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RESEARCH ARTICLE
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In humans, chronic glucocorticoid use is associated with side effects like muscle wasting, obesity,
and metabolic syndrome. Intermittent steroid dosing has been proposed in Duchenne Muscular
Dystrophy patients to mitigate the side effects seen with daily steroid intake. We evaluated
biomarkers from Duchenne Muscular Dystrophy patients, finding that, compared with chronic
daily steroid use, weekend steroid use was associated with reduced serum insulin, free fatty acids,
and branched chain amino acids, as well as reduction in fat mass despite having similar BMIs.

We reasoned that intermittent prednisone administration in dystrophic mice would alter muscle
epigenomic signatures, and we identified the coordinated action of the glucocorticoid receptor,
KLF15 and MEF2C as mediators of a gene expression program driving metabolic reprogramming
and enhanced nutrient utilization. Muscle lacking KIf15 failed to respond to intermittent steroids.
Furthermore, coadministration of the histone acetyltransferase inhibitor anacardic acid with
steroids in mdx mice eliminated steroid-specific epigenetic marks and abrogated the steroid
response. Together, these findings indicate that intermittent, repeated exposure to glucocorticoids
promotes performance in dystrophic muscle through an epigenetic program that enhances
nutrient utilization.

Introduction
Tightly regulated control of muscle metabolism is essential to performance and the well being of the
whole organism (1-3). With exercise, muscle coordinately upregulates the metabolism of glucose, fatty
acids, and amino acids for energy production, and this response varies with time of day (4). In Duchenne
Muscular Dystrophy (DMD), loss of dystrophin produces a fragile muscle membrane, leading to muscle
degeneration. In addition to the primary loss of dystrophin, muscle mitochondrial function and ATP
synthetic capacity are secondarily impaired (5, 6). Glucocorticoid (GC) steroids are used in DMD, where
their use prolongs ambulation (7). However, the mechanisms by which steroids exert benefit in DMD is
not completely understood, and chronic daily intake of GCs has adverse consequences, including meta-
bolic dysfunction and obesity (8, 9). GC steroids have not been recommended for other genetic forms of
muscular dystrophy. In dysferlin-deficient muscular dystrophy, a randomized study of deflazacort in 25
patients for 6 months showed a trend toward worsening muscle function and steroid-induced side effects
compared with placebo (10). Alternative GC dosing strategies have been suggested to limit side effects
(11, 12), but the clinical benefit of these strategies are debated. Recently, we compared daily GC steroids
to an intermittent once-weekly (pulsatile) GC steroid protocol for the ability to promote muscle repair in
dystrophic mice (13, 14). Although we found that both pulsatile and daily steroids could improve muscle
repair, we made the unexpected observation that pulsatile dosing enhanced muscle performance, while
daily dosing elicited muscle wasting.

Because GC steroids act through the GC receptor (GR) with cofactors to regulate gene expression (15),
we hypothesized that once-weekly GC steroids would elicit distinct epigenomic profiles in order to have
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a sustained effect on gene expression. Here, we demonstrate that pulsatile GC steroids induced a distinct
epigenomic program in dystrophic muscle, supported by the coordinated action of GR and the additional
transcription factors KLF15 and MEF2C. In the mdx model of DMD, pulsatile steroids enhanced insulin
sensitivity and muscle uptake of glucose, fatty acids, and branched chain amino acids (BCAA); this was
associated with increased mitochondrial respiration. We further tested this concept in dysferlin-deficient
mice and found similar metabolic reprogramming. In DMD patients, we found that weekend GC steroids,
compared with daily GC steroids, were associated with reduced obesity and biomarkers of insulin resis-
tance. Together, these findings define favorable metabolic reprogramming from GC treatments in mice and
humans with muscular dystrophies.

Results

Weekend steroid exposure blunts metabolic stress in GC-treated DMD patients. Although chronic daily steroid use
improves outcomes in DMD patients (7), prolonged use of steroids also induces adverse outcomes like obe-
sity, insulin resistance, and endogenous corticosteroid suppression (9). Insulin resistance is characterized by
increased circulating insulin, glucose, free fatty acids (FFAs), and BCAA (16, 17). In DMD, most patients
receive daily steroids, but weekend high-dose treatment (1-4 mg/kg given 2 consecutive days per week) has
been proposed as an alternative to limit side effects (11). We compared clinical data and serum biomarkers
from DMD boys receiving daily (1-2.5 mg/kg) or weekend (1-4 mg/kg) steroids (n = 12 patients/group,
5 prednisone/7 deflazacort in the daily group, and 7 prednisone/5 deflazacort in the weekend group).
Steroid doses averaged 1.01 + 0.22 mg/kg for daily prednisone, 0.77 £ 0.06 mg/kg for daily deflazacort,
2.44 + 3.9 mg/kg for weekend prednisone, and 3.79 + 0.15 mg/kg for weekend deflazacort (mean = SEM).
These doses calculated to the following cumulative doses in mg/week: 235.2 + 30.9 daily prednisone, 200.6
+ 30.3 daily deflazacort, 218.5 £ 22.3 weekend prednisone, and 253.2 + 39.3 for weekend deflazacort.
Importantly, the groups were matched for BMI, age, and steroid treatment duration (48—-55 months) (Fig-
ure 1A and Supplemental Table 1; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.132402DS1). As shown by dual-energy X-ray absorptiometry (DEXA) scans and
serum analyses, weekend steroid use correlated with improved bone mineral density and increased serum
cortisol, as compared with daily steroids, consistent with less osteoporosis and adrenal suppression (Figure
1B). DMD patients receiving weekend steroids had decreased fat mass and increased lean mass compared
with those receiving daily steroids (Figure 1C). Weekend dosing associated with lower levels of glucose,
insulin, FFAs, and BCAA in circulation (Figure 1D and Supplemental Table 1). Weekend steroid treatment
was associated with comparable effects on ambulation, serum creatinine kinase levels, and cardiac func-
tion compared with daily steroid treatment (Supplemental Table 1). Although the total weekly GC dose in
weekend-treated DMD patients was higher than the total GC dose in the once-weekly regimen previously
tested in mice, the decrease in biomarkers of obesity and insulin resistance seen in the weekend-treated
DMD patients supports that pulsatile dosing maintains clinical benefits and highlights a significant reduc-
tion in the metabolic stress generally induced by long-term GC regimens.

Epigenetic programs induced by weekly versus daily steroids in dystrophic mouse muscles. We previously enhanced
muscle repair and gene expression changes in response to once-weekly steroids (14). We reasoned that once-week-
ly steroids would generate distinct epigenomic profiles to sustain these gene expression changes. To define the
epigenomic programs elicited by steroid treatments of dystrophic muscle, we analyzed the genome-wide distri-
bution of histone 3 lysine 27 acetylation (H3K27ac), a marker of transcriptional activation at enhancers and
promoters (18), in once-weekly versus daily steroid—treated mdx mice receiving steroids for 4 weeks. H3K27ac
analysis of the myofiber fraction of mdx muscle (» = 3 mice/group) was integrated with the muscle-matched
RNA sequencing (RNA-seq) transcriptome (NCBI’s Gene Expression Omnibus [GEQ] database; GSE137992
and GSE95682; n = 5 mice/group); both data sets were derived from samples collected 48 hours after the last
drug administration. Principal component analysis (PCA) of global H3K27ac data readily clustered the profiles,
distinguishing weekly from daily administration, from vehicle controls (Figure 2A). Unbiased analysis for tran-
scription factor binding motifs highly represented in the differential H3K27ac peaks revealed significant enrich-
ment for the GR-binding element (GRE) after both weekly and daily steroid use. However, weekly prednisone
induced higher H3K27ac signal in KLF-responsive elements (KRE) and MEF2C-binding sites (MEF2), while
FOXO3-binding sites were preferentially enriched in H3K27ac signal in the daily prednisone group (Figure 2B).
KLF15 is a direct GR target that has been implicated in muscle metabolism and nutrient utilization (19), and
MEF2C is a master regulator of muscle growth (20), while FOXO3 is a critical driver of muscle atrophy (21).
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Figure 1. Duchenne Muscular Dystrophy (DMD) patients treated with weekend glucocorticoid steroids have reduced markers of obesity and insulin
resistance compared with those receiving daily glucocorticoids. (A) Age, treatment duration, and BMI did not differ between daily (1-2.5 mg/kg/dose x

7 days/week) and high-dose weekend (1-4 mg/kg/dose x 2 consecutive days/week) cohorts. (B) Weekend dosing correlated with normalization of bone
density score (DEXA scans at L1-L4 vertebrae) and less suppression of endogenous cortisol levels. (C) Compared with daily steroid treated patients, week-
end steroid dosing correlated with decreased fat mass gain and increased lean mass preservation (TBLH, total body less head; DEXA scans). (D) Weekend
steroid dosing, as compared with daily steroid dosing, associated with reduced serum insulin, glucose, branched chain amino acids (BCAA), and free fatty
acids, consistent with reduced metabolic stress. Histograms depict single values and mean + SEM; n = 12 patients/cohort; *P < 0.05 vs daily; Welch's

unpaired t test (2-tailed).
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Overlaying H3K27ac and RNA-seq data sets was used to identify concordant subsets of genes (i.e., genes with
concordant up- or downregulation of both mRNA levels and H3K27ac signal in the promoter). After weekly
prednisone, both KJf15 and Mef2C were upregulated and enriched in H3K27ac signal. In contrast, daily predni-
sone induced upregulation and H3K27ac signal on Foxo3 and other atrophy agonists like Fbxo32 and Mstn, and
induced concordant downregulation of KIf15 and Mef2C (Figure 2C and Supplemental Figure 1A). Notably,
the GR gene Nr3c/ was not significantly changed in H3K27ac enrichment or expression, indicating alternative
regulators of GR activity or downstream cascades as mediators of this differential response.

Gene ontology (GO) analysis on all concordant genes revealed that GO terms for nutrient metabolism and
muscle function were significantly enriched after weekly prednisone. Conversely, GO terms for muscle atro-
phy were enriched after daily prednisone (Supplemental Figure 1B). H3K27ac enrichment profiles on KJf15,
Mef2c, Beat2, and Pkm were visually distinct from the profile on atrophy genes like Foxo3 and Mstn (Figure 2D).
Pathway analysis of concordant genes and their annotated regulatory regions showed that weekly prednisone
induced H3K27ac enrichment on GRE, KRE, and MEF2 sites of upregulated genes involved in glucose, fatty
acid, and BCAA-glutamine metabolism (Figure 2E, left). Those same regulatory regions were enriched for
GR, KLF15, or MEF2C occupancy after pulsatile dosing, as shown by ChIP—quantitative PCR (ChIP-gPCR)
assays (Figure 2E, right; and Supplemental Table 2). In contrast, after daily prednisone, H3K27ac and tran-
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Figure 2. Epigenomic programs in steroid-treated dystrophic mouse muscles. (A) PCA of H3K27ac profiles derived from quadriceps myofibers. Weekly
vs. daily prednisone regimens cluster from each other and from vehicle-treated controls. (B) Motif enrichment analysis highlights GRE, KRE, and MEF2 as
acetylation-enriched motifs after weekly prednisone, while FOX03 motifs were enriched after daily prednisone. (C) Concordant genes enriched for both
H3K27ac and expression included KIf15 and Mef2C after weekly prednisone, while daily prednisone promoted acetylation and expression of Foxo3 and
other atrophy genes. (D) Representative H3K27ac markings across gene loci of interest demonstrated divergent acetylation enrichment with respect to
weekly or daily prednisone (signal is tags/bp normalized to 1e7 reads; red arrows, gain; blue arrow, loss of H3K27ac signal). (E) Pathway analysis showed
that pulsatile weekly prednisone increased transcription of genes regulating glucose, fatty acid, and BCAA metabolism. H3K27ac ChIP-seq showed GR
enrichment after both weekly and daily steroids, but it showed increased enrichment of KRE and MEF2 sites only after weekly prednisone. ChIP-gPCR
confirmed enriched occupancy for GR, KLF15, and MEF2C on the same sites (n = 3 mice/group for K27ac ChIP-seq, n = 5 mice/group for RNA-seq; g value,

Benjamini-Hochberg test).
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scription factor occupancy was enriched for GRE sites, but not KRE or MEF?2 sites, in these genes. These data
highlight the importance of KLF15 and MEF2C in discriminating between GR-induced programs of favorable
versus atrophic remodeling in muscle (Figure 2E). Daily prednisone induced H3K27ac enrichment at GRE
and FOXO3 sites of atrogenes such as Fbxo32, Trim63, Mstn, Atf4, Gadd45a, and Cdknla (p21) (Supplemental
Figure 1, C and D), consistent with a muscle wasting profile (22, 23). Thus, pulsatile GCs induce an epigenom-
ic program in dystrophic muscle highly distinct from the epigenomic program induced by daily steroids.
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Figure 3. Pulsatile weekly prednisone acts through a GR-, KLF15-, and MEF2C-mediated transcriptional program and requires epigenetic remodeling.
(A) Genetic loss of KIf15 disrupts the transcriptional and metabolic changes induced by weekly prednisone in muscle, including Mef2C upregulation. (B)
Luciferase reporter plasmids were electroporated into mdx myofibers, carrying regulatory regions from Mef2c, Pfkm, Ech1, and Bckdha loci. Prednisone
pulse and KIf15 overexpression had additive effects in increasing GRE-KRE activation. Prednisone pulse, KIf15, and Mef2C overexpression had additive
effects on MEF2 activation. Changes were lost after specific deletion of target sites (A). Histograms depict single values and mean + SEM; n = 3 mice/
group (A), n = 8 muscles/group (B). *P < 0.05 vs. own vehicle control, *P < 0.05 vs single-factor treatment, 1-way ANOVA with Tukey's multiple comparison.
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Pulsatile GCs act through a coordinated program of GR, KLF15, and MEF2C activation and require epigenetic
remodeling. Because KIfl15 was previously shown to be a GR target in dystrophic muscle (19), we asked
whether the transcriptional program enabled by pulsatile prednisone was altered in Kif75-null mice (24).
Homozygous KIf15-null mice versus littermate WT controls (Kif15-KO vs. KIf15-WT; n = 3 mice/group)
were treated with vehicle or weekly prednisone for 4 weeks, and quadriceps muscle was isolated. In KIf15-
WT mice, genes implicated in glucose, fatty acid, and BCAA metabolism were increased, but this upreg-
ulation was absent in K/f75-KO muscles, demonstrating a KLF15-dependent effect of intermittent steroid
dosing (Figure 3A, left). After steroid dosing, downregulation of atrophy genes was also seen in K/f15-WT
muscle, with trends toward upregulation of atrophy genes in K/f75-KO muscle.

Metabolomic profiling of steroid-treated KIf15-WT muscle showed signatures consistent with increased
utilization of glucose, with a gain in pyruvate and lactate and a reduction in glycolytic precursors. Increased
BCAA/glutamine consumption was accompanied by a gain in a-ketoglutarate and succinate, as well as
increased ATP and phosphocreatine levels in WT muscles after weekly prednisone. In KJf75-KO muscle,
these prednisone-induced trends were lost, together with a general decline in TCA cycle intermediate levels
(Figure 3A, right). These findings demonstrate that KLF15 regulates transcriptional and metabolic changes
induced by pulsatile GCs in dystrophic muscle.

The motif enrichment analysis from prednisone-treated mdx muscles identified GRE, KRE and MEF
sites enriched in H3K27ac signal after weekly dosing (Figure 2B). This observation suggested functional
cooperation of activated GR, KLF15, and MEF2C in driving metabolic gene upregulation in dystrophic
muscle after repetitive pulsed exposure to GCs (Figure 3B, diagrams). We tested this hypothesis in myofibers
by expressing reporter constructs carrying GRE-KRE and MEF?2 sites from genes important for glycolysis
(Pfkms; ref. 25), fatty acid oxidation (Echl; ref. 26), and BCAA catabolism (Bckdha; ref. 27). We also tested the
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Figure 4. Pulsatile weekly prednisone requires epigenetic remodeling. (A) Coadministration of anacardic acid, a histone acetyl-transferase inhibitor,
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VA with Tukey’s multiple comparison.
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regulatory regions of MEF2C itself (Supplemental Table 3). We monitored gene expression by measuring
firefly luciferase (Fluc) reporter activity in mdx muscles (n = 8 muscles/group) in the presence of either a
prednisone pulse (1 mg/kg), KIfl5 overexpression, or the combination thereof. Experiments were controlled
with similar vectors specifically deleted for the GRE and KRE sequences (AGRE-KRE). Prednisone pulse
plus KIf15 overexpression had an additive effect on reporter activity, whereas reporter activity was lost when
the GRE or KRE sites were deleted (Figure 3B, top). Prednisone pulse, KJf15 overexpression, and Mef2C over-
expression had additive effects on reporter activation, while reporter activity remained unchanged when the
MEF2 sites were deleted (Figure 3B, bottom). Therefore, GR and KLF15 act together to enhance MEF2C’s
transcriptional response and then, together, enhance transcriptional upregulation of metabolic target genes.

Because the H3K27ac patterns were strikingly different between pulsed prednisone— and daily predni-
sone—treated dystrophic muscle, we queried the role of histone acetylation in this response. The mdx mice
were cotreated with the histone acetyltransferase (HAT) inhibitor anacardic acid (28). The mdx mice were
treated for 4 weeks with anacardic acid (daily 5 mg/kg i.p. administration), together with vehicle or weekly
prednisone regimens. HAT activity was reduced in anacardic acid-treated muscle, consistent with expect-
ed activity of the compound (Supplemental Figure 2A). After 4 weeks of anacardic acid exposure, the
gain in H3K27ac marks on the GRE, KRE, and MEF2 sites previously seen with weekly prednisone was
blunted, and this correlated with loss of upregulation of KIf15, Mef2C, and the metabolic pathway genes
(Figure 4A and Supplemental Figure 2B). Furthermore, we measured muscle oxygen consumption rates
(OCR) and monitored muscle force production after weekly prednisone with HAT inhibition. Anacardic
acid coadministration blunted the gain in mitochondrial respiration produced by weekly prednisone, and
this correlated with loss of prednisone-induced force improvement (Figure 4, B and C). In aggregate, these
data demonstrate that pulsatile exposure to GCs elicits specific epigenomic remodeling, which — when
blocked — abrogates the metabolic and functional benefit to dystrophic muscle.
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Pulsatile GCs enhanced glucose uptake and insulin sensitivity in mdx mice. Based on the epigenetic/tran-
scriptional changes induced by pulsatile GCs, we evaluated how weekly prednisone altered mdx muscle
metabolism. We performed unbiased metabolomics on mdx muscles (n = 3 mice/group, 4 weeks exposure)
after treatment with either weekly or daily prednisone, evaluating 171 hydrophilic metabolites. Metabolite
profiles clustered according to steroid regimen, and daily and weekly steroids were distinct from vehicle
treatment (Figure 5A). Weekly prednisone—treated muscle had reduced glycolytic precursors and interme-
diates and increased pyruvate and lactate, which is consistent with enhanced glycolysis. Weekly prednisone
also promoted oxidative catabolism of BCAA and glutamine; this was seen as gain in a-ketoglutarate and
succinate over anaplerotic precursors and intermediates. These findings correlated with a gain in ATP and
phosphocreatine, consistent with improved energy production (Figure 5B). Conversely, daily prednisone
induced the opposite patterns, with substantial impairment of BCAA and glucose catabolism seen as loss
of downstream metabolites, accumulation of precursors, loss of TCA cycle intermediates, and lower lev-
els of ATP and phosphocreatine (Figure 5B). The changes in ATP were confirmed by HPLC analyses of
quadriceps and diaphragm muscles (Supplemental Figure 3A). Furthermore, free amino acid levels were
decreased in muscles after weekly steroids, suggesting that pulsed prednisone induces a general shift toward
higher utilization of amino acids for energy or protein production (Supplemental Figure 3B).

To assess the effect of GCs on oxygen consumption rates, we performed respirometry on predni-
sone-treated dystrophic muscles in the presence of glucose, palmitate, or valine. Weekly prednisone
increased the basal mitochondrial respiration levels with glucose, palmitate (fatty acid), or valine (BCAA)
in quadriceps muscle tissue (7 = 6 mice/group), while daily prednisone produced a reduction in the basal
respiration in these conditions relative to vehicle-treated controls (Figure 5C). We next examined BCAA
catabolic enzymes, given their known importance in muscle metabolism (27). We found that weekly predni-
sone increased the total amount and reduced phosphorylation of branched chain keto acid dehydrogenase
(BCKDHA), which commits BCAA to oxidative metabolism and is inhibited by phosphorylation (Figure
5D). Thus, pulsatile GCs promote mitochondrial respiration and energy production in dystrophic muscle.

Considering the changes in nutrient utilization, we investigated how prednisone regimens impacted
nutrient uptake into muscle. In contrast to daily prednisone, weekly prednisone enhanced muscle glucose
uptake, as quantitated through 2-NBDG (fluorescent glucose analog) in isolated myofibers (Figure 5E).
This myofiber-specific result also correlated with effects on whole-body insulin sensitivity. Weekly pred-
nisone—treated mice showed higher insulin sensitivity (Figure 5F and Supplemental Table 4), offsetting
GC-driven gluconeogenesis and normalizing glycemia (Supplemental Figure 3C). Conversely, daily pred-
nisone promoted hyperglycemia, adipocyte hypertrophy, and insulin resistance (Figure 5F, Supplemental
Figure 3C, and Supplemental Table 4). In aggregate, these data indicate that pulsatile prednisone promotes
nutrient utilization and insulin sensitivity in dystrophic muscle, improving glucose homeostasis.

Isotope tracing validates activated rates of nutrient catabolism to the TCA cycle. To confirm the effects of pul-
satile prednisone on nutrient utilization in muscle, we performed *C-isotope tracing in ex vivo contracting
mdx muscle after a 4-week treatment with either weekly prednisone or vehicle. We adapted reported condi-
tions (29) to isolated quadriceps muscles with repeated isometric contractions in the presence of *C-labeled
nutrients (i.e., 1,2-°C,-glucose, 1-°C -palmitate, or "*C.-valine; Figure 6A, top). Each nutrient-specific
catabolic cascade was analyzed quantitating the relative enrichment in appropriate *C-labeled interme-
diates and TCA cycle metabolites (Figure 6A, bottom). Prednisone-treated muscles showed a higher *C
incorporation in target downstream metabolites of all 3 labeled nutrients, as compared with vehicle-treated
muscles (Figure 6B). In the presence of labeled glucose, both 1- and 2-13C incorporation rates were gen-
erally increased, suggesting activated carbohydrate catabolism through glycolysis and pentose phosphate
pathways (Figure 6B, top). Importantly, absolute levels of ATP and phosphocreatine levels were monitored
in the same samples analyzed for mass resolution and were found increased in prednisone-treated muscles
(Figure 6B, right). Thus, pulsatile GCs stimulate a coordinated increase in glucose, fatty acids, and BCAA
catabolism to fuel the TCA cycle and energy production in dystrophic muscle.

Metabolic and functional effects of pulsatile GCs are maintained in long-term treatments of both mdx and Dysf-
null mice. The animal studies above observed effects after 4 weeks of weekly prednisone. To test whether
weekly steroids displayed this same effect over a longer term, mdx male mice were treated with vehicle or
weekly prednisone for 12 weeks (# = 3 mice/group) and analyzed through live multimodal imaging at
baseline and endpoint. Based on the known effects of long-term daily GCs on obesity and osteoporosis,
whole-body fat mass was monitored through magnetic resonance imaging (MRI), bone mineral density
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Figure 5. Pulsatile glucocorticoids enhanced nutrient utilization for mitochondrial respiration in dystrophic muscle. (A) PCA of 171 metabolites showed
treatment-specific clustering of muscle tissues. (B) Heatmaps of metabolite levels showed that pulsatile prednisone activated consumption of glucose,
BCAA, and glutamine, increasing ATP and phosphocreatine levels. (C) Muscle respirometry showed that weekly prednisone led to higher basal oxygen
consumption in the presence of either glucose, palmitate, or valine. (D) Weekly prednisone increased BCKDHA levels and reduced its phosphorylation

in muscle. (E) Weekly prednisone increased glucose uptake in muscle, as shown by 2-NBDG uptake in live dystrophic myofibers. (F) Weekly prednisone
increased whole-body insulin sensitivity, while daily regimen induced insulin resistance. Curves depict mean + SEM; histograms depict single values and
mean + SEM; box plots, Tukey distribution; n = 3 mice/group (A and B), n = 6 mice/group (C-F). *P < 0.05 vs. vehicle, 2-way ANOVA with Tukey's multiple
comparison (C), 1-way ANOVA with Tukey’s multiple comparison (D and E). *P < 0.05 vs. vehicle, 2-way ANOVA.

was quantitated through uCT, and glucose uptake was monitored through PET of 8FDG, a glucose analog.
All analyses were carried on the same animals. MRI showed a nonsignificant trend in fat mass reduction
after weekly prednisone, while uCT showed no changes in bone mineral density (Figure 7A, left and cen-
ter). We also found that weekly prednisone increased muscle uptake of ¥FDG, while decreasing uptake in
fat (Figure 7A, right). Thus, the combination of MRI, uCT, and PET imaging showed that pulsatile pred-
nisone promoted muscle insulin sensitivity in mdx mice, without the induction of obesity and osteoporosis.
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Figure 6. Isotope tracing in ex vivo contracting muscle confirms higher nutrient flux to the TCA cycle after pulsatile weekly prednisone treatment. (A) *C
incorporation into muscle metabolites was analyzed through mass resolution in an ex vivo contraction system. (B) Using either glucose, palmitate, or valine as
source of ®C, weekly prednisone-treated muscles showed higher *C incorporation than vehicle-treated muscles. In the same mass spectrometry analysis, ATP
and phosphocreatine levels increased in prednisone-treated muscle. Histograms depict mean + SEM. (stacked histograms), or single values and mean + SEM;
n =3 mice/group. #P < 0.05 vs. vehicle, 2-way ANOVA; *P < 0.05 vs. vehicle, Welch's t test (2-tailed).
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‘We extended weekly prednisone treatment to a longer duration to comprehensively monitor func-
tional and metabolic effects of pulsatile treatment. The mdx male mice were treated with either vehicle
or weekly prednisone for 40 weeks beginning at 6 weeks of age (» = 10 mice/group). Over time, pred-
nisone treatment significantly alleviated the functional decline in strength, respiratory muscle function,
and left ventricle contractility as compared with vehicle treatment (Figure 7B). After 40 weeks, week-
ly prednisone improved morbidity and increased oxygen consumption (VO,) and energy expenditure
during nocturnal activity (Figure 7C, left). Also, treatment-induced gains in muscle ATP and force were
maintained in the long term (Figure 7C). Moreover, long-term treatment did not induce hyperglycemia,
while favoring BCAA and FFA disposal in circulation and peripheral tissues (Figure 7C; Supplemental
Table 5). Therefore, the beneficial reprogramming of muscle metabolism and function was durable in
long-term weekly prednisone treatment of mdx mice.

Finally, to explore whether pulsatile GCs may be useful in other forms of muscular dystrophy, we inter-
rogated the effects of long-term weekly prednisone in a mouse model of limb girdle muscular dystrophy.
We specifically selected a form of muscular dystrophy for which clinical data suggest deleterious effects
from daily prednisone in patients (10). Dysferlin deficient (Dysfnull) mice, a genetic model of Limb Girdle
Muscular Dystrophy type 2B, received either vehicle or weekly prednisone for 32 weeks from the age of
disease onset (~9 months; #» = 10 mice/group; randomized males/females). Pulsatile prednisone improved
strength and muscle force (Figure 8A), as well as respiratory muscles and heart contractility, as compared
with vehicle-treated mice (Figure 8, B and C). At endpoint, ATP levels in muscle and heart were increased
by the treatment (Figure 8D). Consistent with observations in mdx mice and DMD patients, intermittent
prednisone did not exacerbate insulin and glucose levels, and it decreased the levels of FFAs and BCAA
in circulation and peripheral tissues (Supplemental Table 5). These data suggest that repetitive pulsed GCs
may work in other forms of muscular dystrophy beyond DMD.
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Figure 7. Long-term pulsatile prednisone improves insulin sensitivity, energy production, and muscle function in mdx mice. (A) Multimodal imaging in live
mice showed that weekly prednisone associated with a nonsignificant trend in fat mass reduction, no loss of bone mineral density, and significant changes

in FDG uptake, upregulated in muscle and downregulated in fat (MRI-controled volumetric quantitation). (B) Treatment correlated with improved strength,
respiratory function, and cardiac function over time, as compared with vehicle-treated mdx animals. (C) At endpoint, treated mice showed improved morbidity
and increased VO, and energy expenditure during the nocturnal activity phase. Treatment increased muscle ATP and force (Tibialis anterior), did not induce
hyperglycemia, and reduced circulating levels of BCAA and free fatty acids. Curves, mean + SEM; histograms depict single values and mean + SEM; box plots,
Tukey distribution; n = 3 mice/group (A), n = 10 mice/group (B and C). *P < 0.05 vs vehicle, Welch's t test (2-tailed); *P < 0.05 vs vehicle, 2-way ANOVA.
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Discussion

GCs are among the most highly prescribed drugs worldwide and are part of the standard of care to pro-
long ambulatory age in DMD patients. However, GC administration has a significant side effect profile,
particularly with long-term daily exposure (9). The use of GCs to treat a muscle disease has always been
complicated by the observations that even short-term use of GCs can drive atrophic remodeling of mus-
cle, which is especially prominent in mouse models (30). The striking atrophic response of mouse muscle,
which we also observed in daily steroid—treated mice, may in part be driven by its skewed composition
of fast fibers — specifically type IIb fibers, which have an especially high reliance on glycolysis (31). Fast
myofibers are more susceptible than slow myofibers to FOXO3 activation and, therefore, to GC-driven
atrophy (32). However, we discovered that repetitive pulsatile exposure to GCs enhanced the performance
of dystrophic muscle and that this increased performance was supported by nutrient-fueled mitochondrial
respiration and aerobic energy production. These favorable changes in muscle were directed by a distinct
epigenomic program involving the transcription factors GR, KLF15, and MEF2C. KLF15 is a direct reg-
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Figure 8. Pulsatile prednisone enhanced muscle metabolism and function in a distinct genetic model of muscular dystrophy, Dysf-null mice, a genetic
model of Limb Girdle Muscular Dystrophy type 2B. Mice lacking dysferlin (Dysf) serve as a model of Limb Girdle Muscular Dystrophy type 2B, and loss of
dysferlin induces muscular dystrophy by impairing muscle repair. (A) Weekly prednisone exposure mitigated loss of grip strength over time seen in this
model, and treatment increased muscle force at study endpoint (Tibialis anterior). (B and C) Weekly prednisone-treated mice had improved respiratory and
cardiac muscle function over time, as compared with vehicle-treated controls. (D) ATP levels were increased in both muscle and heart tissues at endpoint.
Curves, mean + SEM; histograms depict single values and mean + SEM; nn = 10 mice/group. *P < 0.05 vs vehicle, Welch's t-test (two-tailed); *P < 0.05 vs
vehicle, 2-way ANOVA.
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ulator of muscle gene programs that control amino acid metabolism and functional muscle remodeling
downstream of GR activation (19, 33). KLF15 was also shown to play an important role in circadian con-
trol of metabolic physiology (34). MEF2C regulates muscle growth and is implicated in muscle metabolic
response to exercise (35). The epigenomic analyses of GC effects in mouse models identified coordinate
actions of the GR/KLF15 axis and MEF2C, as implicated in performance of dystrophic muscle.

Nutrient utilization in a large, energy-demanding tissue like muscle alters the body’s homeostasis and
insulin sensitivity (36). The data presented here support that repetitive pulsatile GCs couple higher oxida-
tive catabolism of glucose, fatty acids, and amino acids, with increased rates of nutrient consumption from
the circulation and peripheral tissues, resulting in improved energy production and insulin sensitivity. This
pulsatile regimen also associated with a general reduction of free amino acids in muscle and circulating
BCAA. The gene expression and metabolic signatures of BCAA catabolism suggest that the BCAA dis-
posal correlates with higher utilization for energy production in treated muscle. However, considering the
beneficial effects of weekly prednisone on dystrophic muscle performance (13, 14), there may also be a con-
comitant effect on amino acid utilization for muscle protein synthesis. This pathway may be more broadly
useful in conditions of chronic muscle degeneration, as the relative ratio of BCAA catabolism in striated
muscle changes between insulin-sensitive and -resistant states (37).

Nonetheless, the epigenetically driven metabolic remodeling described here is impactful, considering
that this muscle program was not elicited by interventions like exercise or calorie restrictions, but rather by
a specific pharmacologic regimen. These data may also inform further refinement of clinical GC usage and
development of biomarkers for monitoring their effects in muscle. It is important to note that the human
DMD patients described in this report received a different GC steroid regimen compared with what was
tested in mouse models. The weekend GC steroid—treated DMD patients received more GCs than the ani-
mal models, since clinical practice patterns for weekend GC treatment usually attempt to provide a similar
cumulative weekly dose as to what would be given to DMD boys receiving daily steroids. Consistent with
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this concept, the average cumulative doses per week were similar between daily and weekend groups (217.9
vs. 235.9 mg/week, respectively). We specifically selected to compare groups with comparable BMIs in
order to more critically contrast markers of insulin resistance, since obesity itself can alter these measures.
The daily GC—treated DMD group showed increased markers of insulin resistance and fat mass without
significant changes with BMIs, similar to the weekend GC—treated group. The similar ambulatory function
in the weekend GC- and daily CG—treated groups hints that intermittent GC steroids provide comparable
benefits but without the same metabolic stress, similar to other patient cohorts; however, this now pro-
vides data from longer treatment duration (11, 12, 38). Ultimately, optimizing GC regimens in dystrophic
patients requires further human studies (7); the data presented herein provide some potential serum and
body composition measures that could aid in tailoring steroid regimens to maximize benefit while reduc-
ing side effects. Whether less frequent or even lower doses would be sufficient to elicit the same favorable
effects requires additional investigation. Given the well-established role of GCs in modulating immune cell
function, future studies will also be required to elucidate how different GC regimens impact the cross-talk
between immune and muscle cells.

Strikingly, metabolic programming by pulsatile GCs was not limited to dystrophin-linked muscular
dystrophy but was also seen in a genetic model of limb-girdle muscular dystrophy, which is characterized
by completely distinct genetic and cellular defects. There are currently no indications for GCs in muscular
dystrophies beyond DMD, and efficacy has been questioned in small studies (10, 39). Intriguingly, it was
recently reported that activation of the GC/KLF15/BCAA axis benefits a mouse model of spinal muscular
atrophy, a genetic disorder with a significant neuronal component (40). It is, therefore, possible that favor-
able metabolic reprogramming by pulsed GC regimens is applicable in a broader range of neuromuscular
diseases and target tissues — even those that feature prominent defects in nerve function. Together, our
findings demonstrate that pulsatile GCs enable a distinctive epigenetic program in dystrophic muscle to
favorably remodel nutrient utilization for energy production. Furthermore, these transcriptional and meta-
bolic signatures may provide useful biomarkers for monitoring favorable responses to therapy in DMD or
other forms of heritable or acquired myopathies.

Methods
Supplemental Methods are available online with this article.

Animal handling and steroid treatments. Mice were housed in a pathogen-free dedicated vivarium. Eutha-
nasia was performed through carbon dioxide inhalation, followed by cervical dislocation and heart remov-
al. Mice were fed ad libitum with Mouse Breeder Sterilizable Diet (7904; Harlan Teklad) and maintained
on a 14-hour/10-hour light/dark cycle. The mdx mice from the DBA/2J background were obtained from
the Jackson Laboratory (stock no. 013141) and interbred. Male mice were used for reported experiments.
Starting ages were about 6 months for short-term experiments and about 6 weeks for long-term experi-
ments. Dysferlin-null (Dysfnull) mice from the 129T2/SvEmsJ background were previously characterized
(41, 42). Starting ages were about 9 months for long-term experiments. For experiments with Dysfnull
and WT mice, both females and males (~1:1 ratio) were randomized in treatment groups. KLF15-KO
mice were previously generated and described (24). KLF15-KO and -WT male littermates were generated
from heterozygous matings, and mice were injected for 4 weeks from the age of approximately 6 months.
Prednisone (P6254; Sigma-Aldrich) was resuspended in DMSO (D2650; Sigma-Aldrich) to a stock concen-
tration of 5 mg/mL. Dosing was based on weekly weight measurements (1 mg/kg body weight; ref. 43) in
100 pL total PBS volume per dose. Mice were injected daily via i.p. injection at 7 am. On injection days,
stock solutions stored at —20°C were diluted into sterile Eppendorf tubes containing sterile PBS (14190;
Thermo Fisher Scientific). Anacardic acid (catalog A7236; Sigma-Aldrich) was coadministered during the
weekly prednisone regimen (4 weeks) as daily i.p. injection of 5 mg/kg in 50 pL volume (28). Inhibition of
HATS by anacardic acid in tissues was monitored using the HAT activity colorimetric dosing assay (catalog
P-4003; Epigentek). Sterile BD Micro-Fine IV Insulin Syringes (14-829-1A; Thermo Fisher Scientific) were
used to inject the 1.p. cavity of nonsedated animals. All animal analyses both during treatment and at end-
point were conducted blinded to treatment groups.

Human sample collection. Subjects were recruited from Muscular Dystrophy Association Clinic at the
Ann & Robert H. Lurie Children’s Hospital of Chicago with a confirmed genetic diagnosis of DMD. Blood
samples were sterilely collected in a red-top tube at the end of each individual’s clinic appointment (gen-
erally late morning to early afternoon) on Thursdays. Samples were centrifuged at 2000 g for 10 minutes
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at 4°C. Serum was isolated, prealiquoted for downstream assays to avoid repeated freeze/thaw, and stored
at —80°C. DEXA data were collected from regular measurements that individuals with DMD undergo
annually as part of standard of care. All scans were performed on a GE Lunar iDXA during the same clinic
visit as blood sample collection or at the most recent clinic visit, approximately 6 months prior. Z-scores
were established based on age-standardized controls. For Brooke functional scoring, physical therapists
assessed the Brooke functional scale score at each clinic visit and documented it as part of their clinic notes.
The scale is scored on a 9-point scale: a score of 1 indicates the highest level of ambulation versus a score
of 9, which indicates that the individual is confined to a wheelchair. Data were collected on day of blood
collection. For 10-meter run tests, individuals diagnosed with DMD and who are ambulatory performed
the 10-meter run test as part of their clinical assessment. A physical therapist timed individuals with a
stopwatch. Individuals performed 10-meter run test as fast as safely permissible while barefoot. Data were
collected on the day of blood collection. For ECG data, individuals with DMD underwent 12 lead ECGs
on a GE MAC5500HD on standard ECG paper (10 mv, 25 mm/s, 150 Hz) as part of their clinical care.
ECGs were collected at the same clinic visit as blood collection or at a prior clinic encounter, approximate-
ly 6 months prior. ECGs were read and confirmed by a pediatric cardiologist at our institution. For heart
function measurements, individuals with DMD undergo routine echocardiogram assessment annually.
Echocardiographic measurements used in this study were either performed at the same clinic visit as serum
collection or during the most recent clinic encounter, approximately 6 months prior. Echocardiography
was performed on a Philips iE33 Ultrasound machine and read routinely by pediatric cardiologists at our
institution. All analyses related to serum samples were conducted blinded to treatment groups and to other
clinical assessments.

Metabolic and endocrine biomarkers. For measurement of whole-tissue ATP levels, approximately 25 mg of
frozen-pulverized tissue was extracted in 10% perchloric acid and neutralized in 0.75 M K,CO,, as previously
described (44). ATP was measured by high-pressure liquid chromatography (HPLC) with Shimadzu LC-20A
pump (Shimadzu Scientific Instr Inc.) and UV-VIS detector, using a Supelco LC-18-T column (15 cm x 4.6
cm; 58970-U; MilliporeSigma). The HPLC was run at a flow rate of 1 mL/minute with 100% buffer A (0.5
MKH,PO,, 0.5 M K,HPO,) from 0-5 minutes, a linear gradient to 95% buffer A/5% buffer B (100% metha-
nol) from 5-6 minutes, 95% buffer A/5% buffer B from 6—11 minutes, a linear gradient to 85% buffer A/15%
buffer B from 11-13 minutes, 85% buffer A/15% buffer B from 13-23 minutes, and a linear gradient to 100%
buffer A from 23-30 minutes. ATP eluted as a sharp peak at 3 minutes, and peak values were normalized to
tissue weight of frozen tissue for calculating pmol/mg values. Corticosterone was measured in mouse serum,
and cortisol was measured in human serum using dedicated ELISA kits (ADI-900-097, Enzo Life Sciences;
K7430-100, BioVision) according to manufacturer instructions and internal standards to calculate ng/mL
values. Insulin levels were quantitated in mouse and human serum with species-specific ELISA kits (10-1247-
01, mouse-specific; 10-1113-01, human-specific; Mercodia), following manufacturer instructions and internal
standards to calculate ng/mL values. FFAs were quantitated using Enzychrom Free Fatty Acid Assay kit
(EFFA-100; BioAssay Systems), following the kit’s instructions and standards to calculate uM (serum) and
nmol/mg (tissue) values. For BCAA dosing, BCAA levels (not discriminating individual amino acid con-
centrations) were assayed using a dedicated colorimetric kit (ab83374; Abcam), following manufacturer’s
instructions and standards to calculate uM (serum) and nmol/mg extracted protein (tissue) values. All dosing
assays relied on triplicates for each standard or sample; tests were run on either serum or approximately 25
mg of frozen-pulverized whole tissue (treated according to each kit’s procedure). Colorimetric reactions were
quantitated using a Synergy HTX multimode plate reader (BioTek) and averaging 4 reads/sample at appropri-
ate wavelengths. All dosing assays were conducted blinded to treatment groups.

H3K27ac ChlIP-seq on muscle myofibers. Freshly isolated whole quadriceps muscles (both per mouse) were
finely minced and digested in 10 mL/muscle of PBS supplemented with 1 mM CaCl, and 100 U/mL collage-
nase II (catalog 17101, Invitrogen) at 37°C for 1 hour with shaking. The suspension was then filtered through
a 40-um strainer (catalog 22363547, Thermo Fisher Scientific), and the unfiltered fraction (enriched in myofi-
bers) was kept for further steps. Separation of mononuclear fraction in the filtered fraction was confirmed at the
microscope. Myofibers were fixed in 10 mL 1% PFA for 30 minutes at room temperature with gentle nutation.
Fixation was quenched 1 mL of 1.375 M glycine (catalog BP381-5, Thermo Fisher Scientific) with gentle nuta-
tion for 5 minutes at room temperature. After centrifugation at 3000 g for 5 minutes, myofibers were lysed in
1.4 mL lysis buffer with about 250 pL 2.3-mm zirconia/silica beads (catalog 11079125z, BioSpec). Lysis buffer
consisted of 10 mM HEPES (pH 7.3; catalog H3375), 10 mM KCI (catalog P9541), 5 mM MgCl, (catalog
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M8266), 0.5 mM DTT (catalog 646563), 3 ug/mL cytochalasin B (C6762; all reagents from MilliporeSigma),
and protease inhibitor cocktail (catalog 11852700, Roche). Myofibers were then homogenized by means of
Mini-BeadBeater-16 (catalog 607, Biospec) for 30 seconds, followed by rotating at 4°C for 30 minutes. Samples
were centrifuged at 3000 g for 5 minutes at 4°C, supernatant was removed, and the pellet was resuspended in
cell lysis buffer as per reported conditions (45); the cell lysis buffer was supplemented with 3 ng/mL cytochala-
sin B and rotated for 10 minutes at 4°C. Nuclei were pelleted at 300 g for 10 minutes at 4°C and subsequently
processed following reported protocol with the adjustment of adding 3 pg/mL cytochalasin B into all solutions
for chromatin preparation and sonication, antibody incubation, and wash steps. Chromatin was then sonicat-
ed for 15 cycles (30 seconds, high power; 30 seconds pause; 200 pL volume) in a water bath sonicator set at
4°C (Bioruptor 300; Diagenode). After centrifuging at 10,000 g for 10 minutes at 4°C, sheared chromatin was
checked on agarose gel for a shear band between ~150 and ~600 bp. A total of 2 pg of chromatin was kept
for pooled input controls, whereas leftover chromatin (~50 pg) was used for each pull-down reaction: 5 uL
H3K27ac primary antibody (catalog 39133, Active Motif) in 2 mL volume, rotating at 4°C overnight. Chro-
matin complexes were precipitated with 100 pL proteinA/G magnetic beads (catalog 88803; Thermo Fisher
Scientific). After washes and elution, samples were treated with proteinase K (catalog 19131; Qiagen) at 55°C,
and cross-linking was reversed through overnight incubation at 65°C. DNA was purified using the MinElute
purification kit (catalog 28004; Qiagen) and quantitated using Qubit reader and reagents. Library preparation
and sequencing were conducted at the NU Genomics Core using TrueSeq ChiP-seq library prep (with size
exclusion) on 5 ng chromatin per ChIP sample or pooled input, along with HiSeq 50 bp single-read sequencing
(~ 60 million read coverage per sample). Peak analysis was conducted using HOMER software (v4.10; ref. 46)
and synthax (e.g., makeTagDirectory, makeUCSCfile, findPeaks, mergePeaks, annotatePeaks.pl, getDifferen-
tialPeakReplicates.pl, findMotifsGenome.pl) after aligning fastq files to the mm10 mouse genome using bow-
tie2 (47). Homer motifs used for peak annotation after unsupervised motif analysis were gre.motif, kif3.motif,
and mef2c.motif. PCA was conducted using ClustVis (48). GO pathway enrichment was conducted (cutoff,
1.5-fold transcriptional change) using the GO analysis tool (49).

Muscle metabolomics. Total hydrophilic metabolite content was extracted from quadriceps muscle tis-
sue at treatment endpoint through methanol/water (80:20) extraction, adapting conditions described
previously (50). Briefly, total metabolite content from quadriceps muscle was obtained from about 100
mg (wet weight) quadriceps muscle tissue per animal. Frozen (—80°C) muscle was pulverized in liquid
nitrogen and homogenized with approximately 250 uL. 2.3-mm zirconia/silica beads (catalog 11079125z,
BioSpec) in 1 mL methanol/water at a 80:20 (vol/vol) ratio by means of Mini-BeadBeater-16 (catalog
607, Biospec) for 1 minute. After centrifuging at 2350 g for 5 minutes, 200 uL of supernatant were trans-
ferred into a tube preadded with 800 puL of ice-cold methanol/water 80% (80:20 vol/vol). Samples were
vortexed for 1 minute and then centrifuged at 20,160 g for 15 minutes at 4°C. Metabolite-containing
extraction solution was then dried using SpeedVac (medium power). A total of 200 pL of 50% acetoni-
trile were added to the tube for reconstitution following by overtaxing for 1 minute. Sample solution was
then centrifuged for 15 minutes at 20,000 g at 4°C. Supernatant was collected for liquid chromatogra-
phy—mass spectrometry (LC-MS) analysis for hydrophilic metabolite profiling as follows. Samples were
analyzed by high-performance LC and high-resolution MS and tandem MS (HPLC-MS/MS). Specifical-
ly, the system consisted of a Thermo Q-Exactive in line with an electrospray source and an Ultimate3000
(Thermo Fisher Scientific) series HPLC consisting of a binary pump, degasser, and autosampler outfitted
with a Xbridge Amide column (Waters; dimensions of 4.6 mm X 100 mm and a 3.5-um particle size). The
mobile phase A contained 95% (vol/vol) water, 5% (vol/vol) acetonitrile, 20 mM ammonium hydroxide,
20 mM ammonium acetate, pH 9.0; B was 100% acetonitrile (all reagents from MilliporeSigma). The
gradient was as following: 0 minutes, 15% A; 2.5 minutes, 30% A; 7 minutes, 43% A; 16 minutes, 62%
A; 16.1-18 minutes, 75% A; 18-25 minutes, 15% A with a flow rate of 400 pL/min. The capillary of the
ESI source was set to 275°C, with sheath gas at 45 arbitrary units, auxiliary gas at 5 arbitrary units, and
the spray voltage at 4.0 kV. In positive/negative polarity switching mode, an m/z scan range from 70-850
was chosen, and MS1 data were collected at a resolution of 70,000. The automatic gain control (AGC)
target was set at 1 X 105, and the maximum injection time was 200 ms. The top 5 precursor ions were
subsequently fragmented, in a data-dependent manner, using the higher-energy collisional dissociation
(HCD) cell set to 30% normalized collision energy in MS2 at a resolution power of 17,500. The sample
volumes of 25 pL were injected. Data acquisition and analysis were carried out by Xcalibur 4.0 software
and Tracefinder 2.1 software, respectively (both from Thermo Fisher Scientific). Metabolite levels were
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analyzed as peak area normalized to wet tissue weight (weight before cryopulverization). Metabolite
analysis was performed blinded to treatment groups.

B3C isotope tracing in ex vivo contracting muscle. °C tracing from nutrients in muscle was performed adapt-
ing reported conditions (29) to our muscle stimulus settings used to probe muscle force (see below). Imme-
diately after sacrifice, quadriceps muscles were dissected and immobilized on a Sylgard-coated well of a
12-multiwell plate by means of two 27-g needles at the muscle extremities. The well was prefilled with 1x
Ringer’s solution (146 mM NaCl, 5 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM HEPES; pH, 7.4 [all
reagents from MilliporeSigmal]) containing 25 mU/mL insulin (catalog RP-10908; Thermo Fisher Scien-
tific), and the appropriate 3C nutrient and kept at 37°C on a heated pad. *C-labeled nutrients included 10
mM 1,2-13C,-glucose, 1 mM 1-13C-palmitate (BSA conjugated), and 5 mM 1,2,3,4,5-13C-valine (catalogs
453188, 292125, and 758159, respectively; MilliporeSigma). The nutrient solution was constantly bubbled
with a 95%0,/5%CO, line (~2 psi). After 5-minute equilibration in solution, electrodes were inserted at
the muscle extremities, securing them to the holder needles. Using a Whole Mouse Test System (catalog
1300A; Aurora Scientific) 20 contractions (1x/min) were induced with the following specifications: initial
delay, 0.1 second; frequency, 200 Hz; pulse width, 0.5 ms; duration, 0.5 second; 100 mA stimulation.
Muscles were then removed from the 3C nutrient solution, quickly rinsed in nutrient-free Ringer’s solution,
dried, and immediately flash-frozen. Muscle metabolites were then extracted and analyzed as per metab-
olomics procedures (LC-MS, see above), and mass resolution was carried on predetermined metabolites,
while control energetics (ATP, phosphocreatine) were analyzed from simultaneous quantitation from the
LC-MS system. The metabolite labeling ratio was calculated on peak area/mg tissue values, subtracting
the background 13C labeling ratio obtained from muscles exposed to unlabeled nutrients (the same reagents
used for respirometry) and expressed as the percentage of total metabolites. Metabolite analysis was per-
formed blinded to treatment groups.

Luciferase experiments in live myofibers. Luciferase plasmids containing regulatory fragments were
obtained cloning genomic sequences in the pGL4.23 backbone (E8411; Promega) using the KpnI-Xhol
sites upstream of the minimal promoter site. Fragments were cloned conserving the genomic orientation
with regard to transcriptional orientation, adding Kpnl and Xhol tails to the appropriate extremities via
Phusion PCR. WT fragments with responsive site ablation were cloned from WT C57BL/6J genomic
DNA, while mutated fragments (A sites) were amplified from ad hoc synthetized DNA oligonucleotides,
using genomic sequences from the C57BL/6J genomic background (see Supplemental Table 5 for a com-
plete list of sequences). Flexor digitorum brevis (FDB) fibers were transfected by in vivo electroporation.
Methods were described previously (51). Briefly, the hindlimb footpad was injected with 10 puL hyaluro-
nidase (8 units) (catalog H4272, MilliporeSigma). After 2 hours, up to 40 ug in 20 uL of endotoxin-free
plasmid (10 pL luciferase vector, 2 uL. Renilla vector, 3 plL KIf15 vector [MR206548; Origene] or Mef2C
vector [#32515; ref. 52]) was injected into the footpad. Electroporation was conducted by applying 20
pulses, each 20 ms in duration, at 1 Hz, at 100 V/cm. Animals were allowed to recover for a minimum of
7 days and not more than 10 days after electroporation to avoid examining injured muscle and to allow
sufficient time for plasmid expression (53). GR activation was promoted with a pulse of 1 mg/kg i.p.
prednisone 24 hours before luciferase analysis. Ex vivo luciferase assay was performed on whole, elec-
troporated FDB muscles. Muscles were minced and homogenized in lysate buffer, and experiments were
performed according to Dual Luciferase Assay Kit (catalog 1910; Promega) instructions. Luminescence
was recorded at the Synergy HTX multimode 96-well plate reader (BioTek). Raw values were normalized
to Renilla luciferase, then to protein content (MyHC), and finally to vehicle-treated muscles with the same
plasmids. Results are expressed as fold change to average vehicle. All luciferase quantitation assays were
conducted blinded to treatment groups.

Tissue respirometry. Whole-tissue analysis of basal OCR was conducted adapting reported conditions for
intact muscle tissue analysis (54) to the XF96 Extracellular Flux Analyzer platform (Agilent). Immediately after
mouse sacrification, target muscle (quadriceps) tissues were quickly collected, rinsed in clean PBS buffer, and
dissected into approximately 2 X 2 X 2 mm pieces. At least 3 biopsies were sampled for each tissue. Each biopsy
was placed at the bottom of a dedicated 96-microplate well (101085; Agilent), covered with 225 uL of basal
respirometry medium, and equilibrated at 37°C in a CO,free incubator for 1 hour. Respirometry medium was
based on XF Base Medium without phenol red (103335-100; Agilent) supplemented with either 10 mM glucose,
5 mM valine, or 1 mM palmitate-BSA. pH was adjusted to 7.4 for all media. Nutrients (G7021, V0500, P0500;
MilliporeSigma) were diluted in XF Base Medium. During biopsy equilibration, a Seahorse XFe96 FluxPak
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cartridge (102601-100; Agilent), previously hydrated overnight with 300 pL/well XF calibrant (100840; Agilent)
at 37°C in a CO,-free incubator, was loaded with 25 uL appropriate chemical compounds in designated ports
and calibrated in the Analyzer. Respirometry analysis was then performed on equilibrated tissue biopsies using
the following protocol for each basal or postinjection read: 3-minute mix, 5-minute delay, and 2-minute measure.
Basal rate reads were collected for 6 consecutive courses; then, drugs were injected and control reads gathered for
additional 3 consecutive courses. Drugs to validate basal respiration include the following, where catalog num-
ber, referenced inhibitory activity, and final concentration are reported after each compound (all compounds
from MilliporeSigma): DE-NONOate (D184-50; inhibitor of methylmalonyl-CoA mutase [ref. 55]), 5 mM;
BBT-octanoic acid (SML0404; inhibitor of PDH [ref. 56]), 1 mM; and etomoxir (E1905; inhibitor of CPT [ref.
57]), 1 mM. Compound concentrations were determined on literature and/or preliminary test assays on WT
muscle biopsies, and the concentration of the compound when loaded in the cartridge port was X10. OCR reads
were averaged for the same tissue replicates and subtracted from background noise values (empty wells with only
medium and appropriate compound). OCR reads were then normalized to biopsy dry weight and measured
after overnight incubation of biopsy plate after respirometry analysis at 55°C, hence obtaining pmol O,/min/mg
values for OCR. Net OCR values were calculated as basal OCR minus OCR after inhibitor supplementation. All
respirometry analyses were conducted blinded to treatment groups.

2-NBDG uptake assay and glycemia/lactate monitoring. 2-NBDG uptake assay in live myofibers was
conducted adapting previously reported conditions (58). FDB muscles were collected and carefully
treated with collagenase type II and hand pipetting to liberate single myofibers, following reported
procedures (51). Myofibers from 2 FDB muscles were collected in 1 mL Ringer’s solution (for 1 L, 7.2
g NaCl, 0.17 g CaCl,, 0.37 g KCI; pH, 7.4). A total of 200 uL of myofiber suspension was dispensed
per well of chambered coverglass (155382; Thermo Fisher Scientific) and imaged as baseline condition
for both transmitted light (1 ms integration) and green fluorescent channels (100 ms integration) at the
Zeiss Axio Observer A1 microscope, using X20 short-range objective and the ZEN 2 software (version
2011; Zeiss). Immediately after baseline imaging, myofibers were supplemented with 2 mM glucose
(D8375-1g; Millipore Sigma) and 50 uM 2-NBDG (11046; Cayman Chemical). For insulin-dependent
uptake, insulin (12585014; Thermo Fisher Scientific) was added to a final 85 uM concentration. To
control Glutl-/Glut4-dependent uptake, negative control wells were further supplemented with 10 uM
citochalasin B (C6762; Millipore Sigma). Myofibers were incubated for 30 minutes in a 37°C/10%
CO, incubator; they were then washed twice in Ringer’s solution and immediately imaged in fresh
Ringer’s solution, using the same integration and objective settings used for preincubation pictures.
2-NBDG uptake was quantitated as relative fluorescent units, calculated as intramyofiber fluorescence
after incubation subtracted of average baseline fluorescence. Fluorescence intensity was quantitated
through serial analysis of acquired images (3 areas of ~85um? were analyzed for average fluorescence
value per myofiber; >10 myofibers were analyzed per mouse) with ImageJ (NIH) software (59). All glu-
cose uptake assays were conducted blinded to treatment groups.

Glucose was measured in blood (first drop from tail venipuncture) or serum (5 pL of 1:2 dilution) with
an AimStrip Plus glucometer system (Germaine Laboratories) and expressed as mg/dL values. Lactate
was measured in blood (second drop from tail venipuncture) or serum (5 uL of 1:2 dilution) with a Lactate
Plus reader (Nova Biomedical) and expressed as mM values. Fasting glycemia was measured in mice after
4-hour fasting (7-11 am). Glucose, insulin, and pyruvate tolerance tests were conducted after 4-hour fasting
in individual cages immediately after baseline fasting glucose monitoring. Mice were injected with either 1
g/kg glucose (D8375-1g; Millipore Sigma), 0.5 U/kg insulin (12585014; Thermo Fisher Scientific), or 2.5
g/kg pyruvate (P5280-25g; Millipore Sigma) in 200 uL i.p. injections, and glucose was then monitored by
tail venipuncture at 10 minutes, 20 minutes, 30 minutes, 60 minutes, and 120 minutes after injection. All
glucose- and pyruvate-tolerance tests were conducted blinded to treatment groups.

Data and materials availability. Data sets for mdx muscle metabolomics, mdx myofiber H3K27ac ChIP-
seq, and mdx muscle RNA sequencing are available as Data Track ID 1828 in NIH Metabolomics Work-
bench, GSE137992 and GSE95682 entries in GEO, respectively.

Statistics. Statistical analyses were performed using Prism software v7.0a (Graphpad). Normality of
data pools was tested with the Pearson-D’Agostino normality test. When comparing 2 groups, 2-tailed
Student’s ¢ test with Welch’s correction (unequal variances) was used. When comparing 3 groups of data
for 1 variable, 1-way ANOVA with Tukey’s multicomparison was used. When comparing data groups for
more than 1 related variable, 2-way ANOVA was used, and the Tukey’s multicomparison was additionally
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used when comparing more than 2 data groups. For ANOVA and ¢ test analyses, a P value less than 0.05
was considered significant. Stacks of P values were analyzed with Benjamini-Hochberg test to calculate a ¢
value (metabolomics, epigenomics). Data were presented as single values (dot plots, histograms) when the
number of data points was fewer than 15. In analyses pooling larger data point sets per group (typically >
50 data points), Tukey distribution bars were used to emphasize data range distribution. Analyses pooling
data points over time were presented as marked line plots. Tables, dot plots, histograms, and marked line
plots depict mean + SEM. Box plots depict the Tukey distribution of the data pool.

Study approval. All methods using mice in this study were performed in ethical accordance with the Amer-
ican Veterinary Medical Association (AVMA) and under protocols fully approved by the IACUC of NU
Feinberg School of Medicine (no. ISO00000761). Consistent with the ethical approvals, all efforts were made
to minimize suffering.

Subject’s parents provided consent to participate (NCT03319030) under approval granted by the IRB
of the Ann and Robert H. Lurie Children’s Hospital (no. 2017-1264). All protocols and consents were con-
ducted in accordance with the Declaration of Helsinki and other international ethical guidelines.
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