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versus females, resulting in enhanced performance.

Introduction

Glucocorticoids are powerful stress hormones that modulate the
body’s carbohydrate, lipid, and protein metabolism in response
to external or circadian stimuli. Synthetic glucocorticoids such as
prednisone are used as antiinflammatory agents for conditions
ranging from rheumatoid arthritis to muscular dystrophy to asth-
ma. The therapeutic benefits of glucocorticoids are hampered
by extensive side effects especially when taken chronically, and
these side effects include insulin resistance and muscle weakness
(1). Chronic glucocorticoid treatment is known to induce skele-
tal muscle atrophy by stimulating atrogene expression (2, 3), and
despite this, glucocorticoids are still widely used because of their
effectiveness as antiinflammatory agents.

Glucocorticoids exert their effects through the glucocorticoid
receptor (GR). Upon ligand binding, GR is released from a chap-
erone complex in the cytoplasm and transported into the nucle-
us, where it binds glucocorticoid-response elements (GREs) near
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Glucocorticoid steroids are commonly prescribed for many inflammatory conditions, but chronic daily use produces adverse
effects, including muscle wasting and weakness. In contrast, shorter glucocorticoid pulses may improve athletic performance,
although the mechanisms remain unclear. Muscle is sexually dimorphic and comparatively little is known about how male
and female muscles respond to glucocorticoids. We investigated the impact of once-weekly glucocorticoid exposure on
skeletal muscle performance comparing male and female mice. One month of once-weekly glucocorticoid dosing improved
muscle specific force in both males and females. Transcriptomic profiling of isolated myofibers identified a striking sexually
dimorphic response to weekly glucocorticoids. Male myofibers had increased expression of genes in the IGF1/PI3K pathway
and calcium handling, while female myofibers had profound upregulation of lipid metabolism genes. Muscles from

weekly prednisone-treated males had improved calcium handling, while comparably treated female muscles had reduced
intramuscular triglycerides. Consistent with altered lipid metabolism, weekly prednisone-treated female mice had greater
endurance relative to controls. Using chromatin immunoprecipitation, we defined a sexually dimorphic chromatin landscape
after weekly prednisone. These results demonstrate that weekly glucocorticoid exposure elicits distinct pathways in males

target genes. GR interacts with a diverse group of coactivators
and corepressors in order to regulate target gene expression in a
tissue- and stimulus-specific manner (4, 5). The role of GR as an
antiinflammatory transcription factor is well delineated (6, 7).
In muscle, glucocorticoids and GR have been well characterized
in the promotion of skeletal muscle atrophy (3, 8-10). In high or
chronic dosing schemes, glucocorticoids activate the ubiquitin
proteasome pathway, upregulating the muscle-specific ubiquitin
ligases MuRF-1 and atrogin-1, which directly increase polyubiqg-
uitination-mediated degradation of proteins and initiate muscle
wasting (11, 12). Concurrently, these high doses of glucocorticoids
inhibit mammalian target of rapamycin (mTOR) (13-15), resulting
in decreased protein synthesis.

Glucocorticoids have been used to enhance muscle per-
formance and/or improve recovery from injury, often in short
dosing regimens thought to act through antiinflammatory
properties (16). Studies examining lower dose and short-term
exposure to glucocorticoids have found inconsistent results
in skeletal muscle performance, likely related to varying dos-
ing schemes. A single dose or short-term dosing, for less than
1 week, has been found to result in either no change or mod-
est improvements in athletic performance in both humans (16)
and mice (17, 18). In mice, a chronic once-weekly dosing reg-
imen improved muscle strength and endurance in models of
Duchenne muscular dystrophy (DMD) and limb girdle muscu-
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Figure 1. Weekly prednisone improved muscle perfor-
mance in both male and female mice. (A) C57BL/6) mice
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lar dystrophies 2B and 2C (19, 20). The molecular mechanisms
responsible for this benefit to muscle are likely multifold, and
studies in mouse models of DMD indicate that the transcrip-
tion factor KLF15 is relevant in the diseased muscle setting (17,
20). Few of the studies examining glucocorticoid dosing and
response have considered sex-specific responses, despite skel-
etal muscle being a highly sexually dimorphic tissue and the
observations of sex-specific transcriptional programs driven by
glucocorticoids in other tissues (21).

To investigate how prednisone dosing impacts atrogene expres-
sion and muscle performance, we treated a cohort of male and
female adult mice with once-weekly or daily doses of prednisone
for 1 month and then evaluated skeletal muscle function and gene
expression. We found that daily prednisone treatment resulted in
decreased specific force and increased atrogene expression in both
males and females. In contrast, once-weekly prednisone-treated
mice of both sexes exhibited increased specific force, increased

both male and female mice, leading to reduced maximal tetanic
and specific force, increased contraction and relaxation time, and
reduced force over consecutive isometric contraction bouts (Figure
1, B-F). In contrast, weekly prednisone treatment improved mus-
cle performance in all metrics, suggesting that, unlike daily pred-
nisone, weekly exposure to prednisone did not induce atrophy.
Weekly prednisone-treated males and females had significantly
more ATP and NAD+ per milligram of tissue compared with vehi-
cle-treated animals (Figure 1, G and H). Daily treated animals had
significantly less ATP and NAD+ than vehicle-treated animals,
reflecting their atrophic state. Neither daily nor weekly predni-
sone treatment influenced blood glucose or serum insulin levels
(Supplemental Figure 1, A and B; supplemental material available
online with this article; https://doi.org/10.1172/JCI14982DS1).
Chronic treatment with exogenous glucocorticoids is known to
suppress endogenous glucocorticoids, and we indeed found that
daily treatment resulted in a significant reduction in circulating

J Clin Invest. 2022;132(6):e149828 https://doi.org/10.1172/)C1149828
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Figure 2. Daily and weekly prednisone
treatment elicited similar transcription-
al profiles with differential atrogene
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corticosterone (Supplemental Figure 1C). Weekly prednisone did
not suppress circulating corticosterone. To evaluate the effect of
weekly prednisone on fully mature animals, we separately treat-
ed a cohort of 18-week-old mice for 4 weeks and found that they
responded to weekly prednisone similarly (Supplemental Figure 2).

Glucocorticoids work primarily through their receptor, GR,
a nuclear receptor transcription factor. We hypothesized that
the differences we observed between daily and weekly predni-
sone-treated animals was the result of distinct transcriptional
profiles. To investigate this, we performed RNA sequencing
(RNA-Seq) on myofibers isolated from quadriceps muscle of
male and female animals from each treatment group. After fil-
tering for baseline expression, variability, and log,(fold change),
in daily prednisone-treated muscle 1777 genes were changed in
males and 1224 genes in females compared with vehicle-treated
animals of each sex (Figure 2A). Less than half the genes were
shared between the sexes (Figure 2B). In contrast, in weekly
prednisone-treated muscles, 407 and 406 genes were changed
in males and females, respectively (Figure 3A), and the majority
were unique to one sex (Figure 3B). We asked how many genes
had a divergent response to the 2 treatments, i.e., upregulated

J Clin Invest. 2022;132(6):e149828 https://doi.org/10.1172/)C1149828

by one and downregulated by the other, and the vast majority
of genes had the same directionality of transcriptional response
after daily and weekly prednisone (quadrants 2 and 4, Figure
2C), suggesting that the transcriptional profiles were overall
similar between daily and weekly treatment. We did find that
daily versus weekly prednisone had distinct effects on the
expression of the canonical mediators of glucocorticoid-in-
duced atrophy. Expression of the genes encoding MuRF-1
(Trim63) and atrogin-1 (Fbx032) was unchanged in weekly treat-
ed muscle compared to vehicle-treated, but these atrophy genes
were upregulated in daily treated muscle (Figure 2D). In daily
prednisone-treated muscle, we observed strong downregula-
tion of the genes encoding the mitochondrial respiratory com-
plex (Figure 2E). Taken together, these results suggest that daily
and weekly prednisone treatment elicit some similar transcrip-
tional effects in skeletal muscle, but daily prednisone exposure
is distinguished by its atrophic gene expression pattern.

Having observed similarities in the transcriptional response
between daily and weekly prednisone, we were curious wheth-
er administering prednisone twice a week would improve upon
weekly prednisone or produce an effect more similar to daily

:


https://www.jci.org
https://doi.org/10.1172/JCI149828
https://www.jci.org/articles/view/149828#sd
https://www.jci.org/articles/view/149828#sd

RESEARCH ARTICLE

Variation threshold
(cohort mean/SD < 1.5)

Expression threshold
(logCPM > 2.5)

) \» A
) — — >
| 4 P L4

C Male-only: 299 genes

\WP449: Complement and coagulation cascades
n-PI3K-Akt-mTOR-signaling
\WP386: Triacylglyceride synthesis

cid biosynthesis

\WP3855: Dysregulated miRNA Targeting in Insulin/PI3K
cise-induced circadian regulation

WP723: Wnt signaling and pluripotency
WP2432: Spinal cord injury

\WP2573: Primary focal segmental glomerulosclerosis
triated muscle contraction
WP3654: Novel Jun-Dmp1 pathway

Calcium regulation in the cardiac cell

>

» o
NN

AR IR SRS IRN KSR R
Adjusted P value
D Specific force
B 154 Experimental vs. Control 40 PIBK/AKT vs. Immune
c
@
10 30
o 20
C
g 5 10
P o
-1 05 0 05 1 -1 -05 0 05 1
Pearson coefficient
Relaxation time
$ 20, Experimental vs. Control 5. Calcium vs. Immune
8
(o2}
S 25
c
@
o
9]
o

-1

05 0 05 1 -1

Pearson coefficient

05 0 05 1

» B
> \.ﬂ-:\\-
> >
I Y. P

The Journal of Clinical Investigation

Upregulated genes
Males

Females

Fold change threshold
(-0.5 > logFC > 0.5)

Female-only: 267 genes

[ Lipid metabolism

Other metabolism
I Muscle function

Other

WP662: Amino acid metabolism

WP200: Complement activation, classical pathway
WP63: Pentose phosphate pathway

WP164: Glutathione metabolism

WP3626: Microglia pathogen phagocytosis pathway
_PPAR signaling pathway

WP2271: Macrophage markers

WP3625: TYROBP causal network

WP730: Glutathione and one carbon metabolism
WP449: Complement and coagulation cascades
WP1496: Oxidative damage

WP79: Tryptophan metabolism

EStatin pathway

N g > > » © A ®

S & 8 © L 8 8 »
Adjusted P value
E Specific force
40+ Experimental vs. Control 50 Lipid vs. Immune

Percent of genes

0.5 1 105
Pearson coefficient

0 05 1

Contraction time
30+ Experimental vs. Control 50 Lipid vs. Immune

Percent of genes

05 1
Pearson coefficient

-1 05 0 05 1

Figure 3. Weekly prednisone elicits distinct transcriptional response in male versus female muscle. (A) Transcriptome comparison of once-weekly pred-
nisone-treated muscle to vehicle-treated for both sexes; prednisone-responsive genes were identified as being above expression and fold-change (FC)
thresholds and below a variation threshold. n = 3 animals per group. (B) The majority of prednisone-responsive upregulated genes were unigue to one sex.
(C) Gene ontology analysis of male- and female-only upregulated genes shows differential pathway enrichment. (D and E) Pheno-RNA analysis of genes
shows high correlation between gene expression and physiological response in males (D) and females (E). Genes responsive to weekly prednisone are more
correlated with physiological response than a shuffled control group and genes in pathways of interest are more correlated with physiological response

than prednisone-responsive genes involved in other cellular processes.

exposure. We treated male and female mice with prednisone twice
a week for 3 weeks (Supplemental Figure 3A). With twice-week-
ly treatment, both sexes had significantly more skeletal muscle
NAD+ compared with vehicle, while only female muscle had sig-
nificantly increased ATP (Supplemental Figure 3, B and C). Genes
transcriptionally responsive to once-weekly prednisone were sim-
ilarly responsive to twice-weekly (Supplemental Figure 3D-G),
suggesting that while twice-weekly prednisone did not improve

:

upon once-weekly, it also did not induce atrophy. This was further
confirmed by quantitative PCR (qPCR) for Fbx032 and Trim63,
which were not upregulated after twice-weekly prednisone treat-
ment (Supplemental Figure 3H).

Males and females have differing transcriptional responses to week-
ly glucocorticoid treatment. Most of the transcriptional response to
weekly prednisone treatment was through increased gene expres-
sion, suggesting weekly glucocorticoids can be considered primarily

J Clin Invest. 2022;132(6):e149828 https://doi.org/10.1172/)C1149828
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Figure 4. Weekly prednisone treatment
activated the IGF1/PI3K pathway in males
but not females. (A) Genes encoding IGF1/
PI3K pathway members had increased
expression in the muscle (quadriceps)
of weekly treated male muscle but not
female muscle by gPCR. (B) Total protein
o levels of mTOR targets S6K and 4EBP1
were increased in the gastrocnemius
of weekly treated males but decreased
in weekly treated females. LC, loading
control. (C) Myofiber cross-sectional area in
the tibialis anterior trended larger in week-
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as an activating stimulus. Of those upregulated genes, the majority
(87.2% in females, 88.4% in males) were unique to one sex (Fig-
ure 3B). Genes upregulated in weekly prednisone-treated females
were predominantly involved in lipid metabolism pathways (dark
purple, Figure 3C); however, genes upregulated in weekly treated
males were involved in muscle function and growth pathways such
as PI3K/AKT signaling and calcium regulation (orange, Figure 3C).
To identify any associations between the transcriptional and phys-
iological responses to weekly prednisone, we applied Pheno-RNA,
a method that links genes to phenotypic outcomes (22). Compared
with a group of control genes, genes responsive to weekly predni-
sone were more highly correlated with specific force and relaxation
time in males (Figure 3D) and specific force and contraction time in
females (Figure 3E). When we asked how well certain pathways cor-
related with physiological outcome, we found that PI3K/AKT sig-
naling genes in males were more correlated with specific force than
immune signaling genes, despite both pathways being significantly
upregulated in response to weekly prednisone. Calcium-handling
genes were more correlated with relaxation time than immune

J Clin Invest. 2022;132(6):e149828 https://doi.org/10.1172/)C1149828

[C]Female vehicle [[] Female weekly

signaling genes in males. In females, lipid metabolism genes were
more correlated with specific force and contraction time than
immune signaling genes. Overall, we found that sex-specific tran-
scriptional responses to weekly prednisone highly correlated with
improvements in skeletal muscle performance.

The IGF1/PI3K pathway is upstream of mTOR and is known
to regulate myofiber hypertrophy (23-25). Quantitative reverse
transcription PCR (RT-PCR) confirmed upregulation of IGF1/
PI3K pathway member genes in male but not female muscle
(Figure 4A). mTOR is downstream of IGF1/PI3K, where it phos-
phorylates target proteins S6K and 4EBP1 (26). Total protein
levels of S6K and 4EBP1 were significantly increased in weekly
treated male muscle but were decreased in weekly prednisone-
treated female muscle (Figure 4B). Levels of phosphorylated
4EBP1 were slightly increased in weekly prednisone-treated
male muscles, resulting in a maintained p-4EBP1/4EBP1 ratio.
Female muscle had an increase in the p-4EBP1/4EBP1 ratio,
perhaps to compensate for a reduction in total 4EBP1. We mea-
sured myofiber cross-sectional area in the tibialis anterior mus-

:
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Figure 5. Weekly prednisone treatment improved
calcium handling in males but not females. (A) Genes
encoding calcium-handling proteins were upregu-

lated in the quadriceps of weekly treated males but
downregulated in weekly treated females by gPCR.

(B) Protein levels of CASQ1, CASQ2, and SERCA2 were
unchanged or increased in the gastrocnemius of weekly
treated males, but decreased in weekly treated females
compared with vehicle-treated animals. LC, loading
control. (C and D) Calcium transient measurements in
isolated flexor digitorum brevis fibers trended toward

a faster maximum rate of calcium release (change

in ratio/time, dR/dt) (C) and time to 50% rise (D) in
weekly treated males and no change in weekly treated
ole females compared to vehicle-treated animals. Data
were analyzed with Mann-Whitney test (A and C) or
Welch's t test (B).
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electrical stimulus compared with vehicle-treated
males, while weekly treated females had fewer
(Figure 5D). Overall, these data suggest that males
had improved calcium handling and increased
IGF1/PI3K pathway activity in response to weekly
glucocorticoid treatment, while females did not.
Weekly treatment changes lipid metabolism in
females, resulting in increased endurance. GO anal-
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ysis of genes upregulated in female muscle after
weekly prednisone highlighted enrichment of
lipid metabolism-related pathways (Figure 3C).
Although expression of some lipid metabolism
genes was slightly increased in weekly treated
males, weekly treated females exhibited a unique

Percent of total fibers

cle, as an indicator of hypertrophy; weekly prednisone-treated
males trended toward increased cross-sectional area compared
with vehicle-treated males, while there was no difference
between female groups (Figure 4C).

Gene ontology (GO) analysis of genes upregulated in male
muscle also identified enrichment of genes involved in calcium
handling (Figure 3C). Quantitative RT-PCR confirmed that genes
encoding SERCA2 (Atp2a2), calsequestrin (Casq2), troponin
(Tnncl, Tnnil, and Tnntl), and the Ca 3.2 channel (Cacnalh) were
upregulated by weekly glucocorticoid treatment in males but were
unchanged or downregulated in females (Figure 5A). Protein levels
of calsequestrin isoforms 1 and 2 were not changed in response to
weekly treatment in males, although SERCA2 did appear to be ele-
vated (Figure 5B). In contrast, levels of both calsequestrin isoforms
were reduced in weekly treated females. To evaluate how these
gene expression and protein changes might impact calcium han-
dling, we investigated calcium transients at 40 Hz in isolated flexor

and strong upregulation of genes involved in beta
oxidation, lipid droplet formation, lipolysis, and
fatty acid binding and transportation (Figure
6A). These expression shifts were confirmed by
quantitative RT-PCR (Supplemental Figure 4). After 4 weeks of
glucocorticoid treatment, weekly treated females had decreased
whole-body percentage fat mass, while weekly treated males were
unchanged compared with vehicle-treated animals (Figure 6B).
These differences could be seen in the size of the visceral fat pad,
which was much smaller in weekly treated females compared with

msQ’

vehicle-treated females and all males (Figure 6C). Interestingly,
this difference appears to have been driven by adipocyte size; the
cross-sectional area of adipocytes in the visceral fat pad was sig-
nificantly reduced in weekly treated females (Figure 6D). Reflect-
ing a change in metabolic state, an increased percentage of myofi-
bers in the tibialis anterior muscles of weekly treated females were
positive for succinate dehydrogenase enzymatic activity (Figure
6E), without any associated change in fiber type (Figure 6F).

To investigate the impact of weekly prednisone and associated
changes in lipid metabolism on the skeletal muscle lipid profile,
we performed untargeted lipidomics on whole quadriceps from
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Figure 6. Weekly prednisone treatment improved lipid metabolism in females but not males. (A) Results from RNA sequencing analysis revealed
increased expression of lipid metabolism-related genes in weekly prednisone-treated females compared with vehicle-treated females and weekly pred-
nisone-treated males. (B) Body composition analysis after 4 weeks of treatment demonstrated reduced whole-body percentage fat mass in once-weekly
prednisone-treated females, while comparably treated males had no change. (C and D) The visceral fat pad of weekly treated females was smaller than
vehicle-treated females and weekly treated males (C) and the adipocytes in this fat pad had significantly reduced cross-sectional area (D). (E) Weekly
treated females had an increased proportion of succinate dehydrogenase-positive (SDH*) fibers in the tibialis anterior compared with vehicle-treated
females, while the males exhibited no change. Scale bars: 100 um (D) and 50 pum (E). (F) Neither sex had changes in fiber type proportion following weekly

treatment. Data in B, D, and E were analyzed with Mann-Whitney test.

vehicle- and weekly treated females. Overall, only 26 (4.8%)
of 536 lipid compounds profiled were significantly different
between vehicle- and weekly treated females, most of which were
glycerides and phospholipids. Triglycerides are the predominant
form of stored lipid in skeletal muscle and are funneled into beta
oxidation through their catabolism into free fatty acids. Quan-
titative RT-PCR demonstrated upregulation of genes encoding
enzymes involved in glyceride catabolism and acyl-CoA synthesis
after weekly prednisone (Figure 7A). Di- and triglyceride species
were significantly decreased in weekly treated females (Figure 7B
and Supplemental Table 4), further suggesting that this pathway
was activated by weekly prednisone. The phospholipids phos-
phatidylcholine (PC) and phosphatidylethanolamine (PE) are the
main components of skeletal muscle mitochondrial membranes
(27, 28). Genes encoding key enzymes involved in the synthesis
of PC were upregulated by weekly prednisone (Figure 7C), and
PC and PE species were significantly increased in weekly treated
females (Figure 7D and Supplemental Table 4). These data indi-
cate a subtle but significant shift in skeletal muscle lipid metabo-
lism following weekly prednisone.

J Clin Invest. 2022;132(6):e149828 https://doi.org/10.1172/)C1149828

We next tested whether exercise endurance, which is known to
be influenced by lipid metabolism (29-31), was altered by this drug
regimen. We treated a cohort of female mice with prednisone for 3
months and then assessed the running distance to exhaustion at 3
time points. The previously noted shift in body composition toward
increased lean mass was maintained through 3 months of treatment
(Figure 8A). Weekly treated females had a significantly increased
distance to exhaustion after 6 months of weekly prednisone (Fig-
ure 8B), with fewer stimuli required per kilometer run (Figure 8C).
Although their visceral fat pads were no longer significantly smaller
than vehicle-treated females after 9 months of treatment (Figure
8D), weekly treated females still had significantly smaller adipo-
cytes (Figure 8E). Some, but not all, of the lipid metabolism genes
transcriptionally upregulated by 4 weeks of weekly prednisone were
still upregulated in female muscle after 9 months of treatment (Fig-
ure 8F). Overall, we observed significant changes in the lipid metab-
olism of weekly treated females, including increases in expression
of beta oxidation genes, triglyceride catabolism, and abundance
of mitochondrial membrane phospholipids as well as decreased
whole-body percentage fat mass, resulting in improved endurance.
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The sex-specific response to weekly prednisone is abrogated by
sex steroid antagonism. Glucocorticoids regulate target gene
expression through binding to GREs, a process moderated by
many cofactors including the androgen receptor (AR) and estro-
gen receptor (ER). Both testosterone and estrogen were slightly
increased in the serum in response to weekly treatment (Figure
9A) and expression of the genes encoding their receptors was
sex-specifically responsive to weekly prednisone (Figure 9B). To
investigate the role of these receptors in the response to weekly
prednisone, we cotreated male mice with the AR competitive
antagonist flutamide and female mice with the ER competitive
antagonist fulvestrant in addition to vehicle or weekly prednisone
starting at 10 weeks of age (Figure 9C). Four weeks of daily flut-
amide treatment significantly reduced body weight and prostate
wet weight, while daily fulvestrant significantly reduced uterus
wet weight but did not affect body weight (Supplemental Figure
5, A and B). When administered in conjunction with sex steroid
antagonists, weekly prednisone failed to increased ATP and
NAD+ in muscle (Figure 9, D and E) and did not reduce whole-
body percentage fat mass or adipocyte cross-sectional area in
female mice (Figure 9F and Supplemental Figure 5C). Week-
ly prednisone did not stimulate upregulation of Ar (Figure 9G),
IGF1/PI3K pathway (Figure 9H), or calcium-handling genes (Fig-

:

ure 91I) in males cotreated with flutamide, suggesting that AR is
required for the male-specific transcriptional response to weekly
prednisone. Intriguingly, both Ar and Esrl were upregulated in
females cotreated with fulvestrant (Figure 9G), as were the IGF/
PI3K pathway members Igfl and Itga3 (Figure 9H) and the lipid
transporter Slc27al (Figure 9J). Other lipid metabolism genes pre-
viously demonstrated to be responsive to weekly prednisone were
not upregulated when females were cotreated with fulvestrant,
suggesting that only part of the female-specific transcriptional
response to weekly prednisone is modulated by ER.

Weekly prednisone induces sex-specific chromatin changes. To
further investigate the sex-specific response to weekly predni-
sone, we performed chromatin immunoprecipitation (ChIP) for
GR using vehicle- and weekly treated muscles. We investigated
established or likely GREs in the following target genes: Cidea,
Cidec, Esrl, Pik3c2a, Pik3ca, and Tnncl (32-35). For the genes
without previously identified GREs (Akt1, Ar, Slc27al, and Tnntl),
we investigated binding at sequences matching the GR consensus
motif, ACAnnnTGT, located within 10 kb of the transcriptional
start site of the target gene. GREs near lipid metabolism genes
had increased GR binding in weekly prednisone-treated females
compared with vehicle, while weekly prednisone-treated males
had no changes in GR occupancy (Figure 10A). For male muscle,
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Figure 8. Long-term weekly prednisone treatment increased endurance in female mice. (A) Weekly prednisone-treated females had reduced
whole-body percentage fat mass and increased percentage lean mass after 3 months of treatment. (B) Weekly prednisone-treated females
showed increased distance to exhaustion in a treadmill run-to-exhaustion test compared with vehicle-treated females. (C) Weekly prednisone-
treated females required fewer stimuli per kilometer run than vehicle-treated females. (D) After 9 months of treatment, weekly treated females
had a slightly smaller visceral fat pad and moderately reduced percentage fat mass than vehicle-treated females. (E) Adipocytes in the visceral
fat pad of weekly treated females had significantly reduced cross-sectional area compared with vehicle-treated females. Scale bars: 100 um. (F)
Some lipid metabolism genes continued to be upregulated in response to weekly prednisone. Data were analyzed with 2-way ANOVA (A and B) or

Mann-Whitney test (C, E, and F).

GREs near IGF1/PI3K pathway and calcium-handling genes were
enriched (Figure 10, B and C), including a well-characterized GRE
known to modulate Cacnalh expression. These results demon-
strate sex-specific GR binding profiles consistent with the sexually
dimorphic transcriptional patterns.

We investigated GR binding 2 days after the final weekly
injection; our findings accordingly represent a relatively short-
term response to prednisone, which has total body clearance
in 24 to 36 hours in adult humans (36). To better understand
how weekly prednisone affects chromatin architecture and how
long those changes are maintained, we treated a cohort of mice
for 4 weeks and then harvested quadriceps 4, 6, and 8 days after
the final injection (Figure 11A). We performed ChIP-Seq for the
histone modification H3K27ac on isolated myofibers to identify
active enhancers (Supplemental Figure 6, A-C). We were par-
ticularly interested in enhancers present 4 days after the final
weekly injection but absent in vehicle-treated samples, which
we identified as prednisone-responsive enhancers (PREs).
PREs were mostly intergenic or intronic and few were shared
between males and females (Figure 11, B and C). We queried
how many PREs remained at 6 or 8 days after the final injec-
tion. Although the vast majority of male PREs were lost by day
6, females maintained some PREs out to day 8 (Figure 11D).
When we assigned the 500 top-ranked PREs to their nearest
promoter, we found that males had PREs near genes implicat-
ed in muscle function and nuclear receptor signaling, while
females had PREs near genes involved in IGF1/PI3K signaling
(Supplemental Figure 6D). Those PREs maintained in females
at day 8 were near genes involved in both lipid metabolism and

J Clin Invest. 2022;132(6):e149828 https://doi.org/10.1172/)C1149828

IGF1/PI3K signaling (Supplemental Figure 6E). Similar to a
previous investigation of dystrophic male muscle (20), the most
significant transcription factor motifs enriched in long-lived
PREs in both sexes were MEF2 family members (Supplemental
Figure 6, F and G).

We then investigated H3K27ac enrichment at GREs with
sex-specific binding 2 days after the final injection (Figure 10).
Three of these GREs overlapped an enhancer that was present
in all animals, including vehicle-treated ones, suggesting these
enhancers had baseline activity that was further modulated by
weekly prednisone (gray box, Figure 11E, and Supplemental
Figure 6B). Some GREs with sex-specific GR binding in males
at day 2 did not have H3K27ac enrichment at day 4 (Figure
11F), suggesting that these enhancers were transiently respon-
sive to weekly prednisone. Transient enhancer occupancy was
also observed at female-specific GREs (Figure 11G). Reflecting
the overall longevity of the female response to weekly predni-
sone, we identified PREs near female-specific genes that were
maintained out to day 8 (Figure 11H). Overall, these results
suggest that male and female skeletal muscles undergo dif-
ferential chromatin remodeling in response to weekly predni-
sone. While males had a relatively transient response to weekly
prednisone that mostly disappeared by 6 days after the end of
treatment, female skeletal muscle had more persistent chro-
matin marks that were evident for longer than a week after ces-
sation of treatment. Intriguingly, these longer-lived enhancers
annotate not only to genes involved in female-specific path-
ways such as lipid metabolism but also male-specific pathways
such as IGF1/PI3K signaling.
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Figure 9. Sex steroid receptor antagonism attenuated the effects of weekly prednisone. (A) Circulating levels of testosterone and estrogen were
increased in weekly prednisone-treated animals. (B) Expression of the gene encoding the androgen receptor (Ar) was increased in weekly prednisone-
treated males, while expression of the gene encoding estrogen receptor o (Esr1) was increased in weekly treated females. (C) C57BL/6) mice were cotreated
for 4 weeks with sex steroid inhibitors (males, flutamide; females, fulvestrant). Concomitantly, half of the cohort received weekly prednisone or vehicle.
Arrows indicate i.p. injections. (D and E) Weekly prednisone-treated mice had no change in concentrations of ATP (D) and NAD+ (E) compared to vehi-
cle-treated animals. (F) Weekly treated animals had no change in whole-body percentage fat mass when cotreated with sex steroid inhibitors. (G-J) After
4 weeks of weekly prednisone, males cotreated with flutamide had no change in gene expression profiles for sex steroid receptors (G), IGF1 pathway (H),
calcium handling (1), or lipid metabolism (J). Females cotreated with fulvestrant had some increased sex steroid receptor (G), IGF1 pathway (H), and lipid
metabolism (J) gene expression. Data were analyzed with Mann-Whitney test (A, B, and D-)).

Discussion

Weekly prednisone avoids triggering the atrophy pathways. Week-
ly prednisone enhanced muscle performance, while daily
prednisone triggered significant muscle atrophy. We observed
significant improvements in specific force compared with
vehicle-treated animals, which is similar to studies of anabol-
ic steroids such as testosterone (37) and nandrolone (38, 39).
Although there was considerable overlap of the transcription-
al profiles from weekly and daily prednisone-treated muscle,
only daily prednisone exposure produced atrogene upregula-
tion and canonical glucocorticoid-induced atrophy (2). Atro-
gene upregulation was accompanied by profound repression
of mitochondrial respiratory chain genes in daily prednisone-
treated mice, and this is consistent with the known role of
chronic glucocorticoid treatment in the suppression of mito-
chondrial oxidation (40). Whether reduction of mitochondrial
oxidation genes results from the direct action of GR or an indi-
rect side effect of atrophy is not known. Once-weekly predni-
sone did not elicit the same atrogene upregulation as daily ste-
roid treatment, thus providing many of the positive adaptive
changes without the adverse consequences.

Sexual dimorphism in response to weekly prednisone. The vast
majority of genes responsive to weekly prednisone were upregu-
lated uniquelyin one sex. Skeletal muscle is known to be one of the
most sexually dimorphic tissues in the body. Males and females
exhibit major differences, ranging from fiber type composition to
metabolism and gene expression (41-45). Studies investigating
the molecular effects of glucocorticoids on skeletal muscle have
often been evaluated in a single sex (2, 17, 46) or with results from
both sexes analyzed in aggregate, missing the biological effects
of sex-specific responses (3,19, 20). Studies in liver (21) and more
recently in skin (47) suggest males and females can have distinct
responses to synthetic glucocorticoid treatment. Male muscle
was characterized by increased IGF1/PI3K signaling activation,
a pathway strongly implicated in muscle growth (25). We also
identified a role for calcium handling in the male response to
weekly prednisone. Glucocorticoids have been shown to increase
store-operated calcium entry (48) as well as contractile force in
isolated cardiomyocytes (49) and the mouse model of DMD (50),
providing additional support for this mechanism of enhanced per-
formance. Although we observed male-specific improvements in
gene expression and calcium release rate, both sexes responded
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to weekly prednisone with significantly decreased muscle relax-
ation time. We suspect that these improvements in female skel-
etal muscle performance were the result of increased ATP, the
cytoplasmic concentration of which is known to mediate the time
course and amplitude of tetanic force (51). The benefits offered
by prednisone-induced increased ATP content in female muscle
might be only observable by whole-muscle mechanics and too
subtle to be evaluated in single myofibers, and further study is
required to investigate this important relationship. Although we
did not directly identify the source of increased ATP, production
of ATP in muscle has been shown to be stimulated by IGF1 signal-
ing (52), mitochondrial calcium taken up from the sarcoplasmic
reticulum (53-55), and mitochondrial membrane phospholipid
composition (56), all of which were improved by weekly predni-
sone. However, further investigation is needed to clarify exactly
how these pathways specifically modulate specific force inde-
pendently of fiber size.

Female-specific improvements in lipid metabolism and endurance.
Glucocorticoids are well-described regulators of white adipose
tissue, modulating both adipocyte differentiation and fasting- and
hormone-induced lipolysis (57, 58). Acute or short-term exposure
to glucocorticoids in particular has been identified as a mediator
of lipolysis from adipocytes (59-61). We observed reductions in
adipocyte size, visceral fat pad size, and whole-body percentage
fat mass in weekly treated females but not males. Skeletal muscle
of weekly treated females exhibited strong upregulation of lipid
metabolism-related genes previously reported as glucocorticoid
responsive in adipose tissue (35) and as having sexually dimorphic
expression in skeletal muscle (62-66). This baseline sexual dimor-
phism has been proposed as an explanation for why, although
endurance exercise instigates a shift toward increased lipid utili-
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zation in both sexes, the effect is stronger in females, who have a
lower respiratory exchange ratio and utilize 25% to 50% less gly-
cogen than males, depending on exercise type and muscle group
(41, 67-69). The lipid profile of weekly treated females exhibited
improvements that mirror those observed in trained muscle. Both
PC and PE are responsive to exercise intervention (70) and addi-
tion of PE to the skeletal muscle mitochondrial membrane has
been shown to promote mitochondrial respiratory capacity (56).
We also observed increased expression of PC synthesis enzymes,
including Chptl, which has been shown by skeletal muscle-spe-
cific knockout to be crucial for exercise tolerance (71). Sexual
dimorphism in skeletal muscle lipid metabolism gene expression
has been partly attributed to differences in fiber type, and female
muscle tends to have a higher percentage of oxidative fibers than
male muscle (43, 72-75). We did observe that female muscle had
a slightly higher percentage of type 2A fibers than male muscle
(15.2% and 9.8% of the tibialis anterior muscle, respectively),
but we observed no significant changes in fiber composition in
response to weekly prednisone. The relatively small contribution
of type 2A fibers is likely insufficient to account for the functional
improvements after weekly prednisone.

Sex hormones influence muscle size and contractility, metab-
olism, and response to exercise (45, 76-79). GRs and sex steroid
receptors are members of the same superfamily, capable of coop-
eratively binding (80) or sharing cofactors (81), and we hypothe-
sized that AR and ER were responsible for directing sex-specific
GR binding. When AR was antagonized, male muscle failed to
respond to weekly prednisone, suggesting that AR is the cofactor
mediating the male response to weekly prednisone. Intriguingly,
weekly prednisone administered to female mice treated with an
ER antagonist resulted in upregulation of previously male-specif-
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ic genes such as Ar and Igfl. We also found that female myofibers
treated with weekly prednisone alone had H3K27ac enrichment
at male-specific GREs. It is possible that the female-specific tran-
scriptional profile is the result of direct activation of female-spe-
cific genes and repression of male-specific genes; further inves-
tigation is needed to clarify whether ER is the direct mediator of
both of these gene regulatory programs.

Implications for clinical use of glucocorticoids. This work
focused on the muscle response to weekly prednisone exposure
between male and females, but glucocorticoids are primarily
prescribed as antiinflammatory drugs. Whether there are sexu-
ally dimorphic differences in inflammation response is possible
and may be more relevant in the disease or injury context. Oth-
er adverse effects of glucocorticoids may also exhibit sexually
dimorphic responses. For example, central obesity is a common
side effect of chronic glucocorticoid treatment (82) but our data
show a reduction in fat mass and adipocyte size only in females.
Osteoporosis is a highly significant adverse consequence of ste-
roid use, and bone is also known to have strong hormonal influ-
ence and sexual dimorphism. Glucocorticoid-induced osteopo-

rosis is in part driven by decreased osteoblast function through
suppression of IGF1 (83), expression of which was significantly
upregulated in weekly treated males but not females.

Overall, our data indicate that weekly glucocorticoid treatment
is beneficial to skeletal muscle health and performance. Although
male and female mice exhibit similar improvements in strength,
the mechanisms by which they achieve this are very different,
driven by distinct gene expression profiles associated with specif-
ic differences in chromatin occupancy of the GR. This work has
considerable implications given the widespread nature of chronic
glucocorticoid use.

Methods

Animals. Male and female C57BL/6] mice were obtained from The
Jackson Laboratory at 8 weeks of age. Mice were acclimatized for 2
weeks prior to treatment onset. Mice were randomly assigned to treat-
ment cohorts. Unless otherwise specified, all animals were 10 weeks
of age at treatment onset. For long-term experiments, mice were
assigned to treatment group based on initial weight and percentage
fat mass such that each treatment group began with the same mean
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body mass and mean percentage fat mass. Mice were housed in a spe-
cific pathogen-free facility and maintained on a 14-hour light/10-hour
dark cycle, with the light cycle beginning at 6 am.

Drug treatments. Prednisone (P6254, Sigma-Aldrich) was resus-
pended in DMSO (D4540, Sigma-Aldrich) at 5 mg/mL each week.
Daily treatment was 1 mg/kg body weight prednisone in 50 pL PBS
given every day via i.p. injection. Vehicle treatment was the equiv-
alent amount of DMSO proportional to body weight in 50 uL PBS.
Weekly treatment was 1 day of prednisone treatment (1 mg/kg pred-
nisone in 50 pL PBS) and 6 subsequent days of vehicle treatment
(DMSO in 50 pL PBS). Unanesthetized mice were injected daily at 7
am with sterile BD Micro-Fine IV Insulin Syringes (14-829-1A, Ther-
mo Fisher Scientific). Mice were weighed weekly and body weight
was used for dosing calculations. Short-term (4-week) treatments
consisted of 5 weekly prednisone injections total, with the final injec-
tion given 2 days prior to sacrifice. Long-term (38-week) treatments
consisted of 39 weekly prednisone injections total, with the final
injection given 2 days prior to sacrifice. AR activity was suppressed
via the competitive antagonist flutamide (F9397, Sigma-Aldrich),
which was administered at 15 mg/kg in 90% corn 0il/10% ethanol.
ER activity was suppressed via the competitive antagonist fulves-
trant (14409, Sigma-Aldrich), which was administered at 5 mg/kg
in 95% corn 0il/5% DMSO. Sex steroid receptor antagonists were
administered daily as 100-pL i.p. injections.

Muscle mechanics, treadmill, and body composition. In situ tetanic
force and contraction and relaxation time from the tibialis anterior
muscle were evaluated at 9 am just prior to sacrifice using a Whole
Mouse Test System with a 1-N dual-action level arm force transducer
(300C-LR, Aurora Scientific). Mice were anesthetized with 3% iso-
flurane in 100% O, and tetanic force and contraction and relaxation
time were evaluated as previously described (46). Specific force was
calculated using myofiber cross-sectional area, described below,
after sacrifice. Mice were run on a treadmill (Exer3/6 without elec-
trical stimulation grills, Columbus Instruments) at a 15° incline with
a start speed of 1 m/min. Speed was increased by units of 3 m/min in
2-minute increments to a final speed of 15 m/min. The assay was ter-
minated when mice stopped for longer than 15 seconds on the rest pad
and could not be prodded to return to running. The number of times a
mouse had to be prodded to run was recorded and reported as stimuli
per kilometer run. Treadmill experiments were performed 2 days after
the most recent weekly injection beginning at 8:30 am. Body compo-
sition was evaluated prior to and during treatment, occurring monthly
1 day after the most recent weekly injection at 1 pm. Percentage fat
mass, percentage lean mass, and hydration ratio were determined in
unanesthetized mice using MRI (EchoMRI). For all muscle mechan-
ics, treadmill, and body composition assays, the operator was blinded
to treatment group.

FDB isolation and calcium indicator dye loading. The FDB mus-
cle was dissected from mouse hind-limb foot pads and incubated in
DMEM (SH30022.01, HyClone) with 2 mg/mL BSA (SLBT0167, Sig-
ma-Aldrich) and 40 mg/mL collagenase II (17101-015, Invitrogen)
and was incubated at 37°C with 10% CO, for 90 minutes (84). The
FDB muscles were moved to Ringer’s solution (123 mM NaCl, 2 mM
CaCl,, 5 mM KCl, pH 7.4) and triturated to isolate individual myofi-
bers. MatTek 10-mm glass-bottom dishes were coated with 20 pg/
mL laminin for 1 hour (23017-015, Gibco), after which the FDBs were
adhered to the surface for 30 to 45 minutes at 37°C with 10% CO,,.
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After 1 hour, the medium was exchanged with 300 pL of Ringer’s solu-
tion with 6 g/L glucose and 1% penicillin/streptomycin for overnight
incubation at 37°C maintained in an incubator with 5% CO,. Leak-re-
sistant Indo-1-AM (145, TEF Labs) cytosolic calcium indicator dye was
resuspended in DMSO and 10% Pluronic. FDB muscles were loaded
with 5 uM Indo-1 for 45 minutes in a 37°C incubator with 10% CO,,.

Calcium transient and sarcomere shortening measurements. Isolat-
ed FDB muscles loaded with Indo-1 dye were imaged on a Nikon Dia-
phot inverted microscope equipped with a high-speed camera and
photomultiplier tubes integrated with the FluoroDaq system (IonOp-
tix) to measure cytosolic calcium transients and cell shortening as
previously described (85). FDB muscles were paced with platinum
electrodes designed for 35-mm MatTek dishes and connected to a
high-voltage follow stimulator (701C, Aurora Scientific). Cells were
paced at 40 Hz for 100 ms using a 0.2 ms pulse width at 18 to 20
V. A video sarcomere length system (900B, Aurora Scientific) was
used to measure sarcomere spacing from bright-field images using
a fast-Fourier transform. Aurora Scientific’s 950A calcium fluores-
cence analysis module was used to record the calcium transients
and sarcomere length-shortening data and analyze the parameters
of average transients. FDB isolation and calcium transient measure-
ments were performed blinded to treatment group.

HPLC. Gastrocnemius muscle was flash-frozen immediately
after sacrifice and then pulverized to powder using a mortar and
pestle chilled on dry ice. Extraction and neutralization were per-
formed as previously described (86). NAD+ and ATP were mea-
sured by HPLC as previously described (20) by an operator blinded
to treatment group.

Histology and immunofluorescence microscopy. Cross-sectional
area for white adipose tissue was evaluated from hematoxylin and
eosin staining of 10-um paraffin sections imaged with a Zeiss Axio
Observer Z1 at 10x (LD A-Plan 10x/0.25 Phl, Zeiss) for quantifi-
cation and 20x (Plan-Apochromat 20x/0.8, Zeiss) for representa-
tive images. Adipocyte cross-sectional area was measured by hand
in Fiji (87) from 3 images per animal. The percentage of fibers
positive for succinate dehydrogenase was evaluated from 10-pm
cryosections of tibialis anterior incubated with sodium succinate
and nitroblue tetrazolium at 37°C for 90 minutes. Two whole sec-
tions from each animal were imaged as 10x tiles (EC Plan-Neoflu-
ar 20x/0.3, Zeiss) using a Zeiss Axio Imager M2; representative
images were taken at 20x (Plan-Apochromat 20x/0.8, Zeiss).
Fiber type was evaluated by immunofluorescence; briefly, 10-um
serial cryosections of tibialis anterior were fixed in acetone and
then incubated overnight with primary antibodies against Myh7
(1:10), Myh2 (1:30), Myh4 (1:10), and Myh1 (1:30) (BA-F8, SC-71,
BF-F3, and 6H1, respectively; Developmental Studies Hybridoma
Bank) at 4°C. Sections were then incubated with secondary anti-
bodies Alexa Fluor 488 goat anti-mouse IgG1 and Alexa Fluor 594
goat anti-mouse IgM (A21121 and A21044, Life Technologies).
Two whole sections from each animal were imaged as 10x tiles
with a Zeiss Axio Imager M2. The number of fibers stained each
color was counted by hand in Fiji. Cross-sectional area for skeletal
muscle was evaluated from 10-um cryosections of tibialis anterior
fixed in 4% paraformaldehyde (PFA) and incubated overnight with
an antibody against dystrophin (1:1000; PA1-37587, Invitrogen) at
4°C. Sections were then incubated with Alexa Fluor 488 donkey
anti-rabbit IgG (A32790, Life Technologies). Two whole sections
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from each animal were imaged as 10x tiles with a Zeiss Axios
Imager M2, and then cross-sectional area was evaluated using
the MATLAB program SMASH (88). All staining was performed,
imaged, and analyzed with operator blinded to treatment.

Serum collection and analysis. At the end of treatment, mice were
fasted for 4 hours and blood was collected by heparinized microhe-
matocrit capillary tube (22-362-566, Thermo Fisher Scientific). Blood
was allowed to clot for 30 minutes at room temperature and then cen-
trifuged for 5 minutes at 12,000g and 4°C. Plasma was collected as
supernatant and used to determine circulating insulin (NC9440604,
Thermo Fisher Scientific), corticosterone (ADI-900-097, Enzo Life
Sciences), estradiol (Calbiotech; conducted by the University of Vir-
ginia Center for Research in Reproduction), and testosterone (IBL;
conducted by the University of Virginia Center for Research in Repro-
duction). Blood glucose was measured from a drop of blood collected
from the tip of the tail with an AimStrip Plus glucometer (Germaine
Laboratories). Insulin, corticosterone, estradiol, and testosterone lev-
els were evaluated by an operator blinded to treatment group.

Immunoblot analysis. Relative protein abundance and phosphory-
lation were assessed by immunoblotting. Briefly, snap-frozen muscles
were ground to powder using a dry ice-chilled mortar and pestle and
then resuspended in 500 pL ice-cold 1x PBS with 1 mM CaCl,, 1 mM
MgCl, or 1x RIPA (10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0, 0.5
mM EGTA pH 8.0, 0.1% sodium deoxycholate, 140 mM NacCl), and
EDTA-free protease inhibitor cocktail (11836170001, Sigma-Aldrich)
and phosphatase inhibitor (4906837001, Sigma-Aldrich). Tissue was
homogenized using the TissueLyzer II (Qiagen) for 6 minutes at 30
Hz, resting every 2 minutes. Samples homogenized in RIPA were then
incubated with 1% Triton X-100 (9002-93-1, Sigma-Aldrich) and 0.1%
SDS (L3771-500G, Sigma-Aldrich) for 1 hour at 4°C. Samples were
centrifuged to pellet insoluble material and then supernatant total pro-
tein was quantified using Bradford reagent (5000205, Bio-Rad). Pro-
tein was separated using 4%-15% gradient or 7.5% TGX gels (4561086
and 4561026, Bio-Rad) and then transferred to PVDF membranes
(1620177, Bio-Rad) for 3 hours at 300 mA and 4°C. Blots were blocked
for 90 minutes at room temperature in StartingBlock T20 (37543,
Thermo Fisher Scientific) and incubated with primary antibody dilut-
ed in T20 overnight at 4°C. Blots were washed 4 times in 1x TBS with
0.1% Tween 20 (TBST) (BP337-500, Thermo Fisher Scientific), incu-
bated for 1 hour at room temperature with secondary antibody con-
jugated to HRP, and washed again in TBST. Blots were imaged with
SuperSignal West Pico Chemiluminescent Substrate (34080, Thermo
Fisher Scientific) using an iBright CL1000 (Thermo Fisher Scientific).
Total protein was assessed using the Pierce Reversible Protein Stain
Kit (24585, Thermo Fisher Scientific). Densitometry was performed
using Fiji and protein was normalized either to the total protein band
at 42 kDa or as the phosphorylated-to-total protein ratio.

Antibodies used for immunoblots are listed in Supplemental Table 1.

RNA-Seq analysis and quantitative RT-PCR. Gene expression analysis
was performed on RNA extracted from myofibers isolated from quadri-
ceps with TRIzol (15596018, Life Technologies). Briefly, directly follow-
ing harvest, the right quadriceps was cut in half and then sliced following
the natural myofiber orientation before being incubated in collagenase
II for 1 hour at 37°C . The muscle was manually dissociated and then fil-
tered through a 40-um cell strainer (22-363-547, Thermo Fisher Scien-
tific). The unfiltered fraction was collected and processed with TRIzol.
RNA was then isolated using the PureLink RNA Mini Kit (Thermo Fish-

The Journal of Clinical Investigation

er Scientific) per the manufacturer’s instructions and resuspended in
30 pL of RNase-free water. Quality controls, sequencing, alignment to
mmlO0, and read count quantification and counts per million were per-
formed as described previously (46). Raw reads are available in NCBI’s
Gene Expression Omnibus database (GEO GSE168964). Heatmaps were
visualized from z scores with medians in RStudio (89). GO analysis was
conducted via the Wiki Pathways Mouse 2019 module in Enrichr (90,
91). Results from RNA-Seq were validated by quantitative RT-PCR with
primers listed in Supplemental Table 2 using iTaq Universal SYBR Green
Supermix (1725124, Bio-Rad). RT-PCR results for each gene are reported
as fold change normalized to the average of the vehicle-treated samples.
Correlation between gene expression and phenotypic data was assessed
using Pheno-RNA (22). Genes with log counts per million greater than 2.5
and absolute log fold change greater than 0.5 (721 females, 470 males)
were used for the analysis along with specific force, relaxation time, and
contraction time. Pearson’s correlation coefficient was calculated for each
gene and phenotype in 3 animals per sex per treatment group. A control
group was generated by shuffling counts per million between samples as
described in the original publication (22).

ChIP-gPCR analysis. ChIP was performed on chromatin isolated
from snap-frozen whole left quadriceps. Muscle was ground to powder
ondry ice and then homogenized 6 times in 2 mM disuccinimidyl glu-
tarate (20593, Thermo Fisher Scientific) in a dounce homogenizer on
ice. The muscle homogenate was filtered through first a 100-um and
then 40-pm cell strainer (22-363-549 and 22-363-547, Thermo Fisher
Scientific) and the filtrate was incubated for 20 minutes at room tem-
perature. The cells were pelleted and then resuspended in 1% PFA for
a 5-minute fixation at room temperature. Pellets were resuspended in
Fast IP Buffer (5 mM EDTA pH 7.5, 50 mM Tris pH 7.5, 0.05% NP-40,
150 mM NaCl) and lysed by passing through a sterile BD Micro-Fine
IV Insulin Syringe (14-829-1A, Thermo Fisher Scientific) twice. Chro-
matin was sheared via Bioruptor Ultrasonicator (Diagenode), 6 cycles,
30 seconds on/off, and then spun down to remove impurities. The
supernatant was split in half and incubated with 6 pg of either anti-GR
antibody (sc-393232, Santa Cruz Biotechnology) or an IgG2B isotype
control (MABOO4, R&D Systems) overnight at 4°C, with 5% reserved
as input. Protein A/G Magnetic Beads (88803, Thermo Fisher Scien-
tific) were preblocked with 0.5% BSA in PBS overnight at 4°C. After
overnight incubation, the antibody-chromatin mix was added to the
magnetic beads and incubated for 6 hours at 4°C. Beads were washed
6 times with ice-cold Fast IP Buffer, twice with ice-cold TE pH 8.0, and
then eluted at room temperature (105 mM sodium bicarbonate, 1.05%
SDS). Following an overnight incubation at 65°C to reverse crosslinks,
DNA was purified with a QIAquick PCR Purification Kit (28106, Qia-
gen) and eluted with 30 uL EB. GR enrichment was determined as per-
centage input by quantitative PCR. Positive and negative control loci
as well as putative GREs identified are listed in Supplemental Table 3.

ChIP-Seq analysis. ChIP was performed on 2 biological replicates
per treatment group on isolated myofibers from the left quadriceps.
Briefly, myofibers were isolated as described above and then snap-fro-
zen after filtering. Snap-frozen myofibers were ground to powder
on dry ice and then fixed in 1% PFA for 5 minutes at room tempera-
ture. Chromatin was isolated and sheared as described above before
being incubated with 5 pg of anti-H3K27ac antibody (39133, Active
Motif) overnight at 4°C, with 5% reserved as input. Immunoprecipi-
tation was performed as described above with a high-salt wash buf-
fer (50 mM Tris pH 7.5, 500 mM NaCl, 0.1% SDS, 1% Triton X-100).
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Quality controls, library preparation, and sequencing were performed
as described previously (20). Reads were trimmed to remove TruSeq
adaptor sequences with homerTools (92) and then aligned to mm10
with Bowtie2 (93, 94). Peaks were called with HOMER using com-
mand findPeaks with parameters -style histone -F 2 with input tag
directories used as controls. Peaks unique to weekly prednisone-treat-
ed skeletal muscle were identified by comparing vehicle- and weekly
treated peak files using mergePeaks with parameter -d given. Signifi-
cantly enriched motifs were identified using findMotifsGenome with
parameters -size given -mask. Raw reads and peak files are available in
the GEO database (GSE188302). Regions called as peaks or not peaks
were validated by qPCR using primers listed in Supplemental Table 3.

LC-MS/MS analysis. Untargeted lipidomics was performed on muscle
from female mice treated for 4 weeks with vehicle or weekly prednisone.
Quadriceps muscle were snap-frozen and then ground to powder with
dry ice—chilled mortar and pestle. Frozen samples were sent on dry ice to
the Mass Spectrometry Core at the University of Illinois Chicago, where
LC-MS/MS and data analysis were performed. Briefly, 10 uL of SPLASH
Lipidomix was added as an internal standard prior to extraction. The lip-
id extracts were dried and resuspended in 100 uL methanol/chloroform
(9:1, v/v) prior to analysis. MS analysis of the crude lipid extracts was per-
formed using an Agilent 6545 Q-TOF LC-MS system controlled by the
Agilent Mass Hunter acquisition software. The mass spectrometer was
operated in 2 GHz extended dynamic range mode, employing precursor
ion analysis for relative quantification experiments in positive ion mode. In
positive ion mode, internal reference mass calibration ions m,/z 121.0509
and 922.0098 were used. Mobile phase A was H,O/methanol (90:10, v/v)
with 10 mM ammonium acetate and 0.5 mM ammonium fluoride. Mobile
phase B was isopropanol/methanol /acetonitrile (5:3:2, v/v/v) with 10 mM
ammonium acetate and 0.5 mM ammonium fluoride. The resuspended
lipid extracts (2 puL) were loaded onto a 2.1 x 100 mm Agilent Poroshell
C18, 2.7 um column (Agilent Technologies Inc.) and separation performed
using an Agilent 1290 UPLC system with the following gradient: 70% B at
0-1 minute, 86% B at 3.5-10 minutes, 100% B at 11-17 minutes, at a flow
rate of 400 uL/ min. A postcolumn equilibration time of 5 minutes was
used for all runs. Source parameters were as follows: gas temp 200°C, dry-
ing gas 11 L/min, nebulizer 35 psi, sheath gas temp 350°C, sheath gas flow
12 L/min, VCap 3000 V, and fragmentor 145 V. Data were collected for rel-
ative quantification using a scan speed of 4 MS spectra per second. Pooled
samples were prepared by combining 5 pL of each of the samples and an
iterative MS/MS workflow was performed in the Mass Hunter acquisition
software across 6 injections of the pooled samples with a scan speed of 10
MS and 3 MS/MS spectra per second.

Lipidomics data analysis. Raw LC-MS/MS data were used to create
a fragmentation-based (MS/MS) library containing m/z precursors and
retention times for all MS/MS-identified lipids using Lipid Annotator
software (Agilent Technologies Inc.) and the following settings: lipid spe-
cies for positive ([M + HJ*, [M +Na]*, [M+NH,]*, [M+H-H,0]", [M + Na
-H,QOJ", [M+NH, -H,0]*), Qscore of 60 or greater, and mass deviation of
10 ppm or less. Raw LC-MS data files were processed using the Profinder
software (vB.10.00, Agilent Technologies Inc.). Here, molecular features
were extracted for peaks with 5000 or greater counts in the positive mode
(IM +HJ", [M + Nal*, [M + NH,]*, [M + H- H,0l, [M + Na- H,0[", [M +
NH, - H,0J") using an isotope model of common organic molecules (no
halogens). The resulting compound list was further filtered for those hav-
ing an absolute height of 10,000 counts or greater, quality score of 60 or
higher, and compounds having 2 or more isotopes present. Additionally,

J Clin Invest. 2022;132(6):e149828 https://doi.org/10.1172/)CI149828

RESEARCH ARTICLE

retention time for each compound was aligned to *0.1 minute using a
mass accuracy window of 5.0 ppm or less and peaks integrated using the
Agile integrator in the Profinder software. Each of the integrated peaks
was manually reviewed for retention time and fragmentation matching.
The processed data file was then exported as a .cef and imported into
the Mass Profiler Professional software (v15.1, Agilent Technologies Inc.)
where each data set was analyzed separately. All compound abundance
values were baseline corrected to the median abundance and normalized
by the closest lipid standard. Compounds that were not present in all bio-
logical replicates of either treatment group were further filtered. Outliers
were identified by Dixon’s Q test and outliers falling outside the 95% con-
fidence interval were removed. Compounds of interest were identified by
Welch'’s ¢ test as having a Pvalue of less than or equal to 0.05 and are listed
in Supplemental Table 4.

Statistics. Statistical analyses were performed with Prism (Graph-
Pad). When comparing 3 groups, analyses were performed as either
1-way ANOVA (for treatment as the only variable) or 2-way ANOVA
(for time and treatment as variables). When comparing 2 groups, the
Mann-Whitney-Wilcoxon test was used. For analyses with small sam-
ple numbers, a Welch’s ¢ test with was used. For ANOVA and ¢ test
analyses, a P value of less than or equal to 0.05 was considered signif-
icant, although all P values less than 0.1 are reported in figures. Dot
plots and marked line plots depict mean * SD.

Study approval. The study was conducted with the approval of the
Institutional Animal Care and Use Commiittee at Northwestern University.
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