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Chadwick JA, Hauck JS, Gomez-Sanchez CE, Gomez-Sanchez
EP, Rafael-Fortney JA. Gene expression effects of glucocorticoid and
mineralocorticoid receptor agonists and antagonists on normal human
skeletal muscle. Physiol Genomics 49: 277–286, 2017. First published
April 21, 2017; doi:10.1152/physiolgenomics.00128.2016.—Mineralo-
corticoid and glucocorticoid receptors are closely related steroid hormone
receptors that regulate gene expression through many of the same
hormone response elements. However, their transcriptional activities and
effects in skeletal muscles are largely unknown. We recently identified
mineralocorticoid receptors (MR) in skeletal muscles after finding that
combined treatment with the angiotensin-converting enzyme inhibitor
lisinopril and MR antagonist spironolactone was therapeutic in Duch-
enne muscular dystrophy mouse models. The glucocorticoid receptor
(GR) agonist prednisolone is the current standard-of-care treatment
for Duchenne muscular dystrophy because it prolongs ambulation,
likely due to its anti-inflammatory effects. However, data on whether
glucocorticoids have a beneficial or detrimental direct effect on
skeletal muscle are controversial. Here, we begin to define the gene
expression profiles in normal differentiated human skeletal muscle
myotubes treated with MR and GR agonists and antagonists. The MR
agonist aldosterone and GR agonist prednisolone had highly overlap-
ping gene expression profiles, supporting the notion that prednisolone
acts as both a GR and MR agonist that may have detrimental effects
on skeletal muscles. Co-incubations with aldosterone plus either
nonspecific or selective MR antagonists, spironolactone or epler-
enone, resulted in similar numbers of gene expression changes,
suggesting that both drugs can block MR activation to a similar extent.
Eplerenone treatment alone decreased a number of important muscle-
specific genes. This information may be used to develop biomarkers
to monitor clinical efficacy of MR antagonists or GR agonists in
muscular dystrophy, develop a temporally coordinated treatment with
both drugs, or identify novel therapeutics with more specific down-
stream targets.

mineralocorticoid receptor; glucocorticoid receptor; Duchenne mus-
cular dystrophy; aldosterone; eplerenone; spironolactone; prednisolo-
ne; mifepristone

DRUGS THAT TARGET mineralocorticoid (MR) and glucocorticoid
(GR) receptors are being used clinically in patients with Duch-
enne muscular dystrophy (DMD), a degenerative and fatal

striated muscle disease. The GR agonist prednisolone is the
current standard-of-care treatment for DMD because it pro-
longs ambulation, likely due to its anti-inflammatory and
immunosuppressive effects (8, 13). We have recently shown
treatment with the MR antagonist spironolactone and angio-
tensin converting enzyme inhibitor lisinopril improved both
skeletal and cardiac muscle function and pathology in a mouse
model of DMD (45). This preclinical study has been translated
into a published clinical trial in DMD patients demonstrating
significant efficacy of an MR antagonist on cardiac outcomes
(46). We have recently demonstrated that MR are present in
skeletal muscle myotubes and in a wide variety of skeletal
muscle tissues. Although MR antagonists are widely used to
treat heart failure (21–23, 26), the presence of MR in skeletal
muscles supports the potential for a direct therapeutic effect of
MR antagonists on skeletal muscle pathology in muscular
dystrophy (9). MR and GR are structurally similar nuclear
hormone receptors that regulate gene transcription as ligand-
dependent transcription factors (4, 15, 21, 56), but the direct
effects of these receptors on gene expression in skeletal muscle
are largely unknown.

Upon ligand binding, MR and GR dissociate from chaperone
proteins and translocate from the cytosol to the nucleus where
they bind hormone response elements (HRE) on DNA to
modulate gene transcription (58). MR and GR bind many of
the same HRE and therefore interact to regulate transcription of
many of the same genes (21). Steroid hormone receptors
typically bind their HRE as homodimers. However, MR and
GR are highly homologous, can form functional heterodimers,
and exhibit a broad overlap of target genes in some cell types
(26, 43).

MR and GR exhibit cross-reactivity with endogenous glu-
cocorticoids, which have a similar affinity for MR as the
endogenous mineralocorticoid aldosterone and have a 10-fold
greater affinity for MR than for GR (16, 21, 33, 47, 52).
Aldosterone can only bind GR at supraphysiological concen-
trations, but this binding may contribute to its action (49). In
aldosterone selective tissues, MR are protected from glucocor-
ticoids by the type 2 11�-hydroxysteroid dehydrogenase en-
zyme that converts glucocorticoids to inactive metabolites
unable to bind MR (42, 54). We have recently demonstrated
that skeletal muscle fibers contain type 2 11�-hydroxysteroid
dehydrogenase, supporting the notion that skeletal muscle is an
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aldosterone selective tissue (10). Aldosterone levels within
dystrophic muscles are higher than normal, and evidence
suggests that aldosterone is being produced locally from infil-
trating inflammatory cells present in dystrophic muscle tissue
(10). These data suggest that MR are continually activated in
injured skeletal muscles and further support the possibility that
MR antagonists may be therapeutic for DMD.

Although glucocorticoids are used therapeutically in DMD,
whether they have a beneficial or detrimental direct effect on
skeletal muscle is controversial, and several laboratories have
shown that prednisolone actually worsens both skeletal and
cardiac muscle damage in DMD mouse models (18, 27, 29,
48). GR regulate glucose homeostasis in skeletal muscle by
increasing protein degradation and decreasing protein synthe-
sis. However, continued GR-mediated protein degradation re-
sults in skeletal muscle atrophy and weakness in populations
without muscle disease (34). Since treatment with the nonspe-
cific MR antagonist spironolactone can also bind GR and was
therapeutic for dystrophic skeletal muscles, these data suggest
that optimizing modulation of MR and GR activity may im-
prove therapeutic interventions for skeletal muscle disorders
(45, 59). We recently demonstrated that high levels of aldo-
sterone changed gene expression in normal differentiated hu-
man skeletal muscle myotubes (9). However, more detailed
comparisons between MR and GR agonists and antagonists are
crucial to optimize therapies targeting these receptors for
skeletal muscle diseases and to develop biomarkers of treat-
ment.

In the current study we begin to define the molecular
changes in differentiated skeletal muscle myotubes that may
underlie the observed in vivo efficacy of MR antagonists and
differentiate between MR- and GR-responsive genes and drugs
that target MR or GR. We performed gene expression microar-
ray on normal human myotubes treated with the endogenous
MR agonist aldosterone, the nonspecific MR antagonist spi-
ronolactone, which can also bind GR at higher concentrations
(59), the selective MR antagonist eplerenone, and the GR
antagonist mifepristone. Since prednisone has been shown to
worsen skeletal muscle damage in dystrophic mice, we also
treated normal human myotubes with prednisolone to deter-
mine whether it leads to detrimental gene expression changes.

MATERIALS AND METHODS

Mammalian cell culture. Human skeletal muscle myoblasts (lot
#0000421209; Lonza) isolated from normal healthy males were
grown in skeletal muscle cell growth medium (SkGM-2 bullet kit,
Lonza) as previously described (9). Cells were serum restricted for 5
days in high-glucose Dulbecco’s modified medium (DMEM, Invitro-
gen) and supplemented with 2% horse serum and 100 U/ml penicillin-
streptomycin, followed by 48 h treatments with: aldosterone (10 �M;
MR EC50: 1.3 nM; GR EC50: 80 nM), eplerenone (10 �M; MR IC50:
81 nM; Pfizer Compound Transfer Program), mifepristone (1 �M; GR
IC50: 2.6 nM; Cayman Chemical), prednisolone (1 �M; GR EC50: 4.4
nM), spironolactone (10 �M; MR IC50: 1.6 nM; GR IC50: 2.9 �M),
or vehicle (drugs were purchased from Sigma and dissolved in 100%
DMSO unless specified otherwise). We chose 48 h as a time-point to
identify both primary and secondary gene expression changes in this
high-dose treatment experiment. In a separate experiment, the same
primary cells were differentiated as described above and treated with
a 100-fold lower concentration of aldosterone (100 nM), or co-
incubuated with 100 nM aldosterone plus an excess of eplerenone (10
�M), spironolactone (10 �M), or mifepristone (1 �M) for 24 h to

block the MR, MR and GR, and GR, respectively. A shorter time-
point was used to ensure that the lower dosage of the drugs remained
stable throughout the experiment but was still long enough to ensure
effects on both early- and late-phase genes. Three biological replicates
for each treatment were conducted. Drugs were added directly to
existing differentiation media, and cells were harvested in 200 �l of
cellular extract buffer as previously described (9).

RNA isolation. RNA was isolated from three biological replicates
from each group of treated human myotubes or mouse gastrocnemius
muscles with TRIzol reagent (Life Technologies), according to man-
ufacturer’s instructions. Samples were DNase-treated using RQ1
DNase (Promega); samples for microarray analysis were further
purified using the RNeasy mini kit (Qiagen) cleanup protocol as
previously described (9).

Microarray. The integrity of RNA samples was verified using an
Agilent 2100 Bioanalyzer (Agilent Technologies). Samples with RNA
integrity numbers � 7.9 were assayed as follows. A 100 ng aliquot of
total RNA was linearly amplified and 5.5 �g of cDNA was labeled
and fragmented using the GeneChip WT PLUS reagent kit (Af-
fymetrix) following the manufacturer’s instructions. Labeled cDNA
targets were hybridized to an Affymetrix GeneChip Human Tran-
scriptome Array 2.0 for 16 h at 45°C rotating at 60 rpm. Microarrays
were washed and stained using the Affymetrix Fluidics Station 450
and scanned using the GeneChip Scanner 3000. Initial intensities were
assessed visually and through sample quality metrics such as positive
vs. negative area under the curve, all probe set mean, and all probe set
relative log expression mean. Quality standards were met on all
metrics. Resulting data were normalized using Affymetrix Expression
Console software. A gene level algorithm involving signal space
transformation and robust multiarray analysis (57) was applied using
default settings that included the criteria of a consistent increase/
decrease across all three replicate comparisons with a P value of �
0.015 based upon the Wilcoxon’s signed rank test. Tukey’s biweight
average algorithm was used to determine a robust average unaffected
by outliers resulting in a biweight average shown in a log2 scale.
Fold-change comparisons between samples were made in Transcrip-
tome Analysis Console (Affymetrix) using ANOVA calculated using
NMATH Package P � 0.5. A cutoff of twofold was used for
comparisons between high-dose individual treatments, and a cutoff of
1.5-fold was used for comparisons between low-dose aldosterone and
low-dose aldosterone plus antagonists. Microarray data have been
deposited in the National Center for Biotechnology Information’s
Gene Expression Omnibus under accession number GSE84992. Gene
groups were assigned using ontology annotation clustering tools from
ToppGene and the Database for Annotation, Visualization and Inte-
grated Discovery (DAVID) (11, 28). The list of genes for each
pairwise comparison was first run through ToppGene using the
ToppFun function. Biological Processes were used to classify the
genes. Genes that were duplicated in more than one category were
assigned to the category that contained the largest gene groups.
Classification groups for each gene were kept consistent between
comparisons. Any gene that was not identified in ToppGene was
separately searched using the Functional Annotation Clustering tool in
DAVID.

Western blot analysis. Protein concentration was determined by Dc
Protein Assay (Bio-Rad) as previously described (9). We probed 35
�g per lane of total protein from cell extracts with a combination of
MR-specific monoclonal antibodies, MRN 2B7 and rMR 1-18
6G1[monoclonal mouse (20)], or GAPDH (polyclonal rabbit, Protein-
tech # 10494-1-AP) followed by anti- mouse or rabbit horseradish
peroxidase (Jackson Immunoresearch) secondary antibodies. Signals
were detected with ECL 2 Western blotting substrate (Pierce) fol-
lowed by film (blue ultra, GeneMate) exposure.

Mice. All protocols were approved by the Institutional Laboratory
Animal Care and Use Committee of The Ohio State University
(OSU). Three mouse models of DMD were used for RNA isolation:
dystrophin-deficient mdx mice (7, 51), dystrophin-deficient utrophin

278 MR AND GR SKELETAL MUSCLE GENE EXPRESSION CHANGES

Physiol Genomics • doi:10.1152/physiolgenomics.00128.2016 • www.physiolgenomics.org
Downloaded from journals.physiology.org/journal/physiolgenomics (065.021.193.086) on February 26, 2022.



haplo-insufficent (utrn�/�; mdx) “het” mice (60) and dystrophin/
utrophin-deficient double knockout “dko” mice (14), in addition to
C57BL/10 (Harlan) wild-type control mice. Gastrocnemius muscles
were removed from 8 wk old mice bred in-house and genotyped as
described previously (14, 29, 60).

Real-time PCR. We used 1 �g of DNased RNA to generate cDNA
using the Reverse Transcriptase High Capacity cDNA Reverse Tran-
scription kit (Applied Biosystems), as previously described (9). Rel-
ative quantitation RT-PCR was performed using Power SYBR Green
PCR Master Mix (Applied Biosystems) inoculated with 1 �l of the
cDNA reaction and 40 nM of each primer. Technical triplicates of
three biological replicates for each treatment or mouse genotype were
performed. Primers used to amplify PRG4 were: 5=-TTTGGC-
CGGGAGACTCAATC-3= (forward) and 5=-ATTCTGCGTGGTG-
GAGATGG-3= (reverse) for mouse gastrocnemius muscles, and 5=-
GCAGCGCTTTCAACAGCTAA-3= (forward) and 5=-GCGA-
CGTCTCCTAACCTGTG-3= (reverse) for human myotubes. Expres-
sion levels of PRG4 were normalized to a �-actin control in mice
5=-ACCAGTTCGCCATGGATGAC-3= (forward) and 5=-TGCCG-
GAGCCGTTGTC-3= (reverse) and GAPDH in human 5=-AT-
GTTCGTCATGGGTGTGAA-3= (forward) and 5=-GGTGCTA-
AGCAGTTGGTGGT-3= (reverse). The C57 wild-type mouse tissue
or aldosterone treated human myotubes with the highest level of
PRG4 expression was normalized to 1� and used to determine
fold-changes in the other samples. Nonreverse-transcribed RNA was
used as a negative control for each sample, as well as a nontemplate
control for each reaction mixture. Data were analyzed by one-way
ANOVA. If the overall ANOVA indicated statistical significance,
either a nonparametric Dunnett post hoc test was used to test for
significant differences between each dystrophic group compared with
the wild-type control group or a Student’s t-test was used to compare
between aldosterone- treated and aldosterone plus spironolactone-
treated human myotubes (2 groups). A P value � 0.05 was considered
statistically significant.

RESULTS

MR protein levels are not decreased with aldosterone treat-
ment in normal human myotubes. Ligand binding and tran-
scriptional activation of nuclear hormone receptors are directly
coupled to degradation of the receptor through the ubiquitin-
proteasome pathway (2, 37, 50). To analyze the effect of
ligands on MR degradation and protein levels in skeletal
muscle, we treated normal human myotubes with aldosterone
for time periods between 1 and 48 h. Western blot analysis
revealed no observable change in MR protein levels or shift in
molecular weight (Fig. 1) (21).

Ninety-five percent of gene expression changes resulting
from aldosterone treatment is also changed with prednisolone
treatment. Normal human myotubes were first treated with
supraphysiological concentrations of MR and GR agonists and
antagonists for 48 h to examine maximal effects on gene
expression and ensure the microarray data encompassed both
early- and late-stage gene expression changes. Treatment of
normal human myotubes with aldosterone resulted in 200 gene
expression changes; 111 genes were increased (2- to 18-fold)
with aldosterone treatment, and 89 genes were decreased (2- to
10-fold) (Supplementary Table S1). (The online version of this
article contains supplemental material.) The majority of aldo-
sterone-responsive genes were functionally categorized as:
apoptotic (6.5%), immune response (15.0%), regulation of
transcription (7.0%), ion binding (8.0%), transmembrane
(6.5%), cell adhesion (5.0%), extracellular matrix or cytoskel-
etal binding (6.0%), alternative splicing (3.0%), vasculature or
muscle structure development (12.5%), oxidative stress re-
sponse (9.5%), regulation of cell differentiation (6.5%), or
GTPases (1.0%) (Fig. 2A).

Prednisolone treatment resulted in 483 gene expression
changes; prednisolone increased expression of 252 genes (2- to
50-fold) and decreased 231 genes (2- to 26-fold) (Supplemen-
tary Table S1). Interestingly, 189 of the 200 genes changed
with aldosterone treatment were also changed in the same
direction with prednisolone treatment. Prednisolone treatment
compared with untreated controls resulted in a similar gene
expression profile as that for aldosterone treatment compared
with untreated controls: apoptotic (7.0%), immune response
(8.5%), regulation of transcription (7.5%), ion binding (9.7%),
transmembrane (9.7%), cell adhesion (6.0%), extracellular ma-
trix or cytoskeletal binding (6.4%), alternative splicing (3.9%),
vasculature or muscle structure development (14.3%), oxida-
tive stress response (4.8%), cell cycle (6.2%), oxidoreductase
(1.0%), or GTPase activity (2.1%) (Fig. 2, B and C). The
remaining 11 genes changed with aldosterone treatment that
were not changed with prednisolone treatment include: C3,
TNFSF10, JUNB, ABCA6, ABCA8, FBLN1, FBLN2,
CENPF, TOP2A, SMOC1, and TMEM45A.

Treatment of normal human myotubes with spironolactone
results in very few gene expression changes compared with
eplerenone and mifepristone. Only three genes were increased
twofold with spironolactone treatment compared with un-
treated controls. However, treatment of myotubes with the
selective MR antagonist eplerenone alone resulted in 42 gene
expression changes, with seven genes increased (2- to 3-fold)
by eplerenone treatment and 35 genes decreased (2- to 4-fold)
compared with untreated controls (Supplementary Table S2).
Over one-quarter of these genes were functionally categorized
as genes involved in muscle contraction (28.6%); the remain-
ing genes were categorized as: apoptotic (7.1%), immune
response (11.9%), regulation of transcription (7.1%), ion bind-
ing (9.5%), cell adhesion (7.1%), or alternative splicing (7.1%)
(Fig. 3A). Treatment with mifepristone compared with un-
treated normal human myotubes resulted in 27 gene expression
changes (Supplementary Table S3). Mifepristone is a known
GR antagonist that also antagonizes the progesterone receptor
but was used for these studies since no GR-specific antagonists
are available. Only one gene was decreased (2-fold) with mife-
pristone treatment, and 26 genes were increased (2- to 10-fold). A
large percentage of genes changed by mifepristone treatment were

Fig. 1. Mineralocorticoid receptor (MR) protein levels are maintained in
aldosterone-treated human myotubes. Normal human myotubes were treated
with 100 nM aldosterone from 0 to 48 h. Representative Western comparing
MR protein levels from equivalent amounts (35 �g) of cell lysates shown.
Western blots used a combination of MR-specific monoclonal antibodies
MR1-18 1D5 and MRN 2B7 (20) (full-length MR predicted molecular weight
~107 kDa) or a GAPDH antibody (loading control; predicted molecular weight
~36 kDa).
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functionally categorized as regulation of transcription (33.3%),
and the remaining genes were categorized as: apoptotic (3.7%),
immune response (14.8%), ion binding (7.4%), alternative splic-
ing (7.4%), or developmental (7.4%) (Fig. 3B). Only PRG4 was
changed (increased) by both mifepristone and eplerenone treat-
ment compared with untreated controls.

Co-incubation with aldosterone plus eplerenone or spirono-
lactone results in a similar number of gene expression
changes. We next wanted to uncover whether aldosterone
induces gene expression changes through MR or GR and

determine if eplerenone and spironolactone blocked MR from
binding aldosterone and becoming activated to the same extent.
Therefore, we treated the same normal primary human myo-
tubes with a 100-fold lower concentration of aldosterone more
similar to physiological levels. Gene expression changes in
normal human myotubes resulting from this aldosterone treat-
ment alone were compared with changes resulting from myo-
tubes incubated with aldosterone in combination with either
eplerenone, spironolactone, or mifepristone to determine the
effects of MR and GR antagonism in the presence of aldoste-

Fig. 2. Gene expression changes resulting from high-dose aldosterone treatment were conserved with prednisolone treatment. A: treatment with the endogenous
MR agonist aldosterone resulted in 200 gene expression changes. Functional clustering of these genes revealed: 13 apoptotic, 30 immune or defense response,
14 transcriptional regulators, 16 ion binding, 13 transmembrane, 10 cell adhesion, 12 extracellular matrix (ECM) or cytoskeletal binding, 6 alternative splicing,
25 vasculature or muscle structure development, 19 oxidative stress responsive, 15 regulators of cell differentiation, 2 GTPases, and 25 genes with unknown or
specific functions. B: prednisolone treatment resulted in 483 gene expression changes and functional clustering of these genes revealed: 34 apoptotic, 41 immune
or defense response, 36 transcriptional regulators, 47 ion binding, 47 transmembrane, 29 cell adhesion, 31 ECM or cytoskeletal binding, 19 alternative splicing,
69 vasculature or muscle structure development, 23 oxidative stress responsive, 30 cell cycle, 5 oxidoreductases, 10 GTPase, and 62 genes with unknown or
specific functions. C: treatment with aldosterone increased expression of 111 genes and decreased expression of 89 genes compared with untreated normal human
myotubes. Of these gene changes, 189 (95%) were conserved in prednisolone-treated vs. untreated human myotubes. Treatment with standard-of-care
prednisolone increased expression of 252 genes and decreased 231 genes. About 40% of these changes (189 genes) were conserved with aldosterone-treated
myotubes; the remaining 294 genes are specific to prednisolone treatment.
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rone activation of gene expression. There were 93 gene ex-
pression changes between aldosterone vs. aldosterone plus
eplerenone; eight genes were increased (1.5- to 4-fold), and 85
genes were decreased (1.5- to 3-fold) with eplerenone treat-
ment (Supplementary Table S4). Seventeen of the 42 genes
changed by eplerenone treatment compared with untreated
controls were also changed in this data set, suggesting that
some gene expression differences between aldosterone vs.
aldosterone plus eplerenone may be due to the effects of
eplerenone alone rather than blocking MR from binding aldo-
sterone. The observation that spironolactone alone did not lead
to many gene expression differences suggests that they are not
due to constitutive activation of MR in these cells. The major-
ity of genes changed between aldosterone and aldosterone plus
eplerenone were functionally categorized as: apoptotic (4.3%),
regulation of transcription (5.4%), ion binding (3.2%), trans-
membrane (7.5%), cell adhesion (6.5%), cytoskeletal protein
binding (12.9%), muscle contraction (5.4%), or cell cycle
(30.1%) (Fig. 4A).

Expression of 114 genes were changed between aldosterone
vs. aldosterone plus spironolactone; 24 genes were increased
(1.5- to 3-fold) with spironolactone treatment and 90 genes
were decreased (1.5- to 3-fold) (Supplementary Table S4).
Thirty-six of these genes were also changed in the aldosterone
vs. untreated control data set and are likely aldosterone respon-
sive genes. This data, together with the observation that spi-
ronolactone treatment alone results in almost no gene expres-
sion changes, supports that gene expression changes between
aldosterone and aldosterone plus spironolactone result from
spironolactone inhibiting aldosterone induced genes. Genes
were functionally categorized as: apoptotic (7.9%), immune
response (7.0%), regulation of transcription (3.5%), ion bind-
ing (7.9%), transmembrane (5.3%), cell adhesion (11.4%),
structural constituent of muscle (7.0%), or tissue development
(26.3%) (Fig. 4B).

We found 621 genes were changed between aldosterone vs.
aldosterone plus mifepristone; 251 genes were increased (1.5-

to 8-fold) with mifepristone treatment, and 370 genes were
decreased (1.5- to 16-fold), including dystrophin (Supplemen-
tary Table S5). In addition, 143 of the 200 genes changed in
microarray data comparing aldosterone vs. untreated control
were also changed in the aldosterone vs. aldosterone plus
mifepristone data set; 14 of the 27 genes changed by mifepri-
stone treatment alone were also changed in the larger aldoste-
rone vs. aldosterone plus mifepristone data set. These data
suggest that gene expression changes resulting from aldoste-
rone vs. aldosterone plus mifepristone are due to both mifepri-
stone blocking aldosterone-induced gene expression changes
and the effects of mifepristone treatment alone. Genes changed
between aldosterone vs. aldosterone plus mifepristone were
functionally categorized as: apoptotic (5.3%), immune re-
sponse (6.1%), regulation of transcription (10.0%), ion binding
(10.1%), transmembrane (7.2%), cell adhesion (2.9%), extra-
cellular matrix or cytoskeletal protein binding (10.1%), alter-
native splicing (4.8%), vasculature or muscle structure devel-
opment (17.1%), response to oxidative stress (4.0%), cell cycle
(8.7%), oxidoreductase (1.1%), or GTPase activity (1.4%)
(Fig. 4C).

PRG4 expression is normalized by treatment with MR an-
tagonists in vitro and in vivo. PRG4 was selected for additional
analysis because it was robustly increased by aldosterone
treatment in vitro across multiple microarray data sets and
decreased in vivo in skeletal muscles of dystrophic mice
treated with lisinopril plus spironolactone compared with un-
treated controls (9). Quantitative PCR (qPCR) was used to
validate microarray results. Relative PRG4 transcript levels
were significantly higher (P � 0.004) in aldosterone-treated
human myotubes compared with myotubes treated with aldo-
sterone plus spironolactone (Fig. 5A). Since Prg4 encodes a
secreted extracellular matrix protein that could influence the
fibrotic phenotype in muscular dystrophy, we next used qPCR
to determine whether Prg4 transcript levels differ between
muscles from normal and dystrophic mice. Prg4 transcript
levels were higher in dystrophic mouse muscle relative to

Fig. 3. Treatment with eplerenone or mifepristone alone caused gene expression changes in normal human myotubes. A: treatment with the selective MR
antagonist eplerenone resulted in 42 gene expression changes and functional clustering of these genes revealed: 3 apoptotic, 5 immune or defense response, 3
transcriptional regulators, 4 ion binding, 3 cell adhesion, 3 alternative splicing, 12 muscle contraction, and 9 genes with unknown or specific functions. B:
treatment with the GR antagonist mifepristone resulted in 27 gene expression changes and functional clustering of these genes revealed: 1 apoptotic, 4 immune
or defense response, 9 regulators of transcription, 2 ion binding, 2 alternative splicing, 2 developmental, and 7 genes with unknown or specific functions.
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wild-type (Fig. 5B), supporting the idea that Prg4 expression is
increased in DMD mouse models and normalized by MR
antagonist treatment.

DISCUSSION

Similar to other nuclear transcription factors, ligand-acti-
vated MR alters expression of target genes in an early phase, at
1–3 h, and a late phase containing both early-phase genes and
their downstream targets, in addition to nongenomic effects me-
diated by MR (6, 44, 55). Since MR and GR gene expression
effects in skeletal muscle are largely unknown, we first treated
normal human myotubes with supraphysiological concentrations

of MR and GR agonists and antagonists for 48 h to identify
maximal effects on gene expression and ensure microarray data
encompassed both early- and late-stage gene expression changes.
Although treatment of human kidney cells with aldosterone is
known to result in ligand-induced phosphorylation of the receptor
and decreased MR protein levels within 4 h (1), no decrease of
MR was observed over the 48 h treatment of normal human
skeletal muscle myotubes (Fig. 1). These data suggest either the
absence of MR degradation in differentiated muscle or a balance
between degradation and new MR expression.

In our previous microarray experiment, we treated normal
human myotubes with 10 �M aldosterone for 48 h, which

Fig. 4. Gene expression changes with low-dose aldosterone compared with aldosterone plus antagonists in normal human myotubes. A: co-incubation with
aldosterone plus eplerenone increased 8 genes and decreased 85 genes (93 total) compared with myotubes treated with aldosterone alone. Functional clustering
revealed: 4 apoptotic, 7 transcriptional regulators, 5 ion binding, 7 transmembrane, 6 cell adhesion, 11 cytoskeletal protein binding, 4 muscle contraction, 27 cell
cycle, and 22 genes with unknown or specific functions. B: co-incubation with aldosterone plus spironolactone increased 24 genes and decreased 90 genes (114
total) compared with myotubes treated with aldosterone alone. Functional clustering revealed: 9 apoptotic, 8 immune or defense response, 4 transcriptional
regulators, 9 ion binding, 6 transmembrane, 13 cell adhesion, 8 structural constituents of muscle, 30 tissue development, and 27 genes with unknown or specific
functions. C: co-incubation with aldosterone plus mifepristone increased 251 genes and decreased 370 genes (621 total) compared with myotubes treated with
aldosterone alone. Functional clustering revealed: 33 apoptotic, 38 immune or defense response, 62 transcriptional regulators, 63 ion binding, 45 transmembrane,
18 cell adhesion, 63 ECM or cytoskeletal protein binding, 30 alternative splicing, 106 vasculature or muscle structure development, 25 oxidative stress
responsive, 54 cell cycle, 7 oxidoreductase, 9 GTPase, and 68 genes with unknown or specific functions.
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resulted in only 14 gene expression changes (9). When we
repeated this microarray under the same conditions, 200 genes
were changed with aldosterone, likely due to differences in the
primary human myoblast cells used. For our first experiment
we combined two lots of normal human myoblasts from
healthy adult males (from Lonza) to limit individual bias.
However, for the current microarray study we were only able
to obtain normal human myoblasts from a single younger

healthy adolescent male (from Lonza). Ten of the 14 previ-
ously observed gene changes were repeated in the current data
set (9). This difference between donors could also explain the
large proportion of genes functionally categorized as cell cycle
or developmental. Since DMD is a pediatric disease affecting
young boys, microarray data obtained from normal adolescent
male muscle myotubes should provide better and more com-
prehensive data sets for future studies.

Treatment with the glucocorticoid prednisolone resulted in
483 gene expression changes, which included 189 of the 200
genes changed with aldosterone treatment. These data suggest
that prednisolone is both a GR and MR agonist in normal
human myotubes, which could be detrimental to muscle tissue
since MR antagonists benefit skeletal muscles in dystrophic
mice and prednisolone increases damage (9, 29, 39, 45). Even
though prednisolone is classified as a GR agonist, previous
studies have shown it can also activate MR at commonly used
therapeutic doses (5, 24, 35). Transactivation studies in a CV-1
monkey kidney cell line demonstrated similar EC50 values for
MR (EC50: 3.7 nM) and GR (EC50: 6.9 nM) activation by
prednisolone (25). A caveat is that the transcript encoding the
glucocorticoid-responsive GR 	-isoform has several alterna-
tive translation initiation sites that produce several truncated
isoforms, but functional studies have focused on the full-length
GR	-A (41). Future studies will need to be conducted to define
the contribution of these truncated isoforms as well as the
nonglucocorticoid-binding dominant negative GR �-isoforms
in muscle.

Treatment of normal human myotubes with spironolactone
alone resulted in almost no gene expression changes, consistent
with our previously published microarray data (GSE70822).
These data support the notion that gene expression changes
observed between separate antagonist (spironolactone)- and
agonist (aldosterone)-treated myotubes were aldosterone de-
pendent and not caused by the presence of the glucocorticoid
cortisol in the media. These data also suggest that even high-
dose spironolactone has minimal off-target effects in skeletal
muscle. Surprisingly, treatment with eplerenone, the selective
MR antagonist, resulted in many gene expression changes
including reductions of muscle-specific genes. These data sug-
gest the potential for off-target effects of eplerenone, although
lower doses would need to be tested. Aldosterone co-incuba-
tions with spironolactone or eplerenone resulted in similar
numbers of gene expression changes, suggesting both drugs
can block MR binding to aldosterone to a similar extent.
However, a proportion of gene expression changes between
aldosterone and aldosterone plus eplerenone appears to be
caused by eplerenone treatment alone.

Since the levels of MR relative to GR has been shown to be
different between human and rodents, these experiments con-
ducted on human myotubes are likely to have relevance for
monitoring direct skeletal muscle effects of MR and GR drugs
in DMD patients (30). However, since treatment of patients
will also include targeting MR from immune cells and fibro-
blasts contained within dystrophic muscles, the comparison
with gene expression data generated from dystrophic mice may
highlight some of the most biologically relevant changes from
MR antagonism. Several of the gene expression changes be-
tween high-dose aldosterone alone compared with spironolac-
tone treatment in the current study were conserved in our
previously published in vitro microarray (GSE70822) and in

Fig. 5. Real-time PCR revealed PRG4 transcripts are decreased with spirono-
lactone treatment and upregulated in dystrophic muscle. A: PRG4 is signifi-
cantly decreased (P � 0.0004) in human myotube samples co-incubated with
100 nM aldosterone plus 10 �M spironolactone compared with myotubes
treated with 100 nM aldosterone only. B: Prg4 is increased in gastrocnemius
muscles from mdx (dystrophin-deficient), het (utrn�/�, mdx) and dko (double
knockout, utrn�/�; mdx) mice relative to C57 (wild type). Prg4 expression was
significantly increased (P � 0.0175) in mdx gastrocnemius muscle compared
with wild type. Each bar represents the mean of 3 technical triplicates 
 SE.
Three independent biological replicates are shown for each genotype or
treatment group. Human myotube samples were normalized to the mean of A-1
and mouse gastrocnemius samples were normalized to the mean of C57-2.
GAPDH was used as the normalization control for human myotube samples
and �-actin was used as the normalization control for mouse gastrocnemius
samples. A, aldosterone; S, spironolactone. ***P � 0.001 and *P � 0.05.
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vivo gene expression data from quadriceps muscles of dystro-
phic mice treated with lisinopril plus an MR antagonist vs.
untreated controls (GSE70984 and GSE84876). ADAMTS1,
ANKRD1, CFD, CIDEC, FOS, NPR3, PRG4, and TJP2 are
decreased by MR antagonists, and CHAC1, PER3, and
TNFAIP6 are decreased by aldosterone (9, 45).

Several of these upregulated genes are likely to play a role
in exacerbating muscle damage and fibrosis in dystrophic
skeletal muscles, and reducing their expression may underlie
the efficacy of MR antagonist treatment on dystrophic patho-
genesis. ANKRD1 is a transcriptional cofactor and sarcomeric
component involved in mechanosignaling transduction in re-
sponse to injury (32). ADAMST1 is regulated by MR and GR
and plays roles in extracellular matrix remodeling and inflam-
mation (53). FOS is involved in aldosterone-dependent cardiac
remodeling, hypertrophy, and fibrosis (17). Prg4 is an extra-
cellular matrix protein involved in organizing articular carti-
lage and has previously been shown to be decreased in car-
diomyocyte-specific MR knockout mice following myocardial
infarction (19, 31). Two additional extracellular matrix genes,
COL8A1 and MGP, were consistently increased by aldosterone
compared with spironolactone treatment in vitro in our studies
and have been shown to be decreased in MR knockout mice
following myocardial infarction (19). These secreted extracel-
lular matrix proteins may modify fibroblast signaling to pro-
mote a fibrotic phenotype, which is an important pathological
feature of muscular dystrophy.

Other conserved MR-regulated genes may be involved in
cell metabolism, but their role in muscle and muscular dystro-
phy is less clear and will require further investigation. PER3 is
a molecular clock gene that may contribute to muscle metab-
olism, and Per3 knockout mice have reduced muscle and
increased adipose mass (12). NPR3 function has not been
investigated in skeletal muscle but is known to help maintain
blood pressure and extracellular fluid volume (3), which are
both MR-regulated pathways (38). TJP2 is an important mo-
lecular target in vascular remodeling but has not been studied
in muscle (40).

ANKRD1 has been recognized as a potential biomarker for
several muscle diseases including: muscular dystrophies, mus-
cle wasting, motor neuron diseases, and congenital myopathies
(36). Proteins expressed from the other genes changed by MR
antagonism may also be useful to develop as biomarkers for
monitoring clinical efficacy of these drugs.

This study identifies several potential gene targets that may
underlie the demonstrated preclinical efficacy of mineralocor-
ticoid receptor antagonists in dystrophic skeletal muscles. We
have also shown that treatment with the glucocorticoid pred-
nisolone results in a large number of gene expression changes,
including both MR- and GR-responsive genes, supporting the
notion that prednisolone acts as an MR and GR agonist and
may have detrimental effects on skeletal muscle. Mifepristone
is not a viable treatment option for DMD because it leads to a
large number of gene expression changes and decreases dys-
trophin expression, the causative gene for DMD. Treatment
with the nonspecific MR antagonist spironolactone alone re-
sulted in very few gene expression changes compared with the
selective MR antagonist eplerenone. Furthermore, spironolac-
tone was able to inhibit a larger proportion of aldosterone-
induced genes and had higher conservation across in vitro and
in vivo microarray data sets compared with eplerenone. To-

gether, these data suggest spironolactone may demonstrate
more long-term efficacy than eplerenone in dystrophic skeletal
muscles.
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