down using a vacuum concentrator
(Concentrator plus, Eppendorf) and reconstituted with 40μl 0.1%
formic acid.

Data dependent acquisition (DDA). Peptides (375 ng) were separated
using a Supelco Bioshell peptide C18 160Å, 2.7 µm, 0.3 × 150mm col-
umn and Eksigent LC415 micro liquid chromatography system before
being injected onto a ZenoTOF 7600 mass spectrometer (Sciex, Fra-
mingham, MA, USA). Mobile phase buffer A (water with 0.1%
formic acid) and buffer B (acetonitrile with 0.1% formic acid) flowed at
5 µL/min on the following 45min gradient: 3–35% B from 0-39min,
35–80% B from 39–43min, then decreasing back to 3% B at 43min,
which was held for the remaining 2min. Mass spectrometry source
parameters were as follows: ion source gas 1 = 20 psi, ion source gas
2 = 15 psi, curtain gas = 35 psi, CAD gas = 7 psi, source temperature =
150 °C and column temperature = 40 °C. TOF MS parameters were as

follows: acquisition range = 400–1500Da, accumulation time = 0.2 s,
declustering potential = 80 v, declustering potential spread = 0 v,
collision energy = 10 v, and spray voltage was set to 4800V. TOF MS/
MS parameters were as follows: polarity = positive ionization mode,
spray voltage = 4800 v, TOF range = 100–1500Da, accumulation
time = 0.08 s, declustering potential = 80 v, declustering potential
spread = 0 v. For fragmentation, a maximum of 20 intense precursor
ions per cycle were selected at an intensity threshold exceeding
100 cps. Sample precursor ionsweredynamically excluded for 4 s after
one incidence of MS/MS sampling occurrence. Precursor ions from
charge states 2-5 were selected for fragmentation using collision-
induced-dissociation (CID). External calibrationwasperformed every 3
runs using the automatic calibration function and X500 ESI positive
calibration solution from SCIEX. Signal stability over time were mon-
itored by repeat injection of 400 ng Hela protein digest (Thermo
Fisher Scientific).

SWATH. A SWATH acquisitionmethodwith 65 variable-sized windows
(Supplementary Table 1) covering a precursor mass range of 140-
1750Da was used. The chromatographic conditions and source con-
ditionswere essentially the sameused in theDDA run described above.
TOF MS scans were done using a mass range of 400–1500Da with
accumulation time of 0.1 s, declustering potential = 80 v, declustering
potential spread = 0 v, collision energy = 10 v and collision energy
spread = 0 v; spray voltage was set to 4800 v. TOF MS/MS was per-
formed over the mass range 140–1750Da with accumulation time of
0.013 s and fragmentationmode= collision induceddissociation (CID).
External calibration was performed every 3 runs using the automatic
calibration function and X500 ESI positive calibration solution from
SCIEX. Signal stability over time weremonitored by repeat injection of
400ng Hela protein digest (Thermo Fisher Scientific).

Database search. Product ion spectra were processed using the
Paragon search engine on ProteinPilot Software (5.01, AB Sciex, Red-
wood City, CA) against a curated Mus Musculus Uniprot database
(downloaded, 2023) with sequences in forward and reverse orienta-
tions. Each raw file from each sample was searched as single input and
resulting output file used as ion library for SWATH data processing.
Search Parameters were as follows: sample type = identification; cys
alkylation = iodoacetamide; digestion = trypsin; instrument = Triple-
TOF 6600; special factors = none; and ID focus = biological mod-
ifications and amino acid substitution. False discovery rate (FDR) was
selected in the processing method which sets the detected protein
threshold to 0.05 (10%).

SWATH analysis. The SWATH data was interrogated against the ion
library, using the PeakView software (Sciex, version 1.2.0.3). Marker-
View software was then used to review the data to determine the up
and down regulation of protein expression in the skeletal muscle
samples.

Multiple Reaction Monitoring (MRM). Measurements of phosphory-
lated and unphosphorylated RyR1 in skeletal muscle samples were
performed by MRM. Skyline software (Skyline version 21.2.0.568) was
used to generate an MRM-HR method for the ZenoTof 7600 system
based on results obtained from the DDA experiment. A total of 25
peptides were added to the ZenoTof 7600 MRM-HR method.
Sequences of peptides corresponding to the Titin protein were also
included for quality control as it was identified as the major protein in
mouse skeletal muscle during the protein identification (DDA) work-
flow. A 2 µl sample (containing 375 ng of peptides) was injected for
analysis. Peptides were separated using a Bioshell peptide C18 160Å,
2.7 µm, 0.3 × 150mmcolumn from Supelco. Themobile phase buffer A
(0.1% formic acid in water) and buffer B (0.1% formic acid in acetoni-
trile) flowed at 5 µL/min on the following 20min gradient: 3–5%B from
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0–0.5min, 5–35% B from 0.5–16min, 35–80% B from 16–18min, then
decreasing back to 3% B at 18min, which was held for the remaining
2min. Samples eluting from the column were monitored in positive
ion mode with MRM on a ZenoTof 7600 mass spectrometer with
total scan time = 2.929 s, estimated cycles = 410, ionization start
time = 3min and ionization stop time = 15min. The following ion
source parameters were used: ion source gas 1 = 20 psi, ion source gas
2 = 15 psi, curtain gas = 35 psi, CAD gas = 7 psi, source temperature =
150 °C and column temperature = 40 °C. The parameters used for TOF
MSwereas follows: TOF startmass=400Da, TOF stopmass = 1800Da,
accumulation time = 0.05 s, declustering potential = 80 v, declustering
potential spread = 0 v, collision energy = 10 v, collision energy
spread=0 v and spray voltagewas set to 4800V. TOFMS/MS scanning
used Zeno pulsing with a threshold of 20,000 cps, then scanning from
100-1800Da; the list of target peptides, precursor ion mass, accumu-
lation time, declustering potential, collision energies, and collision
energy spread can be found in Supplementary Table 2. RyR1 peptides
(phosphorylated and unphosphorylated) were monitored using the
precursor-product ion transitions listed in Supplementary Table 3.
Data was normalised against the Total Ion Area observed for each
sample and Peak areas were adjusted to reflect these differences. Data
from two independent experiments (Exp. 1, n = 4; Exp. 2, n = 3) were
normalised to their respective WT TA group and pooled together.
Outliers identified as values 2 SEMs beyond the average of each group
were excluded.

Function annotation
For proteomics data analysis, Kyoto Encyclopedia of Genes and Gen-
omes (KEGG) pathway and Gene Ontology (GO) analysis were per-
formed using the Database for Annotation, Visualization, and
Integrated Discovery (DAVID) bioinformatics web tool62. Enriched
terms presented here exhibit an adjusted (Benjamini-Hochberg) P
value < 0.05.

Western Blotting
Samples (30 μg) were separated on 4–12% Criterion XT Bis-Tris gels
(Bio-Rad) for 1.5 h at 125 V and transferred to nitrocellulose mem-
branes (wet transfer) for 1 h at 100V. Upon transfer, membranes were
stained with Ponceau S solution for 2 – 5mins at room temperature
and rinsed with distilled water, removing background stain. Ponceau S
signal was captured with a Chemidoc System. Thereafter, membranes
were blocked (1 h, 5% BSA in tris-buffered saline (TBS) with Tween 20
(TBST)) and incubated overnight with phospho-PKA substrate primary
antibody (Cell Signaling, 9624) (1:1000 dilution). Afterwards, mem-
branes were washed 3 times with TBST (5mins each wash) and incu-
bated with rabbit (1:10,000) secondary antibody for 1 h at RT followed
by 3 washes in TBST. Protein bands were visualized with a Chemidoc
System after applying chemoluminiscent substrate to the membrane.
Densitometry was performed using ImageJ and averaged signal
between 25 and 140 kDa was normalised to their respective Ponceau S
signal.

Norepinephrine quantification
Norepinephrine concentration in muscles was measured according to
the kit protocol (Abcam, ab287789). Briefly, cryogenically homo-
genised muscles were subjected to competitive enzyme-linked
immunosorbent assay. Absorbance (450 nm) values were inter-
polated in a standard curve run in parallel to the experiment.

Metabolomic analysis
To extract polar metabolites, ~50mg of tissue was cryoground before
the addition of zirconium oxide beads (1.4mm, Precellys, cat. no.
KT03961-1-103.BK, ~10 beads per tube) and resuspension with a
1:1 (v/v) mixture of methanol/water, pre-chilled at -20 °C and

supplemented with 1 µM 4-morpholineethanesulfonic acid (Sigma-
Aldrich, cat. no. M2933). Samples were then homogenised (3 × 30 sec
at 25Hz) with the Qiagen TissueLyser II before the addition 1 vol of
CHCl3, brief vortexing, and centrifugation for 20min at 16,000 x g and
4 °C. The supernatant was lyophilised (maximum temperature of
35 °C) using a GeneVac EZ-2 centrifugal evaporator. Blank samples
(extraction buffer without any tissue) were processed in parallel as a
negative control.

Lyophilised samples were then resuspended in a 1:1 (v/v) mixture
of acetonitrile/water with ultra-sonication (4×30 sec) and clarified by
centrifugation for 20min at 16,000 x g and 4 °C. The supernatant was
subjected to targeted liquid chromatography-coupled mass spectro-
metry (LC-MS). First, metabolites were resolved by LC using a 1290
Infinity II pump (Agilent) with an InfinityLab Poroshell 120 HILIC-Z
column (Agilent, 2.7 µm particle size, 2.1mm internal diameter x
100mm length, stainless-steel lined). Buffer A was 80:20 (v/v) acet-
onitrile/water and Buffer B was 10:90 (v/v) acetonitrile/water, both
containing 10mM ammonium acetate (pH 9) and 5 µM medronic acid
(Thermo cat. no. 215070010). The medronic acid was included as an
additive to improve sensitivity and reduce peak-tailing63. In conjunc-
tion, the columnwas deactivatedwith 0.5% (v/v) phosphoric acid prior
to use, according to the manufacturer’s protocol. The LC gradient was
as follows: 0min, 0% B, 250μL/min; 2min, 0% B, 250μL/min; 12min,
40% B, 250μL/min; 14min, 40% B, 250μL/min; 14.5min, 0% B,
500μL/min; 18.4min, 0% B, 500μL/min; 18.5min, 0% B, 250μL/min.
Autosampler temperature was 4 °C, column temperature was 30 °C,
and injection volume was 3μL. MS analysis was performed using an
Agilent 6470 QQQ with Jet Stream Technology Ion Source, with the
following parameters: gas temperature at 200 °C, gas flow at 11 L/min,
nebuliser pressure at 40psi, sheath gas temperature at 400 °C, sheath
gas flow at 12 L/min, capillary voltage at 3000V for both negative and
positivemodes, and nozzle voltage at0 V for negativemode and 500V
for positive mode. Multiple-reaction monitoring transitions were cali-
brated and optimised using metabolite standards, with transition
parameters available upon request.

LCMS data was extracted using Skyline (version 23.1.0.380-
cf25ad847)64. Metabolite peak areas were normalised to the internal
standard and converted to absolute quantities using the calibration
standards.

Mitochondrial membrane potential assessment
To measure mitochondrial membrane potential, pairs of WT TA and
psoas fibres were mechanically skinned and imaged simultaneously
(~30–50 microns apart) during exposure to 150 nM Tetramethyl
rhodamine, Ethyl Ester (TMRE) until a plateau was reached in both
fibres. TMRE was excited with a 543 HeNe laser and emission was
filtered using a spectral detector. xyt imaging was conducted with
an Olympus FV1000 (40x Plan-Apochromat objective) every
0.978 s under an aspect size ratio of 320× 256 pixels. For quantifica-
tion, TMRE signal from both fibres was normalised to the signal from
the TA fibre.

Statistical analysis
Statistical analyses were performed with GraphPad Prism 10. To
determine statistical significance, a student’s t-test (paired or
unpaired, depending on the experimental design and specified in fig-
ure legend), one-way ANOVA with Tukey’s post-hoc test or a two-way
ANOVA with Tukey’s post-hoc test was performed. Unless otherwise
stated, two-tailed tests were performed. Statistical significance was
accepted if P < 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
All data generated in this study are included in this article. Individual
data points included in main figures can be found in Supplementary
Data 1. Individual data points included in Supplementary Figs. can be
found in Supplementary Data 2. Proteomics data generated have been
deposited in ProteomeXChange with PRIDE under accession code
PXD056568. Metabolomics data generated have been deposited in
Metabolomics Workbench (Project ID: PR002361). The DOI for this
project is https://doi.org/10.21228/M8FN8H. Source data are provided
with this paper.
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