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Abstract

Duchenne muscular dystrophy (DMD) is a lethal degenerative muscle wasting disease caused by the loss of the structural protein
dystrophin with secondary pathological manifestations including metabolic dysfunction, mood and behavioral disorders. In the mildly
affected mdx mouse model of DMD, brief scruff stress causes inactivity, while more severe subordination stress results in lethality.
Here, we investigated the kynurenine pathway of tryptophan degradation and the nicotinamide adenine dinucleotide (NAD*) metabolic
pathway in mdx mice and their involvement as possible mediators of mdx stress-related pathology. We identified downregulation of
the kynurenic acid shunt, a neuroprotective branch of the kynurenine pathway, in mdx skeletal muscle associated with attenuated
peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1la) transcriptional regulatory activity. Restoring the
kynurenic acid shunt by skeletal muscle-specific PGC-1a overexpression in mdx mice did not prevent scruff -induced inactivity, nor did
abrogating extrahepatic kynurenine pathway activity by genetic deletion of the pathway rate-limiting enzyme, indoleamine oxygenase
1. We further show that reduced NAD* production in mdx skeletal muscle after subordination stress exposure corresponded with
elevated levels of NAD™ catabolites produced by ectoenzyme cluster of differentiation 38 (CD38) that have been implicated in lethal
mdx response to pharmacological g-adrenergic receptor agonism. However, genetic CD38 ablation did not prevent mdx scruff-induced
inactivity. Our data do not support a direct contribution by the kynurenine pathway or CD38 metabolic dysfunction to the exaggerated
stress response of mdx mice.
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Introduction

Duchenne muscular dystrophy (DMD) is a rare X-linked neuro-
muscular disease caused by absence of the protein dystrophin.
DMD currently has no cure and the median patient life
expectancy is in the third to fourth decade [1]. The DMD disease
course involves progressive muscle wasting and eventual failure
of respiratory and cardiovascular function. Many DMD patients
also suffer from underappreciated co-morbidities, including
emotional, behavioral, and autonomic nervous system disorders
[2, 3]. A recent study uncovered a pathological startle response
exhibited by DMD patients that illustrates central nervous system
(CNS) dysfunction and suggests elevated stress susceptibility
in the DMD population [4]. Additionally, progressive bouts of
skeletal muscle (SkM) degeneration and regeneration due to
dystrophin-deficient muscle fragility lead to fibrotic deposition
and a chronic inflammatory environment [5]. Cytokines produced
by the peripheral immune system and within the CNS can alter
brain circuitry and impact behavioral and emotional responses to
stress [6, 7]. Persistent inflammation correlates with deleterious
health outcomes to chronic stress in humans [8], and pathological
co-regulation of social stress and immune activation has been
demonstrated across species [9-12].

Recently, our lab has demonstrated that even the mildly
affected mdx mouse model of DMD presents with lethal
susceptibility to graded stress exposure [13]. Scruff handling and
psychosocial stress, known as chronic subordination stress (CSS),

each provoke tonic immobility and hypotension in mdx, with CSS
triggering up to 70% mortality within 48 h. Intriguingly, post-stress
hypotension is mismatched with elevated heart rate in mdx mice,
resulting in an increased shock index and indicating that cardiac
instability may be responsible for mdx stress lethality. Unraveling
the mechanism that drives mdx stress pathology is critical for
research conducted using the mdx mouse model, given that a
brief neck scruff is a routine rodent handling method and may
confound behavioral and functional mdx studies. Stress-induced
inactivity, hypotension, and lethality are rescued in the Fiona/mdx
and MTBD/mdx mouse models that have full-length utrophin or
dystrophin/utrophin chimeras transgenically restored exclusively
in SkM, suggesting a vital role for SkM dystrophinopathy in
mdx stress pathology. Previous work utilizing an antisense
oligonucleotide exon-skipping approach to restore dystrophin
systemically or with brain-specific targeting demonstrate varying
degrees of protection against mdx scruff-induced inactivity [14-
16]. Our observation that mdx stress-induced freezing behavior
and lethality is rescued in mouse models that do not restore
full-length dystrophin expression to the brain [13] suggests
the existence of a SkM-CNS stress response signaling axis that
is disrupted by dystrophinopathy or secondary consequences
(chronic inflammation and dysregulated metabolic and cellular
signaling) that modulate muscle secretion of molecules with
paracrine or endocrine functions that govern inter-organ crosstalk
between SkM, the cardiovascular system, and the CNS in a stress
context.
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The kynurenine (KYN) pathway of tryptophan degradation is
one candidate metabolic pathway that could explain the hypoten-
sive vascular component as well as the SkM specificity of the
mdx stress response. KYN metabolism is constitutively active in
the liver to catabolize tryptophan and synthesize de novo nicoti-
namide adenine dinucleotide (NADY). Extrahepatic KYN activity
is catalyzed by the rate-limiting enzymes indoleamine oxygenase
(IDO) 1 and 2 expressed primarily in dendritic cells [17] and is gen-
erally a pathological phenomenon triggered by persistent inflam-
mation as a compensatory immunosuppressive response [18].
KYN pathway activation during sepsis is linked to hypotension
[19], and an oxidized precursor to KYN synthesized by IDO1 has
been shown to cause vasodilation in the presence of an inflamma-
tory environment producing high levels of reactive oxygen species
[18,20]. KYN and several of its downstream metabolites can cross
the blood-brain barrier and are excitotoxic acetylcholine receptor
agonists [18, 21]. Elevated circulating KYN levels are observed
in chronic stress exposure [22-24] and mood disorders [25-27].
Vasodilatory and neurotoxic signaling by the KYN pathway is
therefore a plausible effector of the vascular and behavioral facets
of mdx stress pathology.

The KYN pathway also regulates SkM crosstalk with the brain,
vasculature, and other peripheral organs to drive exercise and
physiological stress adaptations [22, 28, 29]. KYN is catabolized
by KYN aminotransferase (KAT) enzymes to a neuroprotective
end product, kynurenic acid (KYNA), which is unable to cross
the blood-brain barrier and acts as an acetylcholine receptor
antagonist [30]. This neuroprotective branch of the KYN path-
way is referred to as the KYNA shunt and is regulated by the
key transcriptional coactivator peroxisome proliferator-activated
receptor-y coactivator le (PGC-la). SkM KYNA shunt activation
shifts the KYN pathway balance toward KYNA production, dispos-
ing of neurotoxic metabolites and promoting SkM health [31-33].
MCK-PGC mice that overexpress PGC-1a in SkM are resilient to
chronic stress-induced depression and exhibit reduced immobil-
ity time in a forced swim test, suggesting that enhanced KYNA
shunt activity may prevent mdx stress-induced inactivity [22].
Recent evidence reveals KYN pathway alterations and reduced
levels of KATs, PGC-1a, and KYNA in the DBA/2J (D2) mdx mouse
model of DMD [34]. Thus, the KYN pathway is a potential regulator
of physiological stress responses in SkM dystrophinopathy based
on its role in stress-dependent behavioral and CNS pathology as
well as hypotension.

Here, we investigated whether extrahepatic KYN pathway acti-
vation contributes to mdx stress pathology by characterizing the
KYN pathway and downstream NADT synthetic and catabolic
pathways in SkM and circulation at baseline and after graded
stress exposure. We demonstrated attenuated KYNA shunt activ-
ity and reduced PGC-la levels in mdx mice that are restored
in MTBD/mdx mice with transgenic SkM dystrophin expression.
However, we showed that neither global IDO1 ablation nor rescue
of KYNA shunt function via SkM-specific PGC-1la expression in
mdx mice is protective against scruff-induced inactivity, which
was unexpected given the established role of the KYN pathway
in cardiovascular and SkM stress physiology. We present evidence
of altered NAD" metabolism and catabolic enzyme cluster of
differentiation 38 (CD38) activity in mdx mice after SD exposure,
but contrary to explanations, global CD38 ablation does not res-
cue mdx scruff-induced inactivity. Our findings provide valuable
insights into mdx metabolic defects and argue against KYN and
CD38 metabolic dysfunction as direct contributors to mdx stress
pathology.

Results

KYN pathway enzyme expression is altered in
mdx mice at baseline and after scruff stress

To probe the contribution of KYN pathway alterations to mdx
stress pathology, we quantified transcript and protein levels
of KYN pathway enzymes (Fig. 1A) in 12-week-old wild-type
(WT) and mdx quadriceps (quad) SkM at baseline and after
exposure to brief scruff stress. We confirmed that open field cage
locomotion activity is dramatically reduced in mdx mice following
scruff stress, despite similar activity levels between genotypes at
baseline (Fig. 1B). The three SkM-expressed KAT transcripts—
Kyat1, Kyat3, and Got2, which correspond to enzymes KAT1, KAT3,
and KAT4, respectively—were significantly reduced in mdx quad
muscle compared to WT (Fig. 1C). Protein levels of KAT3 and
KAT4, but not KAT1, were also significantly reduced in mdx quad
muscle independent of scruff stress (Fig. 1D-F). Consistent with
previous work [34, 35], mdx quad also demonstrated reduced
Ppargcla transcript (Fig. 1C; interaction: P=0.04). Interestingly,
scruff stress enhanced Ppargcla transcript abundance in WT but
not mdx SkM (Fig. 1C), corresponding with an elevation in Kyat3
and Got2 transcript levels in WT SkM after scruff exposure that is
blunted in mdx mice.

Lethal CSS promotes SkM inflammation in mdx mice that
is prevented by transgenic dystrophin (MTBD/mdx) or utrophin
(Fiona/mdx) overexpression in SkM, which both protect against
CSS-induced mortality [13]. To test whether the more mild
scruff stress imposes an analogous pro-inflammatory burden
on mdx SkM, we quantified transcript levels for the inflammatory
cytokines tumor necrosis factor (TNF/TNF), interleukin 6 (116/IL-6),
and interleukin 1 beta (I11b/IL-18) in WT and mdx SkM at baseline
and after scruff stress. Although cytokine transcript abundance
exhibited high variability between individual mdx mice, all three
cytokines were significantly upregulated in mdx SkM compared
to WT muscle (Fig. 1G-1), with a trend toward higher expression
in a post-scruff compared to baseline state.

Transcript abundance of rate-limiting enzyme Ido1 was signif-
icantly elevated in WT and mdx quad muscle after scruff stress
exposure, suggesting stress-induced extrahepatic KYN pathway
activation (Fig. 1]). However, IDO1 protein was not detected in WT
or mdx SkM by western blot analysis, using recombinant IDO1
protein and high IDO1-expressing rabbit epididymis as positive
controls (Fig. S1). Downstream KYN pathway enzymes kynuren-
inase (Kynu/KYNU) and 3-hydroxyanthranilate 3,4-dioxygenase
(Haao/3-HAO) demonstrated significantly elevated transcript
abundance in mdx SkM, and Kynu was further upregulated
after scruff exposure in mdx mice (Fig. 1J; interaction: P=0.048).
Quinolinate phosphoribosyltransferase (Qprt/QPRT) catalyzes the
catabolism of neurotoxic quinolinic acid (QA) to nicotinic acid
mononucleotide (NAMN), a precursor for de novo NAD* synthesis
(Fig. 1A). Transcript abundance of Qprt was uniquely reduced
in mdx SkM after scruff stress (Fig.1J; interaction: P=0.009),
indicating potential deficits in mdx SkM NAD* metabolism that
may be related to KYN pathway dysfunction and stress exposure.
Kynurenine monooxygenase (Kmo/KMO), the second rate-limiting
enzyme of the KYN pathway, exhibited significant transcript-
level upregulation in scruff-exposed mdx quad muscle, while
KMO protein abundance was significantly elevated in mdx quad
compared to WT muscle at baseline and decreased between
baseline and scruff-exposed mdx SkM (Fig. 1J; interaction:
P=0.002; Fig. 1K; interaction: P=0.044). These data suggest KYN
pathway dysregulation in mdx SkM and divergent transcript-and
protein-level pathway regulation.
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Figure 1. Kynurenine pathway enzyme abundance is altered in mdx skeletal muscle and corresponds with reduced PGC-1« and elevated cytokine
abundance. (A) Schematic KYN metabolic pathway overview, with neurotoxic branch enzymes (IDO1, KMO) in red, the KYNA shunt (KYNA, KAT enzymes)
in green, and de novo NAD" synthesis metabolites (QA, NAMN, NA, NAD') in blue (created with BioRender.com). (B) Open field activity cage horizontal
locomotion activity in WT and mdx mice as a readout for scruff stress response in WT and mdx mice, with distances presented as a 30 min total before
and after a 30 s scruff exposure. (C-F) gPCR and western blot analysis of KAT enzyme and Ppargcla abundance in quad muscles from WT and mdx mice
at baseline and after scruff stress. (G-I) gPCR analysis of mRNA levels of cytokines in quad muscles from WT and mdx mice at baseline and after scruff
stress. (J and K) gPCR and western blot analysis of neurotoxic KYN pathway enzyme abundance in quad muscles from WT and mdx mice at baseline
and after scruff stress. Bar graphs depict mean values (+SEM) from n =4-7 mice/group. Comparisons between groups were made using two-way ANOVA
with Tukey’s multiple comparisons test (*P < 0.05; **P < 0.01; ***P <0.001; ***P < 0.0001).

Altered stress-related neurotoxic KYN pathway
metabolites in mdx plasma

To assess KYN pathway dynamics under basal and stress-exposed
conditions, we quantified KYN metabolites in plasma from
healthy and mdx mice at baseline and 30 min after scruff stress.
As a comparison between mild and severe physiological stressors,
we also analyzed KYN metabolites from mice exposed to an acute
version of CSS termed social defeat (SD) stress, in which tissues
were collected at the 6-h time point following CSS onset. We have
previously demonstrated that plasma corticosterone is elevated
in mdx mice at the 30 min post-scruff and 6 h mid-CSS intervals
[13], suggesting that relevant stress-induced metabolic alterations

may be captured at these time points. The MTBD/mdx mouse,
which expresses a full-length dystrophin/utrophin chimera in
SkM and is protected against scruff-induced inactivity and SD-
induced lethality [13], was included to assess whether MTBD/mdx
stress resilience corresponds with improved KYN pathway
function. A customized targeted multiple reaction monitoring
(MRM) liquid chromatography-tandem mass spectrometry (LC-
MS/MS)-based KYN metabolite panel was adapted from previous
work [36, 37] and performed using plasma collected from separate
cohorts of WT, mdx, and MTBD/mdx mice at baseline, 30 min
after scruff stress, or 6 h after SD stress. Despite elevated Idol
transcript abundance in SkM after scruff exposure (Fig. 1G),
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Figure 2. Circulating neurotoxic KYN pathway metabolites ratios indi-
cate reduced peripheral IDO1 activity in mdx mice. (A and B) Targeted
metabolomics analysis of plasma KYN and Trp metabolite levels pre-
sented as a ratio to represent peripheral IDO1 enzymatic activity in WT,
mdx, and MTBD/mdx mice at baseline, after scruff stress (A), or after
social defeat stress (B). (C and D) Plasma 3-HK and KYN metabolite levels
presented as a ratio to represent peripheral KMO enzymatic activity in
WT, mdx, and MTBD/mdx mice at baseline, after scruff stress (C), or after
social defeat stress (D). Bar graphs depict mean values (£SEM) from
n=4-8 mice/group. Comparisons between groups were made using two-
way ANOVA with Tukey’s multiple comparisons test (*P < 0.05; **P < 0.01;
***P < 0.001; ***P < 0.0001).

neither scruff nor SD stress corresponded to an elevation in
the ratio of KYN to tryptophan (Trp), which serves as proxy
for peripheral IDO1 activity (Fig. 2A and B). Instead, a minor but
significant decrement in the KYN/Trp ratio was observed in the
mdx scruff cohort (Fig. 2A), while SD was associated with an
overall significant reduction in IDO1 activity across genotypes
(Fig. 2B). The ratio of 3-hydroxykynurenine (3-HK) to KYN, a proxy
for peripheral KMO activity, was unchanged across genotypes and
stress conditions (Fig. 2C and D). Absolute Trp and 3-HK levels
exhibited a scruff-dependent elevation across genotypes, with a
significant reduction in MTBD/mdx circulating Trp content in the
SD cohort (Fig. 3A-D).

Based on transcript data indicating elevated KYNU and 3-
HAO enzyme abundance in mdx SkM, we compared the ratios
of 3-hydroxyanthranilic acid (3-HAA) to 3-HK or QA to 3-HAA
as proxies for peripheral KYNU and 3-HAO activity, respectively.
The 3-HAA/3-HK ratio was unchanged across genotypes while the
QA/3-HAA ratio was significantly reduced in mdx plasma indepen-
dent of scruff exposure (Fig. 3E and F). Quantifications for 3-HAA
were not made for the SD cohort due to poor chromatographic
resolution; therefore, KYNU and 3-HAO enzymatic activity could
not be assessed. Absolute circulating QA levels (Fig. 3G and H), as
well as its catabolic product, picolinic acid (PA; Fig. 3I and J), were
reduced in both scruff and SD mdx cohorts compared to WT, with
a deficit compared to MTBD/mdx mice also evident in the scruff

cohort (Fig. 3G and I). The reduced QA/3-HAA ratio in mdx plasma
does not reflect elevated Haao transcript levels in mdx SkM, which
may be explained by low expression of 3-HAO in SkM. The low
correspondence of intermediate KYN pathway enzyme expression
in SkM with circulating metabolite levels suggests an overall
minor contribution of SkM to the neurotoxic KYN pathway outside
of KYNA shunt regulation. However, the observed depletion of QA
in mdx circulation suggests reduced intermediate mdx KYN path-
way flux and substrate availability for de novo NAD" synthesis
that may be influenced by dystrophinopathy beyond the SkM.
Overall, mdx and MTBD/mdx mice exhibited similar neurotoxic
KYN metabolite levels in plasma at the post-stress time points
assessed, suggesting that differences in stress responses between
dystrophin-deficient and dystrophin-replete mice may be driven
by transient changes in circulating neurotoxic KYN metabolites
at an earlier time point than we measured or by an alternative
mechanism beyond the KYN pathway.

Ablation of IDO1 fails to rescue scruff-induced
inactivity in mdx mice

To directly test the role of the extrahepatic KYN pathway in
mediating the exaggerated stress responses of mdx mice, we phar-
macologically inhibited and genetically ablated the pathway’s
rate limiting enzyme, IDO1. Pretreatment with the IDO1 inhibitor
1-MT did not prevent mdx scruff-induced inactivity (Fig. 4A). To
avoid the potentially stressful handling of mice associated with
administration of 1-MT, we crossed mice with global IDO1 deletion
onto an mdx background (IDO-KO/mdx) to characterize stress
resiliency in a genetic mdx model lacking extrahepatic KYN path-
way activity through the primary rate-limiting enzyme. We veri-
fied IDO1 genetic ablation in quad muscle, lungs, and spleen with
gRT-PCR (Fig. 4B). IDO1 mediates immunosuppressive signaling
[38, 39], and we confirmed that loss of IDO1 immunoregulation
corresponded with elevated transcript levels of cytokines IL-6,
and IL-18, but not TNF, in IDO-KO/mdx quad muscle compared
with mdx mice (Fig. 4C-E). Neither heterozygous (IDO*/~/mdx) nor
homozygous (IDO-KO/mdx) knockout mice were protected against
scruff-induced inactivity (Fig. 4F), indicating that IDO1-catalyzed
KYN pathway activity does not mediate the aberrant behavioral
response to scruff in mdx mice.

Transgenic SkM dystrophin expression rescues
the KYNA shunt in mdx mice

We demonstrated that murine SkM does not express appreciable
levels of IDO1 protein (Fig. S1) and whole-body IDO1 ablation
does not prevent mdx scruff-induced inactivity (Fig. 4F). The SkM
KYNA shunt is an established regulator of the peripheral KYN
pathway independent of IDO1 and disposes of excess circulating
neurotoxic KYN by producing KYNA, a neuroprotective metabolite
associated with increased stress resiliency [22]. Based on observed
deficits in Ppargcla and KAT enzyme abundance in dystrophin-
deficient SkM (Fig. 1C E and F), we hypothesized that reduced
KYNA shunt activity drives mdx stress pathology. Therefore, we
assessed whether stress-resilient MTBD/mdx mice expressing SkM
dystrophin present with a restored KYNA shunt and improved
balance between KYN and KYNA production. While basal circu-
lating KYNA levels were similar between mdx and MTBD/mdx mice
(Fig. SA), genotype had a significant effect on plasma KYN levels
in the SD cohort, with a trend toward reduced KYN in MTBD/mdx
plasma (Fig. 5E). Additionally, scruff-dependent elevation in cir-
culating KYNA and KYN was significantly blunted in mdx mice
(Fig. SA and B), while SD stress depleted plasma KYNA levels and
did not affect KYN content across genotypes (Fig. 5D and E). The
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at baseline, after scruff stress (G), or after social defeat stress (H). (I and J) Plasma picolinic acid metabolite levels in WT, mdx, and MTBD/mdx mice at
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Figure 4. Global pharmacological IDO1 inhibition and genetic IDO1 ablation do not prevent scruff -induced inactivity in mdx mice. (A) Ratio of open
field horizontal locomotion distance for 30 min before and after a 30 s scruff exposure in WT and mdx mice treated intraperitoneally (i.p.) with saline,
as well as mdx mice treated i.p. with 80 mg/kg 1-methyltryptophan (1-MT). (B) gPCR analysis of mRNA levels of IDO1 in quad, lung, and spleen tissue
from mdx and IDO-KO/mdx mice with both alleles deleted for IDO1. (C-E) qPCR analysis of cytokine mRNA abundance in quad muscle from mdx and
IDO-KO/mdx mice. (F) Ratio of open field horizontal locomotion distance for 30 min before and after a 30 s scruff exposure in WT, mdx, and heterozygous
(IDO*/~/mdx) and homozygous IDO-KO/mdx mice. Bar graphs depict mean values (+SEM) from n = 3-8 mice/group. Comparisons between groups were
made using two-tailed unpaired t test or one-way ANOVA with Tukey's multiple comparisons test (*P < 0.05; **P <0.01; ***P < 0.001; ***P < 0.0001).

plasma KYNA/KYN ratio, which is used to represent peripheral
KAT enzymatic activity, was significantly reduced in mdx mice
independent of stress exposure and was not different from the
WT ratio in MTBD/mdx plasma (Fig. 5C and F). A significant main
effect was observed for both scruff and SD stress in modifying the
KYNA/KYN ratio (Fig. 5C and F), reflecting elevation and deple-
tion of KYNA levels after scruff and SD stress exposure, respec-
tively. Overall, these data demonstrate a significant reduction
in circulating neurotoxic KYN levels and significantly increased
KAT activity in MTBD/mdx mice, suggesting that SkM dystrophin
expression restores the mdx peripheral KYNA shunt.

PGC-1« overexpression rescues the KYNA shunt
but not scruff-induced inactivity in mdx mice
Given that MTBD/mdx mice have normal KYNA shunt function
(Fig. 5C and F) and also present with WT-like post-scruff activity
[13], we hypothesized that overexpression of PGC-1e«, a regulator
of the SkM KYNA shunt [22, 31], would likewise lead to protection
from scruff in mdx mice. We therefore generated transgenic mdx
mice that overexpress PGC-1a exclusively in SkM [40]. PGC-1a and
KAT transcript content was restored to WT levels in MTBD/mdx
SkM, while SkM-specific PGC-1a overexpression in mdx mice (PGC-
mdx) was validated to significantly enhance Ppargcla, Kyat3, and
Got?2 transcript levels over all other genotypes (Fig. 6A). Notably,
protein-level KAT expression in PGC-mdx SkM displayed isoform
dependence, with a significant elevation in KAT1 and KAT4, but
not KAT3, protein levels in PGC-mdx quad muscle (Fig. 6B-D).
Despite upregulation of KAT expression in PGC-mdx SkM, PGC-mdx
mice were not protected from scruff-induced inactivity (Fig. 6E).
Previous work has demonstrated that SkM PGC-la over-
expression leads to increased utrophin expression in mdx
mice [35, 41]. We have shown that transgenic SkM utrophin

overexpression in the Fiona/mdx mouse prevents scruff-induced
inactivity [13], (Fig.6E). Since PGC/mdx mice displayed mdx-
like scruff-induced inactivity (Fig. 6E), we compared utrophin
protein levels between WT, mdx, PGC/mdx, and Fiona/mdx mice to
determine whether the magnitude of utrophin overexpression
influences mdx scruff susceptibility. WT, mdx, and PGC/mdx
utrophin protein levels in quad, gastrocnemius (GAS), soleus
(SOL), and extensor digitorum longus (EDL) muscle were
similar, while Fiona/mdx mice exhibited significant utrophin
upregulation compared to WT (quad: 77-fold; GAS: 12-fold;
SOL: 3-fold; EDL: 17-fold) (Fig. 6F). These results suggest that
any mild utrophin upregulation observed in PGC/mdx SkM is
not sufficient to prevent scruff-induced inactivity. Altogether,
these data demonstrate a persistence of aberrant mdx scruff
responsiveness despite restoration of the SkM KYNA shunt and
PGC-1« transcriptional regulation. SkM-regulated KYN buffering
via the KYNA shunt and overall KYN pathway dysfunction
do not appear to play a central role in mdx behavioral scruff
pathology.

Basal and stress-induced CD38 and NAD"
metabolic dysfunction in mdx mice

Dystrophin-deficient mdx mouse and DMD patient SkM both
present with an NAD' deficit [42-44], but there is conflicting
evidence regarding the efficacy of therapeutic attempts to replete
NAD™ via nicotinamide riboside (NR) and the salvage pathway
(Fig. 7A) in mdx mice [42, 45, 46]. Because the de novo NAD*
precursor QA is reduced in mdx plasma (Fig. 3G and H), we
assessed whether KYN pathway flux contributes to mdx NAD*
deficits. We performed targeted MRM LC-MS/MS metabolomics
to characterize NAD* synthesis and catabolism in quad muscle
(Fig. 7) and plasma (Fig. 8) from WT, mdx, and MTBD/mdx mice
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at baseline and after SD stress, a condition that more starkly
depletes QA across genotypes than scruff stress (Fig. 3H). Our
results indicate a reduction in NAD* content in mdx SkM, with
a non-significant trend between WT and baseline mdx (P=0.058)
muscle and a significant reduction in post-SD mdx SkM compared
to WT and MTBD/mdx muscle (Fig. 7B; interaction: P=0.016),
as well as a non-significant trend (P=0.079) toward elevated
absolute NADH content in mdx SkM (Fig. 7C; interaction: P = 0.004).
Dystrophin-deficient mdx SkM exhibits a shift toward a reduced
NAD*/NADH ratio at baseline, and all groups demonstrate a shift
toward reduction after a SD stress exposure (Fig. 7D; interaction:
P=0.004). This data suggests that the lowered NAD*/NADH ratio
observed in mdx SkM and across all genotypes following SD stress
may be reflective of depleted NAD' due to catabolism rather
than reduction to NADH. Similar to SkM, plasma levels of NAD*

were reduced after SD stress exposure across genotypes (Fig. 8A).
However, NADH could not be accurately quantified in our plasma
samples, preventing us from determining whether a shift toward
NAD™ catabolism or reduction to NADH explains lower circulating
NADT levels in a post-SD condition.

Preiss-Handler pathway metabolites nicotinic acid (NA), nico-
tinic acid mononucleotide (NAMN), and nicotinic acid adenine
dinucleotide (NAAD) have been reported to be at low abundance
and demonstrate suboptimal chromatographic peak shape in
plasma and SkM [36, 47]. Indeed, we were unable to quantify NA,
NAMN, and NAAD using our LC-MS/MS targeted metabolomics
method. However, metabolic intermediates in the NAD* salvage
and CD38-catalyzed catabolic pathways were quantified with
the exception of nicotinamide (NAM) in SkM, which was above
the instrument LOD, potentially due to sample matrix effects.
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Both mdx and MTBD/mdx mice exhibited elevated circulating
levels of NR (Fig.8B), a salvage pathway substrate that is
metabolized to NAD' via enzymatic conversion to either NAM
or nicotinamide mononucleotide (NMN). SkM NR content was not
altered among groups (Fig. 7E). In accord with elevated plasma NR
content, NAM levels were increased in mdx and MTBD/mdx plasma
(Fig. 8C). However, NMN content was not significantly different
between groups in plasma or SkM (Figs 7F and 8D). Finally, CD38
catabolic product adenosine 5'-diphosphoribose (ADPR) exhibited
SD-dependent elevation that resulted in an increased ratio of
ADPR to NAD* in mdx SkM (Fig. 7G and H). In comparison, CD38

catabolite cyclic ADPR (cADPR) was also elevated relative to NAD*
after SD stress, but absolute cADPR content was reduced in
mdx SkM (Fig. 7I; interaction: P=0.004; Fig. 7]). Circulating ADPR
and cADPR levels were not significantly altered between groups
(Fig. 8E and G). However, the ratio of each CD38 metabolite to
NAD™ did exhibit SD-dependent elevations in mdx and MTBD/mdx
plasma (Fig. 8F and H), corresponding to increased circulating
NAM content. Altogether, these data suggest altered NAD* flux
through salvage and catabolic pathways that support increased
CD38 activity in dystrophin-deficient mice after exposure to a
psychosocial stressor to which mdx mice are lethally susceptible.
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CD38 metabolic activity was recently demonstrated to drive
lethal g-adrenergic agonist-induced cardiac arrhythmia in mdx
mice, and global CD38 ablation improves cardiac and SkM
pathology in young and aged mdx mice [43]. Our NAD" pathway
metabolomics data (Figs 7 and 8) aligns with published targeted
metabolomics data reporting CD38 hyperactivity in mdx SkM [43].
We employed a complementary fluorescence-based enzymatic
assay [48] to confirm significantly elevated basal CD38 hydrolase
(ADPR production) and cyclase (cADPR production) activity in
mdx quad muscle compared to WT muscle at baseline and after
scruff or SD stress (Fig. 9A and B). Next, we generated mdx mice
with global CD38 genetic ablation (CD38-KO/mdx) to determine
whether SkM CD38 hyperactivity drives mdx susceptibility to
physiological stress. We verified that elevated CD38 hydrolase and
cyclase activity in mdx quad muscle is dramatically attenuated
in CD38-KO/mdx muscle (Fig. 9C and D). We also validated Cd38
transcript ablation in CD38-KO/mdx cardiac and quad muscle
with gRT-PCR (Fig. 9E). We tested scruff stress susceptibility
in CD38-KO/mdx mice, but did not observe protection from
exaggerated scruff-induced inactivity (Fig. 9F). Our data confirm
CD38 hyperactivity in mdx SkM, but do not support a role for CD38

in mdx pathological responses to physiological stress exposure.
Instead, these results suggest that distinct mechanisms regulate
mdx cardiac susceptibility to B-adrenergic agonism and stress
pathology resulting from scruff handling.

Discussion

To elucidate metabolic contributions to mdx stress pathology, we
characterized KYN metabolism in mdx mice under basal or stress-
exposed conditions along two main branches: neurotoxic KYN
metabolism and the neuroprotective KYNA shunt. Contrary to our
hypothesis, mdx mice do not exhibit elevated circulatory levels of
neurotoxic KYN metabolites that would indicate KYN pathway
hyperactivation in response to physiological stress. Global genetic
ablation of extrahepatic KYN pathway rate-limiting enzyme IDO1
on an mdx background also had no protective effect on the mdx
scruff-induced inactivity phenotype. Our findings demonstrate a
defect in the KYNA shunt in mdx mice, consistent with a recent
report that showed reduced SkM PGC-le and KAT expression,
as well as lower KYNA levels, in the more severely affected
D2-mdx mouse compared with WT mice [34]. Evidence from
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cultured myotubes shows that PGC-1a overexpression modulates
the KYNA shunt of the KYN pathway in a muscle fiber-specific
manner [22], suggesting that KYNA shunt dysregulation in mdx
SkM is largely driven by dystrophin-deficient muscle fibers within
the SkM compartment. Notably, MTBD/mdx mice, which express
a full-length dystrophin/utrophin chimera in SkM and do not
display post-scruff inactivity, exhibited a WT-like KYNA/KYN
ratio and Ppargcla transcript level (Figs 5C, F and 6A), further
indicating that SkM dystrophinopathy drives KYNA shunt dys-
function. Our data reveal an association between scruff exposure,
elevated SkM Ppargcla transcript abundance, and increased
KYNA shunt function in WT mice that is blunted in mdx mice
(Figs 1C-F and SA, B), suggesting a regulatory role for the KYNA
shunt in stress resilience or vulnerability. However, enhanced

SkM KAT expression and PGC-la transcriptional co-regulatory
activity in the PGC-mdx mouse model did not result in protection
against mdx scruff-induced inactivity. In addition to KYN pathway
dysfunction, dystrophin-deficient mdx mice also demonstrated
altered NAD' metabolism that may impact mdx stress physiology.

KYN pathway dysfunction has been proposed as a key media-
tor of numerous pathologies with an inflammatory component,
including behavioral maladaptations to stress [26, 49], depres-
sion and mood disorders [50], age-related sarcopenia [51, 52],
and cancer [53]. Our results from pharmacological and genetic
manipulation of the extrahepatic KYN pathway suggest that,
contrary to expectations, KYN pathway hyperactivity does not
play a central role in the exaggerated acute stress response of
mdx mice, acute stress response of mdx mice, although we did
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Figure 9. CD38 metabolism is elevated in mdx SkM, but does not mediate
mdx scruff-dependent inactivity. (A and B) Fluorescence-based CD38 dual
enzymatic activity analysis of CD38 hydrolase (A) and cyclase (B) activity
in WT and mdx quadriceps muscle at baseline (n=>5 mice/group), 30 min
after scruff exposure (n=>5-6 mice/group), or after social defeat stress
(n=3-4 mice/group). (C and D) Baseline CD38 enzymatic activity analysis
of CD38 hydrolase (C) and cyclase (D) activity in WT, mdx, and CD38-
KO/mdx quadriceps muscle (n=5 mice/group). (E) gRT-PCR analysis of
Cd38 mRNA abundance in WT (n=3 mice), mdx (n=3 mice), and CD38-
KO/mdx (n=4 mice) quadriceps and cardiac muscle. (F) Ratio of open field
horizontal locomotion distance for 30 min before and after a 30 s scruff
exposure in WT, mdx, and CD38-KO/mdx mice. Bar graphs depict mean
values (£SEM). Comparisons between groups in (A and B) were made
using unpaired t-tests. Comparisons between groups in (C-F) were made
using one-way ANOVA with Tukey’s multiple comparisons test (*P < 0.05;
**P <0.01; ***P < 0.001; ***P < 0.0001).

not test KYN metabolic regulation over a longer post-stress time
course or in response to prolonged CSS. Moreover, we demon-
strate that the manifold benefits of PGC-la overexpression to
mdx SkM function—for example, improved mitochondrial biogen-
esis, enhanced utrophin expression, increased oxidative capacity,
and reduced susceptibility to contraction-induced injury [35, 40,
41, 54]—are not sufficient to improve scruff-induced inactivity.
We have previously established that utrophin overexpression in
Fiona/mdx SkM is protective against stress susceptibility [13],
(Fig. 6E). Here we demonstrate that the level of SkM utrophin over-
expression is crucial for mdx stress resilience, since PGC/mdx that
do not upregulate SkM utrophin to the same level as Fiona/mdx
(Fig. 6F) remain inactive after scruff exposure (Fig. 6E). Our data
is consistent with the finding that rescuing the primary mdx
defect by repletion of full-length dystrophin or utrophin in SkM
is protective against mdx stress pathology [13]. In light of the pro-
tection conferred by SkM PGC-1a overexpression against chronic
stress-induced depression in WT mice [22], our data suggests that
scruff-induced inactivity in mdx mice occurs via a mechanism
that is distinct from the depressive or anxiety-like behavioral
responses mediated by chronic inflammation and KYN path-
way neurotoxicity. Further experimentation is required to deter-
mine whether global IDO1 ablation or KYNA shunt restoration
via PGC-1la overexpression in SkM prevent mdx hypotension and

lethality responses to CSS, which involves sustained hypotension
in moribund mdx mice [13] and triggers depressive behavior in WT
mice [55]. Genetic modulation of KYN pathway activity to reduce
circulating vasodilatory and neurotoxic KYN intermediates may
improve both WT and mdx pathological responses to the acute
phase of CSS.

Our investigation focused on metabolic alterations in mdx mice
that are hypothesized to originate with chronic inflammation
caused by asynchronous cycles of dystrophin-deficient muscle
degeneration and repair. The experiments performed to address
this hypothesis also provided clues as to whether inflammation
itself, upstream of its effects on metabolic function, is key to
mdx stress pathology. PGC/mdx mice restore the KYNA shunt
of the KYN pathway in SkM, while CD38-KO/mdx mice prevent
CD38 hyperactivity and restore NAD* globally, and both genetic
models also ameliorate muscle fiber injury and inflammation
in mdx mice [35, 41, 43]. Neither PGC/mdx nor CD38-KO/mdx mice
were protected from exaggerated scruff inactivity (Figs 6E and 9F),
suggesting that KYN or NAD' metabolic dysfunction and inflam-
mation alone are insufficient to explain mdx stress susceptibility.
In contrast, stress protection in MTBD/mdx and Fiona/mdx
mice that transgenically replete dystrophin/utrophin—and
consequently exhibit reduced SkM injury and inflammation
(Fig. 6E) [13]—indicates that utrophin or dystrophin repletion,
rather than reduced inflammation alone, is key to rescuing
mdx stress pathology. Our findings do not exclude a role for
inflammation in the mdx stress response mechanism, but do
suggest the involvement of additional dystrophin-dependent
contributors that remain to be identified.

An unexpected finding from our mdx KYN pathway investi-
gation was that the terminal KYN pathway metabolite and sub-
strate for the de novo NAD* synthesis pathway, QA, is reduced in
mdx circulation (Fig. 3G and H). Reduced plasma QA levels may
be explained by reduced extrahepatic KYN metabolic flux in
muscle, immune cells, or other KYN enzyme-expressing tissues,
as well as by increased QA tissue uptake from circulation. The
metabolomics methods used in this study involve targeted quan-
tification of specified pathway metabolites from a limited num-
ber of tissues collected at a single time point. Our methodolo-
gles preclude us from making conclusions about tissue origins
of metabolite production, metabolic inter-organ exchange, alter-
ations in central carbon metabolism that regulates NAD" levels,
or metabolic pathway flux over the course of a stress expo-
sure and recovery. However, the known defect in mdx NAD* SkM
metabolism [42-44], as well as the observation that NAD" and
QA levels are recovered in MTBD/mdx mice that differ from mdx
mice specifically in the expression of SkM dystrophin, provide
a compelling case for the contribution of SkM to mdx KYN and
NAD™T metabolic dysfunction.

We demonstrated that NAD* levels are reduced in mdx SkM
and the NAD*/NADH redox pair is shifted toward a more reduced
state at baseline, while the NAD*/NADH ratio is reduced in
both healthy and mdx SkM after a psychosocial stress exposure
(Fig. 7B-D). However, MTBD/mdx mice also exhibit a reduced
NAD*/NADH ratio at baseline (Fig. 7D), which suggests that
NAD* redox balance may not be entirely dependent upon
SkM dystrophin expression or influence stress susceptibility.
Circulating NAD* levels are reduced independent of genotype
after SD stress (Fig. 8A). These data align with the observation that
circulating QA levels are reduced independent of genotype after
SD stress exposure and suggests a dystrophinopathy-independent
mechanism for NAD" depletion after stress that may rely on
reduced KYN pathway flux through de novo NAD* synthesis.
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NAD™T salvage pathway metabolism appears largely unal-
tered between healthy and mdx SkM, while salvage pathway
metabolites NR and NAM, but not NMN, are elevated in mdx and
MTBD/mdx circulation independent of stress exposure (Fig. 8B-D).
NMN is a direct NAD" precursor, whereas NR and NAM must
be metabolized to NMN to regenerate NAD". Unchanged levels
of NMN in mdx SkM and circulation (Figs 7F and 8D), along
with reduced NAD" content (Fig. 7B) and elevated circulating
salvage pathway precursor abundance (Fig. 8B and C), suggests
a potential blockade in mdx NAD* salvage pathway flux at the
level of NR and NAM. Indeed, the enzymes that convert NR and
NAM to NMN, nicotinamide riboside kinases 1 and 2 (NRK1/2) and
nicotinamide phosphoribosyltransferase (NAMPT), respectively,
were previously shown to be transcriptionally downregulated in
mdx SkM [42, 43]. NAMPT, which is a rate-limiting salvage pathway
enzyme, was also reduced at the transcript level in human DMD
SkM biopsies and at the protein level in mdx muscle [42]. In
contrast, NMN-converting enzymes NMN adenylyltransferases
(NMNATs) were transcriptionally upregulated in mdx SkM, but
protein levels of NMNATs were unchanged between WT and
mdx muscle [42]. These data supports a blockade in mdx salvage
pathway metabolism at the step of NR/NAM conversion to
NMN and may explain the underwhelming performance of NR
supplementation as a therapeutic strategy for recovering mdx
NADT levels and muscle function [45, 46, 56].

NAD™ deficits in mdx SkM do not appear to be adequately
explained by reduced salvage pathway flux, because both mdx
and MTBD/mdx mice exhibited elevated circulating NAM and
NR levels (Fig. 8B and C), whereas NAD* content was repleted in
MTBD/mdx SkM (Fig. 7B). An alternative route for NAD* depletion
is through catabolism by poly (ADP-ribose) polymerases (PARPs),
sirtuins, and CD38, which generate NAM as a byproduct. CD38
produces NAM as well as ADPR and cADPR, 2 s messenger metabo-
lites that regulate intracellular calcium flux and are elevated
by inflammatory cytokines under pathological conditions such
as airway hyper-responsiveness, diet-induced obesity, and age-
related disease [57, 58]. Cytokine-induced CD38 hyperactivity in
dystrophin-deficient muscle is thus a potential contributor to
NAD* defects and calcium handling dysregulation in mdx mice.
Indeed, recent reports have suggested that CD38 pharmacological
blockade and genetic ablation are more effective than NR as an
NAD*-repletion strategy in mdx skeletal and cardiac muscle [43,
45]. Global CD38 genetic ablation in mdx mice has also been
shown to improve muscle function, reduce fibrosis, and pre-
vent mdx lethality in response to pharmacological g-adrenergic
receptor (B-AR) agonism with isoproterenol [43]. The protective
effects of CD38 ablation against pharmacological stress have been
attributed to restored cardiomyocyte calcium homeostasis and
reduced ryanodine receptor opening that triggers arrhythmogenic
calcium (Ca?*) sparks in response to g-AR agonist treatment in
mdx mice [43].

Our targeted metabolomics data suggests that CD38 catabolic
activity is upregulated in mdx mice after psychosocial stress, as
indicated by an elevated ADPR/NAD™ ratio in SkM and plasma
from SD-exposed mdx mice (Figs 7H and 8E). CD38 is a multifunc-
tional enzyme that possesses both ADP-ribosyl cyclase and cADPR
hydrolase activity to produce cADPR and ADPR, respectively [58].
An orthogonal fluorescence-based approach to measure dual
CD38 enzymatic activity [48] supported our metabolomics data
and revealed both elevated CD38 hydrolase and cyclase activity
in mdx SkM at baseline and after graded forms of physiological
stress exposure (Fig. 9A-D).

CD38 hyperactivity in dystrophin-deficient muscle compart-
ments may be key to the regulation of intramuscular NAD*
content, B-AR agonist-induced cardiac arrhythmias, and mdx
muscle function by CD38. Although we did not assess NAD"
metabolic alterations in the mdx heart, the trend toward increased
ADPR/NAD™ that is present in both SkM and plasma suggests that
ADPR and/or cADPR could be secreted into the circulation by SkM
and taken up by the heart to influence cardiac second messenger
levels and Ca®* influx into cardiomyocytes. Additionally, CD38
inhibition has been shown to ameliorate mdx alterations in
glycolytic and pentose phosphate pathway metabolism [45],
suggesting that CD38 pathway dysfunction has a broader impact
on central metabolism in mdx skeletal and cardiac muscle that
may impact mdx muscle function.

In light of our finding that CD38 metabolism is uniquely altered
in mdx mice after psychosocial stress, we investigated the poten-
tial for CD38 genetic ablation to protect against mdx stress pathol-
ogy and did not observe amelioration of scruff-induced inactivity
in the CD38-KO/mdx mouse model (Fig. 9F). The beneficial effects
of CD38 ablation on mdx skeletal, cardiac, and respiratory muscle
function and histopathology, as well as the protection against
isoproterenol-induced lethality [43], indicates that CD38 plays an
important role in regulating DMD disease progression through a
mechanism thatisindependent from the pathway that influences
mdx stress pathology. Our previous work demonstrated correc-
tion of mdx stress pathology without cardiac protection [13], and
retention of CD38-KO/mdx stress pathology in the current work
suggests that improved Ca?* regulation, cardiac improvements,
and reduced arrhythmia susceptibility are insufficient to rescue
mdx vulnerability to scruff stress.

Conclusions

The KYN pathway is gaining notoriety as a biomarker for and
modulator of exercise adaptations, as well as a mediator of patho-
logical stress response in a pro-inflammatory context [28, 31,
33]. Despite evidence that mdx SkM exhibits a deficit in neuro-
toxic KYN disposal through the KYNA shunt, our data do not
demonstrate a protective role for rescuing the SkM KYNA shunt or
ablating extrahepatic KYN pathway activity in mdx mice acutely
exposed to stressful scruff handling. CD38 has recently received
attention for its contributions to cardiac and SkM NAD* deficits,
Ca’* dysregulation, oxidative stress, and muscle frailty in DMD
and aging contexts [43, 45, 59]. We confirmed a defect in mdx
NAD* metabolism and show that mdx mice exhibit elevated CD38-
NAD™-ase activity at baseline and after stress exposure. However,
global CD38 ablation did not prevent scruff-induced inactivity in
mdx mice, suggesting that CD38-mediated cardiac and SkM NAD*
deficiency and Ca?* dysregulation are not central to mdx physi-
ological stress susceptibility. Exploration of alternative metabolic
and signaling pathways that mediate inter-organ crosstalk in a
physiological stress context will provide new insights into the
mechanism underlying mdx stress pathology.

Materials and methods

Mice

All mice used in this study were adult males (3-4 months of
age). Animal care and experimental procedures were approved
by the Institutional Animal Care and Use Committee (IACUC)
of the University of Minnesota. C57BL10/] mice used as wild-
type controls and C57BL/10ScSn-Dmd™®/] (mdx) mice were
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bred in-house or purchased from The Jackson Laboratory. The
MTBD/mdx transgenic mouse line expressing a human skeletal
actin promotor-driven full-length dystrophin/utrophin chimera
with microtubule-binding spectrin repeats 20-24 of dystrophin
replaced by non-binding repeats 18-22 of utrophin was generated
previously [60] and bred in-house. The Fiona/mdx transgenic
mouse line expressing a human skeletal actin promotor-driven
full-length utrophin transgene was generated previously [61]
and bred in-house. Skeletal muscle-specific PGC-1la transgenic
mice (MCK-PGC-1a) with PGC-1la overexpression driven by the
Cre promotor [40] were generously provided by Glenn Rowe
at the University of Alabama [35] and backcrossed onto the
mdx background in our colony to generate PGC/mdx mice. Mice
from the B6.129-1do1™!4M/] strain (IDO KO; JAX stock #005867)
[62] with beta-galactosidase and neomycin resistance genes
substituted for exons 3-5 encoding the enzyme catalytic site
in IDO1 were purchased from The Jackson Laboratory and
backcrossed onto the mdx background to generate IDO-KO/mdx
mice. CD38-KO mice with global CD38 enzyme ablation were
generously provided by Alonso Guedes at the University of
Minnesota [58] and backcrossed onto the mdx background in our
colony to generate CD38-KO/mdx mice. Mice were group housed
following standard specific pathogen free (SPF) procedures with
ad libitum access to food and water on a 12-h light/dark cycle.
Male CD1 mice that were used in the social defeat stress protocol
as aggressive resident mice were purchased from Charles River
Laboratories and individually housed in cages with the same
general environmental conditions as described above.

Scruff-induced inactivity

Activity was monitored using the SuperFlex Open Field activ-
ity monitoring system with AccuScan Fusion software (Version
3.4) by Omnitech Electronics, Inc. Activity was determined by
total locomotion distance, measured by infrared beam breaks.
Mice were individually placed in open-field cages for 30 min to
record baseline locomotor activity, then were removed from the
open-field cage and scruffed for 30 s by grasping the mouse by
the nape of its neck and placing the tail between the palm of
the hand and the 5% digit. Immediately following completion
of the scruff, mice were placed back into the open-field cage
and activity was monitored for an additional 30 min. Data are
presented as total pre- and post-scruff locomotor activity or as
a ratio of post:pre-scruff locomotor activity. After completing
30 min post-scruff activity cage monitoring, mice were anes-
thetized using tribromoethanol (Avertin) and euthanized via cer-
vical dislocation. Skeletal muscle and plasma from blood obtained
via cardiac puncture were collected for downstream biochemical
analysis.

6 hour social defeat (SD) stress

The SD stress protocol was modified from our established protocol
as an abbreviated and acute form of CSS [6, 13, 55]. Experimental
mice were placed into the home cage of an aggressive resident
CD1 mouse and exposed to a 10-min social defeat episode by
the CD1 mouse. Experimental mice and resident CD1 mice were
then separated with a cage divider and kept in sensory contact
without physical interaction for 6 h, then experimental mice
were euthanized via CO, and cervical dislocation. Skeletal muscle
and plasma from trunk blood were collected for downstream
biochemical analysis.

Pharmacological pre-scruff treatment

Dystrophin-deficient mdx mice were randomized to receive
sterilized saline (0.9% (w/v) NaCl in PBS) or IDO1 inhibitor 1-L-
methyltryptophan (80 mg/kg) via intraperitoneal injection 1 h
prior to performing a scruff stress assay as described above.
WT mice were treated with saline as a control group and
experimenters were blinded to treatment group. Mice were
sacrificed at the experimental endpoint.

Real-time quantitative PCR

Skeletal muscle, spleen, and lung tissue was ground to a powder
using mortar and pestle in liquid nitrogen and further homog-
enized with mechanical disruption in Trizol reagent (15596-018,
Thermo Fisher). RNA was extracted using the RNeasy Mini Kit
(74104, Qiagen). Total RNA concentration and purity were deter-
mined using Ajgonso absorbance with a nanodrop spectropho-
tometer (Thermo Scientific). A standardized amount of RNA was
reverse-transcribed to cDNA with the iScript Advanced cDNA
Synthesis Kit (172-5038, Bio-Rad Laboratories), then cDNA was
amplified using the SsoAdvanced Universal SYBR Green Supermix
(172-5272, Bio-Rad Laboratories) on the C1000 Touch Thermal
Cycler (Bio-Rad). RNA was amplified using primers specific to
each gene of interest, detailed in Table S1. Housekeeping gene
HPRT was used for relative quantification of mRNA transcript
abundance. Data was analyzed using the CFX Manager 3.1 soft-
ware (Bio-Rad).

Western blotting

Quad muscle was homogenized using mortar and pestle in
liquid nitrogen. Crushed tissue was lysed with 1% sodium
dodecyl sulfate in 1xPBS with added protease inhibitors (100 nM
Aprotonin, 10 mg/ml E-64, 100 uM Leupeptin, 1 mM PMSF, 1 ug/ml
Pepstatin, 0.79 mg/ml Benzamidine). Lysates were clarified
by centrifugation, then protein content was assessed by Ajso
absorbance and samples were diluted to 2 mg/ml with PBS and 8-
mercaptoethanol for protein denaturation. Forty ug total protein
was loaded on a 10% (KYN pathway enzyme blotting) or 3%-
12% (utrophin blotting) polyacrylamide gel for 1.25 h at 150 V.
Protein was transferred to a 0.45 pum polyvinylidene fluoride
membrane (Immobilon-FL IPFL00010, Millipore Sigma) for 1 h
at 0.8 A. Membranes were blocked with 5% nonfat milk in PBS
for 1 h before overnight incubation with primary antibodies at
4°C. Primary antibodies included 1:10000 anti-GAPDH (mouse:
G8795; rabbit: G9545; Sigma-Aldrich) used as a membrane loading
control; 1:1000 anti-CCBL1/KAT1 (12156-1-AP, Proteintech); 1:1000
anti-CCBL2/KAT3 (MBS3205107, MyBioSource); 1:1000 GOT2/KAT4
(14800-1-AP, Proteintech); 1:1000 anti-IDO1 (13268-1-AP, Protein-
tech); 1:1000 anti-KMO (60029-1-Ig, Proteintech); and 1:50 anti-
utrophin (MANCHO3[8A4], DSHB). Secondary antibodies DyLight
680 and 800 (1:10000, Cell Signaling) were incubated in the dark
for 1 h at room temperature. Membranes were imaged and
densitometry quantifications were made with a Licor Odyssey
Infrared Imaging System and Image Studio Lite (5.x CLx/DLXx)
software.

Targeted metabolomics mass spectrometry

We performed two customized MRM LC-MS/MS metabolomics
experiments in collaboration with the University of Minnesota
Center for Metabolomics and Proteomics (CMSP) with modifica-
tions from previous work [36, 37, 63, 64]. Experiment 1 included
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WT, mdx, and MTBD/mdx plasma samples collected at baseline
or after a scruff protocol, while Experiment 2 included WT, mdx,
and MTBD/mdx plasma and quad samples collected at baseline or
after a social defeat stress protocol.

Experiment 1

Plasma samples were collected from WT, mdx, and MTBD/mdx
mice at baseline or 30 min after scruff exposure, then samples
were stored at —80°C until MS analysis. 25 ul plasma samples
(n="5 mice per group), as well as pooled quality control samples,
were mixed with 7.5 ul deuterated (d-) internal standard mix
(Trp-ds, 600 pg/ul; KYN-d4, 100 pg/ul; QUIN-d3, 50 pg/ul; PIC-d4,
100 pg/ul; KYNA-dS, 0.2 pg/ul) and 25 ul 0.2% (v/v) formic acid in
MS-grade water (acidified mobile phase). Sample mixtures were
pipetted in triplicate into flat-bottom 96-well plates, followed by
375 ul methanol, then the plate was sealed and briefly centrifuged
at 3000 x g. The plate was placed at —20°C for 30 min to allow
protein precipitation, then was centrifuged at 3000 x g (4°C for
15 min) before supernatants were transferred to low-binding
1.5 ml centrifuge tubes. Samples were dried under nitrogen and
resuspended in 50 ul acidified mobile phase. Unlabeled metabo-
lite standards were mixed and serially diluted, then 15 ng/ml
internal standard mix was added to each standard dilution to con-
struct a calibration curve with concentration ranges optimized for
each endogenous metabolite based on preliminary experiments.

Samples and standards (10 ul) were injected in duplicate in
randomized order and were chromatographically separated using
an Agilent 1290 Infinity II LC equipped with a Phenomenex Kine-
tex C18 100 A (150 x 2.1 mm, 2.6 um; O0F-4462-AN) analytical
column. Autosampler temperature was set to 4°C and the column
temperature was 55°C. Metabolites were eluted from the column
using a solvent gradient of two mobile phases. Mobile phase A
consisted of 0.2% (v/v) formic acid in water and mobile phase B
consisted of 95% (v/v) acetonitrile and 5% (v/v) water with 0.2%
(v/v) formic acid. The flow rate was set to 0.4 ml/min, with a
9 min total method runtime. The mobile phase gradient started
with 100% mobile phase A for 3 min, followed by 90% A/10% B for
2 min, 5% A/95% B for 1 min, and 100% A for 2 min. Metabolites
were detected using an Agilent 6495C triple quadrupole MS with
an Agilent Jet Stream electrospray ion source operating in positive
ionization mode. MS parameters are as follows: ion dwell time,
10 ms; fragmentor energy, 166 V, cell accelerator voltage, 5 V;
capillary, 3500 V; nozzle voltage, 500 V; iFunnel high pressure RF,
150 V; iFunnel low pressure RF, 60 V; gas temperature, 290°C; gas
flow, 17 1/min; nebulizer pressure, 25 psi; sheath gas temperate,
350°C; and sheath gas flow, 12 I/min. MRM acquisition parameters
and mass-to-charge ratio transitions, along with limits of quan-
tification (LOQ) for each metabolite, are reported in Table S2.

Total ion chromatograms were extracted and analyzed using
Agilent MassHunter software. Extracted ion chromatogram area
under the curve (AUC) was integrated using automatic baseline
correction for each MRM transition. KYN metabolites in a sample
were quantified by dividing the metabolite AUC by the AUC of
its respective labeled internal standard, followed by interpolation
to a calibration curve prepared fresh and injected in triplicate
at the beginning, middle, and end of the experimental run. For
metabolites without labeled internal standards, an internal stan-
dard with similar chemical composition and chromatographic
profile was used. Dilution corrections and molarity conversions
were calculated, and data are presented as bar graphs to compare
metabolite levels between different genotypes and stress treat-
ment conditions.

Experiment 2

Plasma and quad SkM samples (n=4-7 per group) were collected
from WT, mdx, and MTBD/mdx mice at baseline or 6 h post-SD
exposure. Quad muscles were flash frozen in liquid nitrogen,
then both plasma and SkM samples were stored at —80°C until
MS analysis. 40 ul plasma samples and pooled quality control
samples were mixed with 45 ul mobile phase A (5 mM ammo-
nium acetate, 5 uM medronic acid in water, pH 3.0) and 20 ul
internal standard mix (Trp-dS, 30 ng/ul; KYN-d4, 100 pg/ul; QUIN-
d3, 250 pg/ul; PIC-d4, 60 pg/ul; KYNA-dS, 500 pg/ul; 13C,, > N-3-HK,
100 pg/ul; BCs-cyclic adenosine monophosphate, 4 pg/ul; NAM-
d4, 100 pg/ul; > Ns-adenosine monophosphate, 150 pg/ul). Sample
mixtures were loaded in duplicate onto Ostro Protein Precipitation
and Phospholipid Removal Plates (186005518, Waters), then 150 ul
acetonitrile with 0.1% (v/v) formic acid was added to each well
and the Ostro plate was vortexed briefly. Samples were eluted
from the Ostro plate following the manufacturer protocol with
a vacuum manifold (186001831, Waters). Samples were dried
using a vacuum centrifuge and resuspended in 30 pl mobile
phase A, then were vortexed for 5 min and briefly centrifuged
with the supernatant used for undiluted and 1:10 diluted sample
injections. 50-100 mg quad samples were added to 85% ethanol,
15% 0.01 M phosphate buffer in a 3:1 solvent-to-tissue ratio.
SkM samples were homogenized using a bead blender (4116-
BBY24M, Next Advance) set at maximum speed for 10 min, then
samples were centrifuged at 14000 x g, 4°C for 15 min. Two
90 ul aliquots were obtained from each sample supernatant for
duplicate measurements, then 10 ul internal standard mix was
added (Trp-dS, 20 ng/ul; KYN-d4, 40 pg/ul; QA-d3, 100 pg/ul;
PA-d4, 40 pg/ul; KYNA-dS5, 50 pg/ul; 3C,,**N-3-HK, 250 pg/ul; 1*Cs-
cyclic adenosine monophosphate, 5 pg/ul; NAM-d4, 18 ng/ul; °Ns-
adenosine monophosphate, 150 pg/ul). Samples were dried using
vacuum centrifugation and resuspended in 30 pul mobile phase
A, then were vortexed, centrifuged, and diluted as for plasma
samples. Calibration standards were prepared as in Experiment
1 with internal standard mix corresponding to plasma or skeletal
muscle experimental analysis.

Standards, undiluted samples, and 1:10 diluted samples
(10 pl) were injected in duplicate in randomized order and
were chromatographically separated using a Shimadzu UFLC
XR (L20304924701 and L20434950623) equipped with an Agilent
InfinityLab Poroshell 120 EC-C18 (3.0 x 150 mm, 2.7 um) analytical
column. Autosampler temperature was set to 4°C and column
temperature was 50°C. Metabolites were eluted from the column
using a solvent gradient of two mobile phases. Mobile phase A
consisted of 5 mM ammonium acetate, 5 uM medronic acid in
water, pH 3.0, and mobile phase B consisted of methanol with 5 uM
medronic acid. The flow rate was set to 0.15 ml/min, with a 15 min
total method runtime. The mobile phase gradient started with
98% A/2% B for 11 min, followed by 100%3B for 1.5 min, 98% A/2% B
for 0.5 min, and 100% A for 2 min. Metabolites were detected using
a SCIEX 5500 triple quadrupole/linear ion trap MS with a Turbo
V electrospray ion source operating in positive ionization mode.
MS parameters are as follows: ion dwell time, 10 ms; fragmentor
energy, 166V, cell accelerator voltage, 4 V; IonSpray voltage, 4500 V;
curtain gas flow, 35 1/min; collision gas flow, medium; ion source
gas temperature, 500°C; ion source gas 1 flow, 60 I/min; ion source
gas 2 flow, 70 I/min. MRM acquisition parameters and mass-to-
charge ratio transitions, as well as LOQ for each metabolite, are
reported in Table S2. Total ion chromatograms were extracted and
analyzed using SCIEX MultiQuant software. Data were analyzed
as for Experiment 1.
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CD38 enzymatic activity assay

CD38 NAD*-ase hydrolase and cyclase activity were measured as
previously described [48] for WT, mdx, and CD38-KO/mdx quadri-
ceps muscle obtained at baseline and after scruff and 6 h SD
exposure. Briefly, 30-60 mg quadriceps muscle was homogenized
using mortar and pestle with liquid nitrogen, then lysed in sucrose
buffer (0.25 M sucrose, 40 mM Tris-HCl, pH 7.4) with sonication
and diluted in sucrose buffer to normalize protein concentration.
To 50 ug protein samples in duplicate, 50 uM nicotinamide 1,
N6-ethenoadenine dinucleotide (sc-215559; Santa Cruz Biotech-
nology) or 200 uM nicotinamide guanine dinucleotide (N5131;
Sigma-Aldrich) were added as NAD* analog substrates to mea-
sure CD38 hydrolase and cyclase activity, respectively. Recom-
binant human CD38 (2404-AC-010; R&D Systems) was tested
alongside samples as a positive control, and matrix and substrate
blanks were included. Fluorescent product formation was mea-
sured using a SpectraMax® iD3 Multi-Mode Microplate Reader
(Molecular Devices) with an emission wavelength of 300 nm and
an excitation wavelength of 410 nm. A kinetic analysis was per-
formed for 1.5 h, with readings every 50 s. Average fluorescent
values for each sample group were blank-corrected and plotted
against time in X-Y plots to obtain slopes + SEM of enzymatic
activity curves as readouts of CD38 hydrolase and cyclase activity.

Chemicals

Pharmacological agent 1-L-methyltryptophan was purchased
from Sigma-Aldrich (447439). Unlabeled chemical standards
used for LC/MS analysis were purchased from Sigma: L-
tryptophan (1700501), L-kynurenine (K8625), L-kynurenic acid
(K3375), DL-3-hydroxykynurenine (H1771), quinolinic acid (2,3-
pyridinedicarboxylic acid; P63204), 2-picolinic acid (P42800), 3-
hydroxyanthranilic acid (148776), xanthurenic acid (D120804),
B-nicotinamide adenine dinucleotide phosphate sodium salt
hydrate (NO505), g-nicotinamide adenine dinucleotide 2’-phosphate
reduced tetrasodium salt hydrate (N7505), B-nicotinamide
mononucleotide (N3501), nicotinic acid (47864), nicotinamide
(72340), nicotinic acid mononucleotide (N7764), nicotinic acid-
adenine dinucleotide (N4256), nicotinamide riboside chloride
(SMB00907), adenosine 5'-diphosphoribose sodium salt (A0752),
and adenosine 3',5-cyclic monophosphate sodium salt mono-
hydrate (A6885). Deuterium (d-), **C-, or ®N- heavy isotope
labeled standards were obtained from the following vendors:
L-tryptophan-d5 (34829; Cayman Chemical), L-kynurenine-d4
(36307; Cayman Chemical), quinolinic acid-d3 (P991633; Toronto
Research Chemicals), 2-picolinic acid-d4 (615757; Sigma-Aldrich),
kynurenic acid-d5 (K660502; Toronto Research Chemicals),
nicotinamide-d4 (DLM-6883; Cambridge Isotope Laboratories),
adenosine-Ns 5-monophosphate sodium salt (662658; Sigma-
Aldrich), and *Cs-cyclic adenosine monophosphate (A280457;
Toronto Research Chemicals). LC-MS reagents were purchased
from Sigma: methanol (34860), acetonitrile (34998), formic acid
(695076), MS-grade water (1.15333), medronic acid (M0240000),
and ammonium acetate (5330040050). Sucrose (S0389-1 kg) and
Trizma® base (T6066) were obtained from Sigma-Aldrich.

Statistical methods

All statistics were performed with GraphPad Prism, version 10.1.0.
Outlier calculations were made using Grubb’s test on each quanti-
tative data set. For comparisons between two independent groups,
an unpaired t-test was performed. For comparisons between at
least three groups and a single condition, a one-way ANOVA

609

statistical test was performed. For comparisons involving two
factors, a two-way ANOVA statistical test was performed. For
significant interaction terms, ANOVA tests were followed by a
Tukey’s multiple comparisons post-hoc statistical test. For sur-
vival comparisons between two or more groups, Kaplan-Meier
survival curve analysis was performed and statistical comparison
between curves was performed with the log-rank (Mantel-Cox)
test and Gehan-Breslow-Wilcoxon test. Values are expressed as
mean + SEM, and significance is presented as *P < 0.05, **P < 0.01,
***P <0.001, and ****P < 0.0001.
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