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Duchenne muscular dystrophy is a severe neuromuscular wasting disease
that is caused by a primary defect in dystrophin protein and involves
organism-wide comorbidities such as cardiomyopathy, metabolic and mito-
chondrial dysfunction, and nonprogressive cognitive impairments. Physio-
logical stress exposure in the mdx mouse model of Duchenne muscular
dystrophy results in phenotypic abnormalities that include locomotor inac-
tivity, hypotension, and increased morbidity. Severe and lethal stress sus-
ceptibility in mdx mice corresponds to metabolic dysfunction in several
coordinated metabolic pathways within dystrophin-deficient skeletal mus-
cle, as well as prolonged elevation in mdx plasma corticosterone levels that
extends beyond the wild-type (WT) stress response. Here, we performed a
targeted mass spectrometry-based plasma metabolomics screen focused on
biological stress pathways in healthy and dystrophin-deficient mdx mice
exposed to mild scruff stress. One-third of the stress-relevant metabolites
interrogated displayed significant elevation or depletion in mdx plasma
after scruff stress and were restored to WT levels by skeletal muscle-specific
dystrophin expression. The metabolic pathways of mdx mice altered by
scruff stress are associated with regulation of the hypothalamic—pituitary—
adrenal axis, locomotor tone, neurocognitive function, redox metabolism,
cellular bioenergetics, and protein catabolism. Our data suggest that a mild
stress triggers an exaggerated, multi-system metabolic response in
mdx mice.

Introduction

Stress pathology in the mdx mouse model of Duch-
enne muscular dystrophy (DMD) was initially pub-
lished by Sekiguchi et al. [1] with the observation of
mdx scruff restraint-induced freezing behavior. Addi-
tional studies have demonstrated that mdx stress
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pathology ranges from sustained tonic immobility and
motor inhibition to anxiety-related behaviors
and impaired fear memory [2-5]. Our group has rein-
forced and extended these findings to show that graded
mdx stress pathology includes inactivity, hypotension,
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Widespread metabolic stress response in mdx mice

and lethality that is rescued by restoration of skeletal
muscle (SkM)-specific dystrophin expression [6,7].
DMD patients have also been shown to exhibit stress
hypersensitivity [8], which may impact disease course
given the chronic physical and emotional stress associ-
ated with a lethal neurodegenerative disease. Although
mdx stress response phenomena are reproducible and
potential neural and endocrine mechanisms have been
discussed [3,6,9,10], the biochemical underpinnings of
poor mdx stress outcomes are currently unknown. The
mild nature of scruff stress and its reproducible effect
on mdx locomotor activity presents an opportunity to
understand the pathomechanism of mdx stress behav-
ior without lethal stress perturbation, with potential
translation to safe and ethical physiological stress stud-
ies conducted in DMD patients [8]. In this study, we
sought to identify novel candidate metabolites that
may mediate the mdx stress response with potential for
validation in future work as stress biomarkers and
therapeutic targets in both murine and human forms
of DMD.

We employed a commercial biological stress-
targeted metabolomics panel to quantify stress-
relevant metabolites that are uniquely altered in mdx
circulation upon physiological stress exposure. The
selected plasma metabolomics screen included over
100 metabolites chosen based on literature review and
collectively linked to seven biological stress pathways:
inflammation and immunity, stress signaling, injury
and circulation, oxidative stress, metabolism and gly-
cemic stress, protein catabolism and decay, and vita-
mins. To provide a benchmark for the influence of
SkM dystrophin expression upon stress-relevant circu-
lating metabolome alterations and to identify meta-
bolic pathway mediators relevant to mdx stress
phenotypes, we included the MTBD/mdx mouse in
our metabolomics panel as a transgenic model that
restores dystrophin expression exclusively to the SkM
compartment and rescues mdx stress pathophysiology.
Our investigation demonstrated a unique stress-
dependent change in one-third of all analyzed stress
metabolites in the mdx plasma metabolome. Among
the metabolic changes in mdx circulation following
stress are metabolites that participate in neurological
signaling, locomotor tone, hypothalamic—pituitary—
adrenal (HPA) axis regulation, glucose metabolism
and bioenergetic homeostasis, protein catabolism, and
redox metabolism. Our data identified a unique
stress-dependent circulating metabolome in mdx mice,
yielding new leads for metabolic candidates that con-
tribute to mdx stress pathology and demonstrating a
striking role for SkM in the regulation of central stress
metabolic pathways.
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Results

Stress-induced shifts in plasma metabolome are
dependent on SkM dystrophinopathy

We commissioned a targeted metabolomics panel
through Metabolon (Research Triangle Park, Morris-
ville, NC, USA) with a curated list of metabolites that
were selected based on their contributions to biological
stress signaling pathways. Our group and others have
demonstrated that brief 10-30 s scruff restraint causes
prolonged inactivity in mdx mice ranging from 3 to
6 months of age, representing a reproducible nonlethal
mdx stress response is robust to variability due to
experimenter and technique [1,2,6,10,11]. Plasma from
wild-type (WT), mdx, and SkM dystrophin-replete
MTBD/mdx mice was collected at baseline or 30 min
following 30 s scruff exposure (Fig. 1A), a time point
at which corticosterone (Cort) has been demonstrated
to remain elevated in mdx mice compared to WT mice
[6]. All samples (n = 6-9/group) were subjected to
LC/MS analysis (Fig. 1B; Data S1). A principal com-
ponent analysis (PCA) plot of the resulting data
showed close clustering of WT and MTBD/mdx base-
line and post-scruff metabolomes, with mdx baseline
and post-scruff metabolomes clustering apart from
WT and MTBD/mdx groups and separation between
the mdx baseline and post-scruff groups (Fig. 1C).
Intergroup variability was primarily accounted for by
PCl and PC2, with 29.9% of the variability in the
data explained by PCl and 14.4% of the variability
explained by PC2. Heat map visualization demon-
strates an overall pronounced pattern of metabolic
shifts in the mdx post-scruff plasma metabolome com-
pared to all other groups, including a substantial num-
ber of elevated metabolites and several depleted
metabolites (Fig. 1D). A total of 23 metabolites were
identified as significantly elevated or depleted in the
mdx post-scruff plasma metabolome; these differen-
tially circulating metabolites (DCMs) are bolded in
Fig. 1D and listed in Table 1. Variable correlation plot
analysis indicates that urate and taurine are influential
metabolites driving the separation of baseline and
post-scruff mdx groups (Fig. 1E).

Volcano plots were generated for two-group DCM
comparisons to visualize patterns and magnitudes of
stress- and dystrophin-dependent metabolomic changes
(Figs 2 and 3). A total of 19 metabolites were elevated,
and three metabolites were depleted in mdx compared
to WT baseline plasma (Fig. 2A). Similarly, 12 metab-
olites were elevated and one metabolite was depleted
in mdx compared to MTBD/mdx baseline plasma
(Fig. 2C). In contrast, few metabolomic alterations
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were observed between WT and MTBD/mdx plasma,
with five elevated and three depleted metabolites in
MTBD/mdx compared to WT Dbaseline plasma
(Fig. 2E). Scruff stress was associated with a greater
magnitude of metabolomic changes between mdx and
WT or MTBD/mdx mice. A total of 41 elevated
and two depleted metabolites were observed in mdx
compared to WT post-scruff plasma (Fig. 2B). We
observed an elevation in 23 metabolites and depletion
in one metabolite in mdx compared to MTBD/mdx
plasma (Fig. 2D). Similar to our observations in base-
line groups, WT and MTBD/mdx post-scruff plasma
metabolomes were closely aligned, with a total of eight
depleted metabolites in MTBD/mdx compared to WT
post-scruff plasma (Fig. 2F).

Interestingly, scruff stress induced only two signifi-
cant metabolomic alterations in WT and MTBD/mudXx,
with an elevation in isoleucine and depletion in trigo-
nelline (N-methylnicotinamide) observed in both the
WT and MTBD/mdx post-scruff metabolomes com-
pared to their respective baseline metabolomes
(Fig. 3A.B). In stark contrast, there were many meta-
bolomic changes between the baseline and post-scruff
mdx plasma metabolomes, with 15 elevated metabo-
lites and three depleted metabolites in mdx post-scruff
plasma (Fig. 3C). Based on statistical analysis between
all six groups for each metabolite, there were a total of
20 uniquely elevated metabolites and three uniquely
reduced metabolites in mdx post-scruff plasma, repre-
senting a significant change in 32% of all analyzed
metabolites in the mdx post-scruff plasma metabolome
(Fig. 3D). Meanwhile, another 22% of metabolites
were altered in the mdx metabolome independent of
stress compared to WT or MTBD/mdx plasma
(Fig. 3D). The remaining 33 metabolites (46%) were
unaltered between groups or demonstrated alterations
that were not dependent on SkM dystrophinopathy
(Fig. 3D). Overall, our analysis suggests a unique
metabolomic shift in mdx plasma after scruff stress
exposure that involves an increase in many circulating
stress-related metabolites. Remarkably, transgenic
SkM dystrophin expression in MTBD/mdx mice res-
cued scruff-induced mdx metabolomic changes and
restored a near WT-like plasma metabolome at base-
line and after scruff stress.

Corticosterone elevation in mdx plasma after
scruff recapitulates historical data

Based on the broad number of metabolic changes
observed in mdx post-scruff circulation, we focused
our analyses below on pathways that bridge mdx and
DMD patient metabolic alterations and are most likely

Widespread metabolic stress response in mdx mice

to be clinically relevant indicators and targets for
DMD stress pathology. However, additional metabo-
lomic data implicating oxylipin, kynurenine, ketone
body, and energy metabolism in the stress response of
mdx mice are available upon request. Elevated Cort
levels in mdx plasma and adrenal gland hyperactiva-
tion following graded forms of physiological stress
exposure correlate with pathological and lethal mdx
stress susceptibility [6,11]. HPA axis signaling activity
is mediated through the production of neuroendocrine
hormones terminating in the secretion of Cort, which
binds to glucocorticoid receptors (GRs) and mineralo-
corticoid receptors (MRs) throughout the body to
stimulate lipolysis and gluconeogenesis, regulate blood
pressure, and suppress inflammation for stress
response resolution (Fig. 4A). Consistent with our
published work, circulating Cort levels were elevated
in mdx post-scruff plasma compared to WT and
MTBD/mdx groups (Fig. 4B). Post-scruff hyperglyce-
mia was also observed in mdx mice, but not in WT or
MTBD/mdx mice, likely as a result of increased Cort
signaling (Fig. 4C). These data confirm HPA axis
hyperactivity in mdx mice following scruff stress that
is rescued by SkM dystrophin expression.

Chronic glucocorticoid treatment is a standard of
care for many DMD patients and can result in sup-
pressed endogenous cortisol production and epigenetic
alterations in metabolic programs [12,13]. We treated
mdx mice using a weekly glucocorticoid (prednisone)
pulsing strategy to mimic glucocorticoid treatment in
DMD patients and examine the impact of pharmaco-
logical HPA axis regulation on mdx scruff pathology
(Fig. 4D). Our data showed that 4 weeks of intermit-
tent prednisone treatment (1 mgkg™', i.p.) did not
have an effect on mdx scruff-induced inactivity
(Fig. 4E). Collectively, these data suggest that HPA
axis dysregulation and associated scruff stress pathol-
ogy in mdx mice is ameliorated by transgenic SkM
dystrophin expression but not exogenous HPA axis
modulation with glucocorticoids.

Glutathione, taurine, and xanthine metabolic
shifts in mdx post-scruff plasma indicate
elevated oxidative stress in the mdx stress
response

Cysteine serves as a precursor to glutathione (GSH) as
well as the taurine and transsulfuration pathways
(Fig. 5A), which both exhibit defects in a DMD
context [14—16]. We observed significantly elevated cys-
teine levels in mdx plasma independent of scruff expo-
sure (Fig. 5B), as well as significantly elevated oxidized
cysteine (cystine) levels in mdx plasma at baseline that

The FEBS Journal 292 (2025) 5067-5085 © 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of 5069

Federation of European Biochemical Societies.



Widespread metabolic stress response in mdx mice

were reduced after scruff stress (Fig. 5C). Hypotaurine
is an intermediate metabolite in the conversion of cys-
teine to taurine (Fig. 5A) and was elevated in both
mdx and MTBD/mdx plasma at baseline and post-
scruff compared to WT plasma (Fig. 5D). In contrast,

Scruff-induced inactivity
stress metabolomics cohort
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taurine levels were elevated in mdx plasma, with a dra-
matic additional increase in mdx plasma taurine levels
following scruff exposure (Fig. SE). Post-scruff taurine
elevation in mdx plasma may serve antioxidant roles,
but may also reflect impaired taurine transport into
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Fig. 1. Plasma metabolomic characterization in healthy and mdx mice at baseline and following scruff exposure. (A) Scruff-induced inactivity
was measured for wild-type (WT), mdx, and MTBD/mdx mice as the ratio of total locomotor activity for 30 min before and after 30 s mild
scruff restraint. This scruff stress assay has been replicated in mdx mice for over a decade and published previously by our laboratory and
others [1-6]. Activity measurements were followed by euthanasia and blood collection for biological stress-targeted metabolomics analysis.
Comparisons between groups were made using one-way ANOVA with Tukey's multiple comparisons test (**P < 0.01; ****P < 0.0001).
Adjusted P-values were determined by Benjamini-Hochberg multiple comparisons hypothesis testing. Bar graph depicts means (+=SEM)
from n=9 WT mice, n=8 mdx mice, and n = 6 transgenic MTBD/mdx mice. (B) Schematic representation of experimental design and
main biological stress pathways analyzed in a biological stress-targeted metabolomics analysis performed in singlicate for WT, mdx, and
MTBD/mdx baseline and post-scruff plasma samples (n = 8 baseline WT, n = 8 baseline madx, n =9 baseline MTBD/mdx, n = 9 post-scruff
WT, n = 8 post-scruff mdx, and n = 6 post-scruff MTBD/mdx mice). (C) Principal component analysis (PCA) plot demonstrates metabolomic
similarities and differences between the six experimental groups. (D) Heat map display of group zscores for the 72 biological stress
metabolites identified in the metabolomics screen. Heat map zscores were calculated as group z-score averages using the row mean and
population standard deviation for each metabolite. lllustrations were made in BioRender. (E) Variable correlation plot depicts the top five
metabolites that contribute to variability in the PCA plot. CNS, central nervous system; LC-MS/MS, tandem liquid chromatography-mass

spectrometry.

Table 1. Metabolites with significantly altered levels in mdx post-
scruff plasma. Statistical comparisons were made with two-way
ANOVA and Tukey’s multiple comparisons post hoc test.

Elevated/depleted (main effect or

Metabolite interaction p-value)

Elevated (P = 0.004)
Elevated (P = 0.01)

Corticosterone
Oxidized glutathione (GSSG)

Taurine Elevated (P < 0.0001)
Carnosine Elevated (P < 0.0001)
Anserine Elevated (P < 0.0001)
Glucose Elevated (P = 0.0001)
NE-carboxymethyllysine Elevated (P < 0.0001)
Urate Elevated (P < 0.0001)
Trp Elevated (main effect P < 0.001)

Elevated (P < 0.0001)

Elevated (P < 0.0001)

Elevated (P = 0.03)

Elevated (main effect P < 0.01)
Elevated (P = 0.002)

Elevated (main effect P < 0.0001)
Elevated (P < 0.0001)

Elevated (P = 0.0006)

Elevated (main effect P < 0.01)

o-ketomethylvalerate
o-ketoisocaproate
o-ketoisovalerate
3-methylhistidine
Fructosyllysine

Retinol

Linoleoyl ethanolamide
Oleoyl ethanolamide
N-oleoy! taurine

Leucine Elevated (main effect P < 0.01)
Inosine Elevated (P = 0.005)
Cystine Depleted (P = 0.0003)

Cysteinylglycine disulfide
Ascorbic acid 2-sulfate

Depleted (P < 0.0001)
Depleted (P = 0.03)

dystrophin-deficient SkM to provide cytoprotection
against oxidative stress [15,17]. Taurine also possesses
vasodilatory signaling functions [18], suggesting that
its drastic elevation in mdx plasma following scruff
may contribute to hypotension.

The recycling of GSH between its reduced and oxi-
dized (GSSG) forms is critical to the cellular antioxi-
dant system (Fig. 5A), and increased oxidative stress
leads to an elevated GSSG/GSH ratio in mdx mice
and DMD patients [14,19,20]. We observed a main

effect elevation in mdx post-scruff GSSG levels
(Fig. 5F). Our data suggest that oxidative stress is ele-
vated in mdx mice following stress, with potential
increased tissue uptake of cystine for intracellular
GSH repletion and increased antioxidant capacity [21].
In addition to cysteine and GSH metabolic intermedi-
ates, the biological stress metabolomics panel revealed
alterations in purine metabolism (Fig. SH), a pathway
that has previously been implicated in mdx SkM and
cardiac pathology [22,23]. Adenosine is a precursor of
xanthine and was reduced in MTBD/mdx plasma over-
all (Fig. 5G). In addition to its substrate role in xan-
thine metabolism, adenosine can also signal via
adenosine receptors to modulate the production of
cyclic adenosine monophosphate (cAMP), which con-
tributes to a multitude of physiological processes
including SkM hypertrophy, vasodilation, and cell
growth [24,25]. Levels of cAMP were reduced in mdx
plasma, regardless of scruff exposure (Fig. 5I). Inosine
and urate are adenosine catabolites whose levels were
uniquely elevated in mdx post-scruff plasma (Fig. 57,
L). Xanthine was not detected in our analysis and the
abundance of its direct precursor, hypoxanthine, was
highly variable and unchanged among groups
(Fig. 5K).

Scruff stress modulates circulating
endocannabinoid levels in mdx mice

Several endogenous cannabinoid, or endocannabinoid
(EC), metabolites were identified in the biological
stress discovery metabolomics panel. Phospholipid-
derived EC biogenic lipids bind cannabinoid (CB)
receptors 1 and 2 that are differentially expressed
throughout the body, as well as vanilloid/transient
receptor potential (TRP) channels receptors and PB1-
adrenergic receptors (Fig. 6A). EC receptor-mediated
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signaling regulates a multitude of cellular and physio-
logical functions including motor activity, afferent
neurotransmission, inflammation, and

metabolism [26]. The most extensively studied EC
metabolites are N-arachidonoylethanolamide (ananda-
oxidative mide; AEA) and 2-arachidonoylglycerol (2-AG), which
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Fig. 2. Volcano plots identify metabolites with significantly different abundance in two-group comparisons between madx and wild-type (WT)
or mdx and MTBD/mdx at baseline and post-scruff. Differentially circulating metabolites (DCMs) were characterized as upregulated or
downregulated based on an adjusted P-value less than 0.05 for (A) baseline max vs wild-type (WT) comparisons, (B) post-scruff madx vs WT
comparisons, (C) baseline mdx vs transgenic MTBD/mdx comparisons, (D) post-scruff madx vs MTBD/mdx comparisons, (E) baseline MTBD/
max vs WT comparisons, and (F) post-scruff MTBD/mdx vs WT comparisons. Adjusted P-values were determined by Benjamini-Hochberg
multiple comparisons hypothesis testing and volcano plots were plotted as log,(fold change) vs —logig(adjusted P-value). Experimental
groups were comprised of n = 8 baseline WT, n = 8 baseline mdx, n = 9 baseline MTBD/mdx, n = 9 post-scruff WT, n = 8 post-scruff madx,

and n = 6 post-scruff MTBD/madx mice.

are derived from phospholipids (Fig. 6A) [26]. How-
ever, neither AEA nor 2-AG were identified among
our plasma samples. Three alternative ECs were identi-
fied in our study and were significantly elevated in
mdx post-scruff plasma, including taurine-derived
N-oleoyl taurine (OT), phosphatidylethanolamine
(PE)-derived oleoyl ethanolamide (OEA), and phos-
phatidylcholine (PC)-derived and linoleoyl ethanola-
mide (LEA) (Fig. 6B-D). As shown in Fig. 4E, taurine
was also significantly elevated in mdx post-scruff circu-
lation, indicating a potential role for taurine and EC
metabolic flux in biosynthetic organs including the
liver, which expresses the putative OT synthetic
enzyme, N-acetyltransferase [27,28]. Amidated lipids
OT, OEA, and LEA are degraded by fatty acid amide
hydrolase (FAAH) to arachidonate (AA) (Fig. 6A),
which demonstrated reduced circulating levels in
MTBD/mdx mice compared to WT mice, while mdx
mice displayed intermediate AA levels at baseline and
WT-like AA levels after scruff stress (Fig. 6E). This
result suggests that EC metabolite elevation in mdx
post-scruff plasma is not due to inhibition of FAAH
activity and points instead to an upregulation of
upstream EC metabolic activity in one or more biosyn-
thetic tissues as part of the mdx stress response.

Protein catabolism markers are elevated in mdx
mice and branched-chain amino acid metabolites
are elevated post-scruff

Finally, our analysis revealed alterations in metabolites
associated with protein catabolism (Fig. 7A) in the
mdx plasma metabolome. SkM degradation marker
3-methylhistidine was elevated in mdx post-scruff
plasma (Fig. 7B), while histidine levels were unchanged
among groups (Fig. 7C). Carnosine and anserine
are dipeptide signaling molecules derived from
3-methylhistidine (Fig. 7A) that were found to be sig-
nificantly elevated in mdx post-scruff plasma (Fig. 7D,
E). Meanwhile, histidine-derived histamine was not
altered among groups (Fig. 7F). Dimethylarginine
(DMA; sum of symmetrical DMA and asymmetrical
DMA abundances) is another protein degradation

marker and demonstrated scruff-independent elevation
in mdx plasma (Fig. 7G). Similarly, trans-4-
hydroxyproline and N® N® N°-trimethyllysine were ele-
vated in mdx plasma regardless of scruff exposure
(Fig. 7TH,I).

Branched-chain amino acids (BCAAs) leucine, iso-

leucine, and valine regulate SkM mass, protein
breakdown, and mammalian/mechanistic target of
rapamycin  (mMTOR)-mediated anabolic  processes
(Fig. 8A) [29]. Leucine and valine exhibited

stress-dependent elevation in mdx plasma (Fig. 8B,D),
while circulating isoleucine was elevated after scruff in
WT, mdx, and MTBD/mdx plasma (Fig. 8C). BCAAs
are metabolized by branched-chain aminotransferases
(BCATs) to BCAA oa-ketoacids (BCKAs): o-
ketoisocaproate, a-keto-B-methylvalerate, and o-
ketoisovalerate (Fig. 8A) [29], which were each dra-
matically elevated uniquely in mdx post-scruff plasma
(Fig. 8E-G). BCKAs are further metabolized to enter
the TCA cycle by the BCKA dehydrogenase complex
or are alternatively reduced by hydroxy acid dehydro-
genases to form a-hydroxyisocaproate, o-hydroxy-B-
methylvalerate, and o-hydroxyisovalerate (Fig. 8A).
These reduced BCAA products displayed elevated cir-
culating levels in both mdx and MTBD/mdx mice,
independent of scruff exposure (Fig. 8H-J). These data
indicate that protein catabolism is basally elevated in
mdx mice, and amino acid derivatives carnosine, anser-
ine, and BCKAs demonstrate unique hyper-
accumulation in mdx plasma following scruff stress.

Discussion

We performed a biological stress metabolomics assay
that verified several known stress biomarkers and iden-
tified many novel metabolic shifts in mdx plasma fol-
lowing a brief scruff stress exposure. Cort elevation in
mdx post-scruff plasma aligns with our previous
data [6] and coincided with post-scruff hyperglycemia
in mdx plasma, suggesting that stress-perturbed mdx
mice exhibit HPA axis hyperactivation. Our data show
that exogenous glucocorticoid treatment in mdx mice
to mimic standard DMD corticosteroid therapy [30,31]
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Fig. 3. Volcano plots identify metabolites with significantly different abundance in two-group intra-genotype comparisons between baseline
and scruff conditions. Differentially circulating metabolites (DCMs) were characterized as upregulated or downregulated based on an
adjusted P-value less than 0.05 for (A) baseline vs post-scruff wild-type (WT) comparisons, (B) baseline vs post-scruff transgenic MTBD/madx
comparisons, and (C) baseline vs post-scruff mdx comparisons. (D) Proportional plasma metabolomic trends in mdx mice at baseline and
post-scruff are displayed in a pie chart. Adjusted P-values were determined by Benjamini-Hochberg multiple comparisons hypothesis testing
and volcano plots were plot as log,(fold change) vs —logioladjusted P-value). Experimental groups were comprised of n = 8 baseline WT,
n = 8 baseline mdx, n= 9 baseline MTBD/mdx, n = 9 post-scruff WT, n = 8 post-scruff mdx, and n = 6 post-scruff MTBD/mdx mice.

does not impact the severity of scruff-induced inactiv- pharmacological inhibitors does not prevent mdx
ity in mdx mice. Previous work by our group shows scruff-induced inactivity [11]. Our previous and current
that adrenal suppression in mdx mice with studies suggest that exogenous HPA axis modulation
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Fig. 4. Endogenous corticosterone is elevated during mdx stress response and scruff-induced inactivity is not affected by exogenous
glucocorticoid administration. (A) Schematic representation of neuroendocrine hypothalamic—pituitary—adrenal (HPA) and sympatho-adrenal
medullary (SAM) axis stress response signaling pathways. (‘Response to stress’ by Campos-Rodriguez R, Godinez-Victoria M, Abarca-Rojano
E, Pacheco-Yépez J, Reyna-Garfias H, Barbosa-Cabrera RE, Drago-Serrano ME is licensed under CC BY 3.0). Corticosterone (Cort) (B) and
glucose (C) levels in wild-type (WT), mdx, and transgenic MTBD/mdx plasma at baseline and following scruff stress exposure were
determined by liquid chromatography-mass spectrometry (LC-MS) targeted metabolomics analysis. Bar graphs depict means (=SEM) from
n = 8 baseline WT, n= 8 baseline mdx, n=9 baseline MTBD/madx, n=9 post-scruff WT, n =8 post-scruff mdx, and n =6 post-scruff
MTBD/mdx mice. (D) Schematic representation of intermittent glucocorticoid treatment and scruff stress paradigm in mdx mice. Mice were
treated once per week for 4 weeks with saline or prednisone (1 mg-kg™" i.p.) and subsequently subjected to 30 s scruff stress with pre-
and post-scruff activity monitoring. (E) Scruff-induced inactivity was measured as the ratio of total locomotor activity for 30 min before and
after a 30 s mild scruff restraint for mdx mice treated with saline (n = 6) or prednisone (n = 8). Untreated WT mice (n = 5) were included in
scruff stress analysis as a healthy control group. Bar graph depicts mean values (+SEM). Comparisons between groups were made using
one- or two-way ANOVA with Tukey's multiple comparisons test (*P < 0.05; **P < 0.01; ****P < (0.0001). ACTH, adrenocorticotropic
hormone; CRF, corticotropin releasing factor.
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Fig. 5. Circulating glutathione and xanthine metabolic pathway alterations were associated with stress and skeletal muscle
dystrophinopathy. (A, H) Schematic representations of (A) glutathione (GSH) and (H) xanthine metabolism. (B) Cysteine, (C) cystine, (D)
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and (L) urate levels in wild-type (WT), mdx, and transgenic MTBD/mdx plasma at baseline and following scruff stress exposure were
determined by liquid chromatography-mass spectrometry (LC-MS) targeted metabolomics analysis. Bar graphs depict mean values (=SEM)
from n = 8 baseline WT, n = 8 baseline mdx, n = 9 baseline MTBD/mdx, n = 9 post-scruff WT, n = 8 post-scruff mdx, and n = 6 post-scruff
MTBD/mdx mice. Comparisons between groups were made using two-way ANOVA with Tukey’s multiple comparisons test (*P < 0.05;
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5076 The FEBS Journal 292 (2025) 5067-5085 © 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of
Federation of European Biochemical Societies.



E. E. Johnson and J. M. Ervasti

Widespread metabolic stress response in mdx mice

Endocannabinoid System

(A) —
f -oleoylserine
Taurine - Pal
+ — OT TRP ain
Dreky mmine ClaayiGeh S Inflammation
(cB1) system K
Lungs (cB2) PE lyso-PC PA AEA 4
(cB1) ] cvs R :‘NAPE f" OEA Lipolysis
Liver | (cB) PC P Heart
(cB1 Colon FAAH rate
& CB2) : \ (cB2) \‘\Renin
Skeletal ™~ Bone }'AA Pain relief
muscle (cB2) FAAH cB1/cB2 |/
(CB1) y PA — DIT\G — 2-AG w receptors EytoNines
Vasomodulation

Phospholipids

5 WT E| mdx =1 MTBD/madx

(B) (©)
Oleoyl ethanolamide (OEA)
. *k
N-oleoyltaurine (OT)  —
*Main effect: Genotype keok ok ok Kok
**Main effect: Scruff stress
Elevated madx post-scruff s kokok
3+ 2.5
— oO L °
30 20 2.0+ o
>2 o= 1o
2 < 24 < < ik Pz s
=3 ° 1.5+
og 68 g | e
= = ] e8|
ag & 2 o5 I i

(=]
I

baseline

post-scruff

baseline

post-scruff

Fig. 6. Circulating endocannabinoid metabolite levels correspond to mdx scruff exposure.
(C) oleoyl ethanolamide (OEA),

(EC) metabolism. (B) N-oleoyl taurine (OT),

D . . E
(D) Linoleoyl ethanolamide (E)
(LEA)
*
1 .
T A Arachidonate (AA)
*Main effect: Genotype
MTBD/mdx < WT
- 5+
[3
s 3 °
28 23 ‘17 .
23 &< . o
<3 To 3 °
wo ~ 8
N N
© o L1 i e e 0
5 g g E il %o I3
£e g2 Mk L
= g< '
o

post-scruff

baseline post-scruff

(A) Schematic representation of endocannabinoid

(D) linoleoyl ethanolamide (LEA), and (E) arachidonate (AA)

metabolites in wild-type (WT), mdx, and transgenic MTBD/mdx plasma at baseline and following scruff stress exposure were determined by
liquid chromatography-mass spectrometry (LC-MS) targeted metabolomics analysis. Bar graphs depict mean values (=SEM) from n=8
baseline WT, n = 8 baseline mdx, n= 9 baseline MTBD/mdx, n= 9 post-scruff WT, n = 8 post-scruff mdx, and n =6 post-scruff MTBD/
madx mice. Comparisons between groups were made using two-way ANOVA with Tukey's multiple comparisons test (*P < 0.05;

*kP < 0.01; ****P < 0.0001). lllustrations made with BioRender.

does not target the aberrant regulation of the mdx
stress response, although the possible roles for Cort as
a driver or direct consequence of other observed post-
scruff mdx plasma metabolomic alterations remain to
be distinguished.

Our dataset revealed elevated metabolic markers of
oxidative stress in mdx mice following scruff stress.
Taurine metabolic flux was increased in mdx post-
scruff circulation, coinciding with elevated cysteine
and GSSG levels. Taurine is an antioxidant and is also
associated with a range of biological functions, includ-
ing neuroprotection, immunomodulation, Ca®" homeo-
stasis, energy metabolism, and thermoregulation [21].
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Elevated taurine levels in mdx plasma could be
explained by impaired taurine transport in mdx SkM
[15,32], resulting in reduced antioxidant defense capac-
ity and elevated mdx circulating taurine levels that
may cause hypotension through vasodilatory signaling
[18]. Increased circulating taurine may also represent
increased substrate availability for the EC pathway, as
taurine combines with oleoyl CoA to form OT, which
was elevated in mdx plasma following scruff exposure.
Notably, taurine was among the top metabolites in
our dataset that discriminated mdx post-scruff plasma
samples from other groups, emphasizing the magni-
tude of post-scruff taurine elevation and suggesting
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Fig. 7. Circulating metabolic markers of protein catabolism are altered by skeletal muscle dystrophinopathy and scruff exposure. (A)
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n =9 post-scruff WT, n = 8 post-scruff mdx, and n = 6 post-scruff MTBD/mdx mice. Comparisons between groups were made using two-
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that high priority should be given to the further devel-
opment of this metabolite candidate as an mdx bio-
marker and stress mediator.

We observed elevated purine metabolism and accu-
mulation of purine catabolites inosine and urate in
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mdx post-scruff plasma. Purine metabolism regulates
cellular redox status as well as the availability of
purine nucleotides necessary for cellular signaling and
energy production [33]. Adenosine triphosphate (ATP)
is catabolized to adenosine, which is in turn
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enzymatically converted to inosine by adenosine deam-
inase and eliminated in the urine as urate via xanthine
metabolism [34]. Urate excretion is elevated in DMD
patients, which may be due to increased ATP leakage
from damaged dystrophin-deficient SkM and increased
purine degradation [35,36]. Elevated circulating
CDS8/CD26 T cells in DMD patients increase adeno-
sine deaminase binding capacity and enhance
adenosine conversion to inosine [37]. Thus, elevated
circulating inosine and urate levels in mdx mice follow-
ing scruff exposure may implicate increased sarcolem-
mal leakiness and immune activation in the mdx stress
response. Alternatively, specific elevation in xanthine
precursor and product metabolites may result from
heightened xanthine dehydrogenase/xanthine oxidase
(XDH/XO) enzymatic activity in mdx SkM that leads
to elevated release of the end product, urate, into the
circulation. Our laboratory previously demonstrated
that XO activity is elevated in mdx SkM and is nor-
malized to WT activity levels in MTBD/mdx mice [23],
supporting a possible function for XO hyperactivity
and elevated urate production in mdx SkM. Collec-
tively, our results align with previous data that indi-
cates elevated oxidative stress in a dystrophin-deficient
state and provide a novel link between stress pathol-
ogy and established purine metabolic defects in the
DMD population.

Our data revealed metabolic alterations indicative of
EC system dysfunction in mdx mice following scruff
stress. EC signaling activity via vanilloid (TRP channel),
Bl-adrenergic receptors, and CB1/2 receptors influences
diverse physiological functions including motor coordi-
nation, blood pressure, heart rate, lipolysis, renin and
insulin secretion, and inflammation [26-28,38,39]. ECs
also perform retrograde signaling in the central and
peripheral nervous system via CBI1 receptors to modu-
late nociception, motor tone, memory formation, fear
and anxiety-related behaviors, appetite, and energy bal-
ance [40]. Elevated SkM CBI1 receptor expression has
been demonstrated in mdx mice and DMD patients
[39,41]. Gut dysbiosis in mdx mice pathologically ele-
vates EC synthesis and CBIl receptor expression in
dystrophin-deficient SkM, which promotes inflamma-
tion and impaired autophagy. Gut dysbiosis and EC sys-
tem dysfunction are counteracted by sodium butyrate
treatment that suppresses CB1 and EC synthetic enzyme
expression in mdx SkM [39].

Relevant to mdx stress phenomena, CB2 receptor
agonism in rats exposed to a forced swim test was previ-
ously shown to reduce immobility time [42]. Microglial
CBI receptor expression is altered by a chronic social
defeat stress protocol that we have previously employed
to provoke mdx lethality [6,43]. Additionally, recent

Widespread metabolic stress response in mdx mice

data showed that pharmacological CB2 receptor agon-
ism shifts DMD macrophages toward an anti-
inflammatory profile and reduces pro-inflammatory
cytokine release [28], suggesting that imbalanced CBI1
hyperactivity and CB2 hypoactivity in dystrophin-
deficient SkM is deleterious to global physiological func-
tion. Altogether, our data suggest that SkM dystrophi-
nopathy influences the circulating levels of ECs during a
stress response, which is supported by the observation
that MTBD/mdx mice restore circulating post-scruff EC
abundance to WT levels while concurrently rescuing
post-scruff inactivity and hypotension [6].

Elevated protein catabolism is a hallmark of DMD
pathological progression and many standard DMD bio-
markers are markers of SkKM protein degradation [44].
Histidine derivative 3-methylhistidine is a commonly
used DMD biomarker that is principally found in SkM
actin and myosin proteins and is excreted rather than
recycled during muscle catabolism [16]. A recent study
identified elevated 3-methylhistidine levels in SkM from
stress-susceptible mdx mice compared to stress-resilient
mdx mice [45], corroborating our current data that dem-
onstrate a scruff-dependent elevation in mdx circulating
3-methylhistidine levels.

Our BCAA data are in good agreement with previ-
ous reports from our laboratory and others that dem-
onstrate elevated urinary or circulating BCAA
metabolites in mdx mice and DMD patients [46,47].
Valine is elevated in DMD plasma [48], and we
observed elevated valine in mdx plasma following
scruff. According to our data, BCKAs exhibited a spe-
cific post-scruff elevation in mdx plasma, suggesting a
role for these BCAA derivatives in the mdx stress sig-
naling axis. Although limited literature exists for the
signaling functions of BCKAs, these BCAA derivatives
have been linked to elevated oxidative stress, downre-
gulated antioxidant capacity, and impaired cognitive
function [49,50]. Of recent interest, cardiac BCKA oxi-
dation via the BCKA dehydrogenase complex was
shown to protect against heart failure by adaptive
blood pressure reduction [51]. The vasodilatory effects
of BCKA oxidized metabolites may serve a pathologi-
cal role in the hypotensive mdx stress response. In
combination with stress-dependent alterations in mdx
purine metabolism, our results point to an elevation in
SkM degradation following scruff exposure, which is a
surprising result given the mild nature of scruff
restraint and subsequent mdx hypoactivity that should
limit hindlimb SkM damaging contractions. Protein
catabolism pathways should be further explored as
potential mediators of mdx stress pathology.

Regarding the limitations of our study, the metabo-
lite inclusion list was constrained to a subset of
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Fig. 8. Plasma branched-chain amino acid metabolite levels are regulated by skeletal muscle dystrophinopathy and stress. (A) Schematic
representation of branched-chain amino acid (BCAA) metabolism. (B) Leucine, (C) isoleucine, (D) valine, (E) a-ketoisocaproate, (F) a-keto-p-
methylvalerate, (G) a-ketovalerate, (H) a-hydroxyisocaproate, (I) a-hydroxy-B-methylvalerate, and (J) a-hydroxyisovalerate levels in wild-type
(WT), mdx, and transgenic MTBD/mdx plasma at baseline and following scruff stress exposure were determined by liquid chromatography-
mass spectrometry (LC-MS) targeted metabolomics analysis. Bar graphs depict mean values (£SEM) from n =8 baseline WT, n=38
baseline mdx, n=9 baseline MTBD/mdx, n=9 post-scruff WT, n=8 post-scruff mdx, and n=6 post-scruff MTBD/mdx mice.
Comparisons between groups were made using two-way ANOVA with Tukey's multiple comparisons test (**P < 0.01; ***P < 0.001;

***xP < 0.0001). lllustrations made with BioRender.

potentially stress-relevant metabolites that may be
involved in mdx stress pathology. For example, the
future inclusion of catecholamines that govern sympa-
thetic nervous system stress regulation should be con-
sidered to determine the relative impairments in Cort
and catecholamine signaling that lead to downstream
mdx stress susceptibility. Additionally, while the vast
majority of metabolite changes in mdx mice at baseline
and after scruff stress reported here were rescued by
muscle-specific transgenic dystrophin expression, we
nonetheless identified a small number of metabolites
that were not rescued, which suggests a contribution
from nonmuscle tissue. We also recently reported evi-
dence suggesting a role for the kynurenine and nicotin-
amide adenine dinucleotide (NAD®) pathways in
mediating the exaggerated stress response of mdx mice
[7]. While genetic perturbations corrected kynurenine
and NAD" metabolic defects in mdx mice, they did
not rescue the stress phenotypes [7]. Therefore, the
metabolic pathways implicated in the current study
similarly require validation in engineered mouse
models and orthogonal biochemical approaches.

Finally, translational studies are needed to confirm
the relevance of mdx mild stress biomarkers to the
human DMD population. Effective and ethical mild
stress exposure has already been demonstrated in
DMD patients, and a similar paradigm could be used
to collect biofluids from DMD participants before and
following a moderate psychosocial stressor to monitor
changes in metabolic pathways including EC, oxidative
stress, purine, and protein catabolism. Expansion of a
DMD stress study to include an untargeted metabolo-
mics screen or a stable isotope labeling approach to
investigate metabolic flux would provide further
insight into global and tissue-specific metabolic regula-
tion during stress. Particular emphasis should be
placed on combining insights from metabolomics data
with patient clinical data to identify the correlation
between stress exposure, circulating metabolite levels,
and key indices of DMD disease progression. In the
meantime, our data demonstrate that even a mild
stress triggers an exaggerated and widespread meta-
bolic response in mdx mice.

Materials and methods

Mice

We used adult male mice in our study between 3 and
4 months of age. Animal care and experimental procedures
were approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Minnesota under
TIACUC protocol #2106-39169A. C57BL6/J and C57BL10/J
mice were bred in-house and used as wild-type controls,
while C57BL/10ScSn-Dmd"*/J (mdx) mice were bred in-
house or purchased from The Jackson Laboratory. The
MTBD/mdx transgenic mouse line [52] expressing a human
skeletal actin promotor-driven full-length dystrophin/
utrophin chimera with microtubule-binding spectrin repeats
20-24 of dystrophin replaced by nonbinding repeats 18-22
of utrophin was generated in our lab and bred in-house.
Mice were group housed following standard specific patho-
gen free (SPF) procedures with ad libitum access to food
and water on a 12-h light/dark cycle.

Scruff-induced inactivity

The scruff stress assay was implemented following an estab-
lished protocol [6,7] in which mice are grasped by the nape
of the neck and held horizontally with the tail placed
between the palm of the hand and the 5™ digit for 30 s.
Mice were scruffed at the same time in the morning (ZT1-
ZT3) each experimental day to mitigate the confounding
influence of circadian fluctuations in endogenous glucocor-
ticoid levels. Following scruff stress and 30-min post-scruff
activity monitoring, mice were anesthetized with tribro-
moethanol (Avertin) and euthanized via cervical dislocation
for plasma harvest.

Chronic intermittent glucocorticoid
administration

Male mdx mice (n = 8) were treated once per week for
28 days with prednisone (1 mg-kg™", i.p.; Millipore Sigma,
Burlington, MA, USA) before performing scruff stress and
activity monitoring 1 day after the final dose was adminis-
tered. A control group of mdx mice (n = 6) was treated in
parallel with intraperitoneal saline injections. Mice were
treated at 9 am (ZT1) for each dose administered.
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Following the final treatment time point, mdx mice along
with untreated age-matched WT mice were subjected to 30s
scruff exposure with 30-min pre- and post-scruff activity
monitoring.

Plasma collection

Unhandled and scruff-handled mice were anesthetized with
Avertin and cervically dislocated prior to dissection. Blood
was collected via cardiac puncture and placed in EDTA-
coated anticoagulant tubes. Samples were incubated with
end-over-end rotation at room temperature for 15 min, fol-
lowed by centrifugation for 10 min at 2000 g, 4 °C. Plasma
was collected as the supernatant and stored at —80 °C,
then underwent one freeze-thaw cycle to aliquot samples
for metabolomics analysis.

Metabolomics data acquisition and raw spectral
processing

Plasma samples were shipped to Metabolon (Research Trian-
gle Park) for analysis with the custom-built Biological Stress
Discovery Panel. The samples were prepared using auto-
mated liquid handling equipment to spike plasma with QC
recovery standards and to extract metabolites with methanol.
The extracted plasma samples were then divided into four
fractions for analysis of metabolites with diverse chemical
properties using two different reverse-phase (RP)/ultra-high-
performance LC (UPLC)-MS/MS-positive mode electro-
spray ionization (ESI) methods, one RP/UPLC-MS/MS
method, and one  hydrophilic interaction LC
(HILIC)/UPLC-MS/MS method. Samples were dried under
vacuum and stored overnight under nitrogen, then reconsti-
tuted in compatible solvents for each of the four methods,
each containing a series of internal standards at fixed concen-
trations. All data acquisition was performed utilizing a
Waters ACQUITY UPLC (Waters Corp, Milford, MA,
USA) and Thermo Scientific Q-Exactive high-resolution/-
high-accuracy MS with heated ESI (HESI-II) source and
Orbitrap mass analyzer (Thermo Scientific, Waltham, MA,
USA) operated at 35000 mass resolution [53].

The first method targeted hydrophilic compounds
(PosEarly) using positive ion conditions, a C18 column
(Waters UPLC BEH Cl18-2.1x100 mm, 1.7 um), and a
mobile phase consisting of water, methanol, 0.05% (v/v)
perfluoropentanoic acid (PFPA), and 0.1% FA. The second
method targeted hydrophobic compounds (PosLate) using
positive ion conditions, the same C18 column as employed
for the PosEarly method, and a mobile phase consisting of
ACN, water, 0.05% PFPA, and 0.01% FA. The third
method targeted basic metabolites (Neg) using negative ion
mode, a C18 column, and a mobile composed of methanol,
water, and 6.5 mM ammonium bicarbonate, pH 8. The
fourth method targeted polar metabolites (Polar) using neg-
ative ion mode, a HILIC column (Waters UPLC BEH
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Amide 2.1x150 mm, 1.7 pm), and a mobile composed of
water, ACN, and 10 mm ammonium formate, pH 10.8. MS
analysis mode altered between MS and data-dependent
MS" scans using dynamic exclusion. The scan range was
method-dependent but covered masses between 70 and
1000 m/z. Samples were randomized and balanced for anal-
ysis along with extracted water blanks and pooled matrix
samples serving as technical replicates.

MS bioinformatics analysis

Raw data files were extracted, peaks were identified, and
QC was performed utilizing the Metabolon informatics sys-
tem that includes a laboratory information management
system, data extraction and peak-identification software,
data processing tools for QC and analyte identification,
and information interpretation and visualization tools for
downstream analysis. Compounds were identified by com-
parison to purified standards or recurrent unknown ana-
lytes using a Metabolon-curated library. All identifications
required matching based on three criteria for robust and
high-accuracy metabolite assignments: retention index
within a narrow window, accurate mass match to the
library (£ 10 ppm), and MS/MS forward and reverse
scores between experimental data and authentic standards.
The MS/MS scores are based on ion comparison between
experimental and library spectra. Peaks were quantified
using AUC. Normalization was performed to correct for
batch effects during multiple-day instrumental runs. Nor-
malization was performed by median block correction in
run-day blocks. Imputation was performed for missing
values using the minimum value across all batches in the
median-scaled batch-normalized data. Line data are pro-
vided as a supplemental data file (Data S1).

Data were presented in an interactive visualization for-
mat within the client portal for exploratory data analysis
along with spreadsheets containing sample metadata and
analyte abundances for client bioinformatics analysis.
Batch-normalized and imputed metabolite abundances were
used to calculate pairwise fold changes based on the geo-
metric means of all biological replicates from each sample
group. Fold changes were calculated for pairwise compari-
sons between the following groups: mdx baseline/ WT base-
line, mdx Dbaseline/MTBD-mdx baseline, MTBD-mdx
baseline/WT baseline, mdx post-scruff/WT post-scruff, mdx
post-scruff/ MTBD-mdx  post-scruff, MTBD-mdx post-
scruff/WT post-scruff, WT post-scruft/ WT baseline, mdx
post-scruff/mdx baseline, and MTBD-mdx post-scruft/
MTBD-mdx baseline. A two-way unpaired Student’s z-test
was used to calculate P-values for pairwise fold changes,
and the Benjamini-Hochberg method was used to control
the false discovery rate (FDR). Corrected P-values were
log-transformed and plotted against log-transformed fold
change values to obtain volcano plots generated in R using
the TIDYVERSE package, and a minimum corrected P-value
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cutoff of 0.05 was applied to identify differentially circulat-
ing metabolites (DCMs) in pairwise comparisons. Compari-
sons between all experimental groups was performed using
two-way ANOVA statistical analysis with Tukey’s multiple
comparisons correction. Full metabolite quantification
datasets and lists of DCMs were imported to R for data fil-
tering and visualization using the GPLOTS, VENNDIAGRAM,
DPLYR, GGCORRPLOT, FACTOMINER, GGFORTIFY, and GGBIPLOT
packages. PCA plots and variable correlation plots were
generated to visualize data grouping trends and to identify
the most influential metabolites contributing to intergroup
variability. Venn diagrams were used to obtain lists of
overlapping and nonoverlapping DCMs between distinct
two-group comparisons. Bar plots were generated and two-
way ANOVA statistical tests were performed for each
metabolite to compare metabolite abundances across geno-
types and treatment conditions. Pairwise Student’s z-tests,
two-way ANOVA statistical analysis, metabolite enrich-
ment visualizations, and heat maps for DCMs of interest
were performed in GRAPHPAD PRISM (Boston, MA, USA),
version 10.2.
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