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Abstract
FDA-approved mineralocorticoid receptor (MR) antagonists are used to treat heart failure. We have recently demonstrated
efficacy of MR antagonists for skeletal muscles in addition to heart in Duchenne muscular dystrophy mouse models and that
mineralocorticoid receptors are present and functional in skeletal muscles. The goal of this study was to elucidate the
underlying mechanisms of MR antagonist efficacy on dystrophic skeletal muscles. We demonstrate for the first time that
infiltrating myeloid cells clustered in damaged areas of dystrophic skeletal muscles have the capacity to produce the natural
ligand of MR, aldosterone, which in excess is known to exacerbate tissue damage. Aldosterone synthase protein levels are
increased in leukocytes isolated from dystrophic muscles compared with controls and local aldosterone levels in dystrophic
skeletal muscles are increased, despite normal circulating levels. All genes encoding enzymes in the pathway for aldosterone
synthesis are expressed in muscle-derived leukocytes. 11b-HSD2, the enzyme that inactivates glucocorticoids to increase MR
selectivity for aldosterone, is also increased in dystrophic muscle tissues. These results, together with the demonstrated pre-
clinical efficacy of antagonists, suggest MR activation is in excess of physiological need and likely contributes to the pathology
of muscular dystrophy. This study provides new mechanistic insight into the known contribution of myeloid cells to muscu-
lar dystrophy pathology. This first report of myeloid cells having the capacity to produce aldosterone may have implications
for a wide variety of acute injuries and chronic diseases with inflammation where MR antagonists may be therapeutic.

Introduction
Duchenne muscular dystrophy (DMD) is a genetic disorder that
affects approximately 1 in 5,000 boys (1). Patients have severe
muscle degeneration, use a wheelchair by their early teens and
have an average lifespan of only 25 years (2). We previously
showed a combined treatment with the angiotensin converting
enzyme (ACE) inhibitor lisinopril and mineralocorticoid receptor

(MR) antagonist spironolactone reduces ongoing skeletal muscle
damage and improves muscle function in a DMD mouse model
(3). Spironolactone and lisinopril target the mineralocorticoid
receptor directly and indirectly, respectively, through the renin-
angiotensin-aldosterone system.

The mineralocorticoid receptor (MR) is a member of the nu-
clear hormone receptor superfamily (4). Upon hormone binding,
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MR dissociates from chaperone proteins in the cytosol, forms a
homodimer and translocates to the nucleus where it directs
transcription of target genes (5). MR is most commonly acti-
vated by the mineralocorticoid aldosterone, but can also be acti-
vated by glucocorticoids (cortisol in humans, corticosterone in
mice), because of its strong homology with glucocorticoid recep-
tor (6,7). MR selectivity for aldosterone is largely dependent on
type 2 11b-hydroxysteroid dehydrogenase (11b-HSD2) that con-
verts glucocorticoids to inactive metabolites unable to bind MR
(7).

Spironolactone binds and directly inhibits MR activation (8).
Lisinopril indirectly affects MR activation by blocking the forma-
tion of angiotensin II, which normally stimulates aldosterone
production (9). Treatment with lisinopril alone improves histo-
pathology, but cannot recapitulate improvements in skeletal
muscle function of dystrophic mice after combined treatment
with spironolactone (3,10). We have shown that MR is present
in both mouse and human skeletal muscle fibres (11).
Treatment of normal human myotubes with aldosterone results
in a large number of gene expression changes, supporting MR
functions as a nuclear hormone receptor in skeletal muscles
(11), but its function in skeletal muscle has not been
investigated.

Excessive MR activation contributes to heart failure. Both the
RALES (Random Aldactone Evaluation Study) and EPHESUS
(Eplerenone Post-MI Heart Failure Efficacy and Survival Study)
clinical trials demonstrated that the addition of an MR antago-
nist to standard-of-care ACE inhibitor regimens improves mor-
bidity and mortality in patients, even when circulating
aldosterone levels are within the physiological range (12,13).
These studies led to several hypotheses for why MR is inappro-
priately activated in heart failure, including low 11b-HSD2 activ-
ity that results in glucocorticoid-mediated MR activation (14,15),
and local aldosterone synthesis in the heart (16). Most aldoste-
rone is synthesized in the adrenal cortex, but a growing body of
evidence shows both aldosterone and glucocorticoids can be
synthesized locally in extra-adrenal tissues, particularly in
pathological states (17–23). Previous studies have demonstrated
that expression of CYP11B2 or aldosterone synthase, the key en-
zyme in aldosterone synthesis is up-regulated in the failing
heart and that cardiomyocytes can produce aldosterone in vitro
(24–27).

The purpose of this study was to begin to elucidate the
mechanism behind the efficacy of MR antagonists in dystrophic
muscles. To define potential mechanisms of MR activation in
skeletal muscles we investigated whether: skeletal muscle is an
aldosterone selective tissue, corticosteroid levels are increased
in dystrophic muscles, and local aldosterone synthesis is possi-
ble in skeletal muscle tissues.

Results
11b-HSD2 expression suggests MR selectivity for
aldosterone in skeletal muscles

11b-HSD2 is an enzyme expressed in specific cell types that reg-
ulates MR selectivity for aldosterone by converting glucocorti-
coids to inactive metabolites (7). 11b-HSD2 has never been
investigated in skeletal muscle. However, our previous study
demonstrated that treatment of cultured myotubes with aldo-
sterone results in numerous gene expression changes, which
supports aldosterone-dependent activation of MR in skeletal
muscle is possible (11). To determine whether skeletal muscle is
an aldosterone selective tissue, we investigated whether

11b-HSD2 is present in skeletal muscle. Western blot analysis
revealed 11b-HSD2 is present in cultured mouse and human
myotubes (Fig. 1A). Expression of 11b-HSD2 was confirmed by
detection of RT-PCR products (Fig. 2) that were sequence verified
(data not shown).

Previous studies have shown that inducing stress through
hypoxia, shear stress, tumour necrosis factor alpha or angioten-
sin II can down-regulate or impair 11b-HSD2 expression (28–31).
Since dystrophic muscle is under chronic mechanical and oxi-
dative stress (32) we compared 11b-HSD2 protein levels in nor-
mal and dystrophic muscle tissues. Surprisingly, we found that
11b-HSD2 is increased in dystrophic skeletal muscle tissues
compared to muscles from wild-type C57 control mice (Fig. 1B).
11b-HSD2 protein levels correlate with increasing disease sever-
ity in three mouse models of DMD: dystrophin-deficient mdx;
dystrophin-deficient, utrophin-haploinsufficient (het); and
dystrophin/utrophin-deficient (dko) mice (Fig. 1B). These data
suggest that MR is protected from glucocorticoid binding in dys-
trophic muscle by increased 11b-HSD2 levels.

Circulating corticosteroid levels are not elevated in
dystrophic mice

Since glucocorticoids are secreted in response to stress, we next
tested whether circulating glucocorticoid levels were increased
in dystrophic muscles. We measured the protein levels of the
enzymes that catalyze the final and rate limiting step in the
synthesis of corticosteroids (mineralocorticoids and glucocorti-
coids) in the adrenal glands from wild-type and dystrophic mice
since the levels of these enzymes often reflect hormone levels
(33–35). Neither CYP11B1 (Supplementary Material, Fig. S1A), the
key enzyme in glucocorticoid (cortisol and corticosterone)

Figure 1. 11b-HSD2 is present in both human and mouse cultured myotubes and

is increased in dystrophic skeletal muscle tissues. (A) 11b-HSD2 (44 kDa) was de-

tected by western blots of human primary skeletal muscle (HSMM), C57/BL10

(C57), and mdx (MDX) myotubes differentiated for 5 days using equivalent

amounts (35 mg) of cell lysates. Kidney is shown as a positive control tissue.

GAPDH (36 kDa) shows equivalent loading of samples between C57 and MDX. (B)

Representative western blot of quadriceps muscles from 3 biological replicates

shows 11b-HSD2 protein levels from equivalent amounts (50 mg) of protein ho-

mogenates from: C57BL/10 wild-type control mice (C57), dystrophin-deficient

mdx mice (MDX), dystrophin-deficient; utrophin haplo-insufficient mice (HET),

and dystrophin/utrophin-deficient double knockout mice (DKO). Alpha-sarco-

meric actin antibody (42 kDa) was used as a loading control.
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synthesis, nor CYP11B2 (aldosterone synthase) (Supplementary
Material, Fig. S1B), the key enzyme in mineralocorticoid (aldo-
sterone) synthesis is increased in the adrenal glands from dys-
trophic mice. Baseline serum or plasma levels, for cortisol and
aldosterone respectively, confirmed that aldosterone and
cortisol are not elevated in dystrophic het mice compared to
wild-type (Supplementary Material, Fig. S1C). These data do not
support the potential for excessive MR activation in dystrophic
mice due to high circulating corticosteroid levels.

Presence of CYP11B1 and CYP11B2 in skeletal muscles
suggests potential for local synthesis of aldosterone

Mineralocorticoids and glucocorticoids synthesized de novo
have been shown to locally regulate steroid hormone receptors
(21). To determine whether extra-adrenal synthesis of cortico-
steroids is possible in skeletal muscles, we first investigated
whether the key enzymes CYP11B1 and CYP11B2 were present
in skeletal muscle tissues. We demonstrated that CYP11B1 and
CYP11B2 are present in skeletal muscle tissue homogenates by

western blot analysis (Fig. 3A and B). As expected, protein levels
of both enzymes are relatively low in normal, healthy skeletal
muscle tissues compared to the adrenal positive control.

CYP11B2 protein levels are increased in
dystrophic muscles

Since local synthesis can create high corticosteroid concentra-
tions, particularly in pathological states (18–22), we examined
whether CYP11B1 and CYP11B2 protein levels were increased in
dystrophic muscle tissues compared to healthy controls.
CYP11B2 is present at higher levels in all dystrophic muscle tis-
sues examined compared to wild-type controls (Fig. 4A) in the
three DMD mouse models tested (Supplementary Material, Fig.
S2). CYP11B1 is not increased in dystrophic muscle tissues (Fig.
4B) compared to wild-type controls. CYP11B2 expression was
confirmed in dystrophic muscle tissue by detection of RT-PCR
products (Fig. 2) that were sequence verified (data not shown).
However, CYP11B1 transcript levels are still too low in dystro-
phic muscle to confirm expression (Fig. 2). Increased CYP11B2

Figure 2. Detection of RT-PCR products verified the presence of enzymes required for aldosterone synthesis in muscle-derived leukocytes and dystrophic skeletal mus-

cle tissue. RT-PCR products of transcripts encoding enzymes in the aldosterone synthesis pathway: StAR, CYP11A1, 3b-HSD2, CYP21, CYP11B1, CYP11B2, 11b-HSD1 and

11b-HSD2 from RNA isolated from DKO diaphragm muscle tissue (DKO Dia), differentiated myotubes from mdx primary myogenic cultures (MDX MT), and muscle-de-

rived leukocytes isolated from C57 mice (C57 MdL). Only CYP11A1, StAR, 11b-HSD1 and 11b-HSD2 were detected in cultured mouse myotubes. CYP11B1 protein was de-

tected in dystrophic skeletal muscle tissue but transcript levels were too low to verify expression. RNA isolated from an adrenal gland was used as a positive control

for each PCR reaction. RT-PCR products were purified and sequenced. Sequences (not shown) were aligned to NCBI BLAST assembled genomes for confirmation of nu-

cleic acid identity.

5169Human Molecular Genetics, 2016, Vol. 25, No. 23 |

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw331/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw331/-/DC1
Deleted Text: are 
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw331/-/DC1
Deleted Text: a
Deleted Text: i
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw331/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw331/-/DC1


levels in dystrophic muscles support the potential for high local
aldosterone levels. CYP11B1 protein levels are consistently low
in wild-type and dystrophic muscles, providing no evidence for
increased local glucocorticoid levels.

CYP11B2 localizes to muscle-derived myeloid cells from
the inflammatory response in dystrophic muscles

We tested whether CYP11B2 was present in cultured muscle
myotubes. Western blot analysis of cultured myotubes revealed
CYP11B2 is not present in normal human or mouse (C57 wild-
type and mdx) myotubes under basal conditions. We attempted
to induce myotubes to produce CYP11B2 with reagents known
to increase CYP11B2 transcription in adrenal cells or cardiomyo-
cytes including: angiotensin II, potassium, or glucose, but
CYP11B2 protein and transcripts are not detectable after any of
these treatments (Supplementary Material, Figs. S3A and B,2) in
any of the muscle cultures.

Immunofluorescence staining of quadriceps muscles from
wild-type and dystrophic mice revealed CYP11B2 localizes to
areas of damage and does not appear to localize to muscle fibres
(Fig. 5A). Numerous co-stains were conducted to identify the
cell population producing CYP11B2. CYP11B2 co-localizes with a
subset of CD11b-positive immune cells (Fig. 5B). Because CD11b
is expressed by several leukocyte populations, we isolated leu-
kocytes from normal (C57) and dystrophic (mdx) mouse limb
muscles for analysis. Mdx mice were used for these studies be-
cause the timeline of inflammation in their skeletal muscles
has been well-characterized, and it was important to analyze
muscle tissues when infiltrating immune cell populations were
elevated. Western blot analysis and detection of RT-PCR prod-
ucts confirmed that CYP11B2 protein and mRNA are present in
muscle-derived leukocytes and are increased in leukocytes iso-
lated from dystrophic muscle compared to wild-type (Figs. 2

and 5C). Immunofluorescence analysis showed localization of
CYP11B2 protein in a higher percentage of myeloid cells from
mdx muscle (35.7% 6 12.32%) compared to wild-type
(10.90% 6 1.84%). CYP11B2 protein also appeared more densely
distributed in myeloid cells isolated from mdx muscle compared
to wild-type (Fig. 5D). Based on cell size and morphology,
CYP11B2 protein does not appear to localize to lymphocytes,
which are smaller than myeloid cells.

CYP11B2 is present in infiltrating immune cells that are ele-
vated in dystrophic muscle due to ongoing muscle degeneration
and inflammation. To determine whether increased CYP11B2
protein levels in dystrophic muscle led to higher aldosterone
levels, we extracted aldosterone from the quadriceps and dia-
phragm muscles from C57 and mdx mice. Aldosterone levels are
significantly higher in dystrophic quadriceps (P¼ 0.02) and dia-
phragm (P¼ 0.05) muscles from mdx mice compared to wild-
type (Fig. 6A) even though circulating aldosterone levels in mdx
mice are not increased compared to wild-type (Fig. 6B).
Together, these data suggest that infiltrating myeloid cells may
increase local aldosterone levels that could inappropriately acti-
vate MR and potentially exacerbate muscle damage.

Enzymes required for local aldosterone synthesis are
present in muscle-derived leukocytes

To determine if aldosterone could be fully synthesized within
skeletal muscle tissue or just metabolized from circulating pre-
cursors, we investigated whether the upstream enzymes re-
quired for aldosterone synthesis were present in skeletal
muscle tissue homogenates, cultured myotubes and leukocytes
isolated from skeletal muscle (Fig. 7). Detection of RT-PCR prod-
ucts confirmed that all enzymes in the pathway for aldosterone
synthesis: StAR, CYP11A1, 3b-HSD2, CYP21, CYP11B1 and
CYP11B2 are present in muscle derived leukocytes and dystro-
phic whole muscle homogenates, except for CYP11B1,
which was confirmed only in muscle derived leukocytes (Figs. 2,
3 and 7). However, only the initial enzymes in the pathway:
StAR and CYP11A1, which are required for all hormone synthe-
sis, are present in cultured myotubes (Figs. 2 and 7). These data
support that muscle-derived leukocytes express the transcripts
for the enzymes required to locally synthesize aldosterone
within dystrophic skeletal muscle tissue but not in skeletal
muscle fibres themselves.

11b-HSD2, the tissue-specific enzyme regulating MR selectiv-
ity and its ubiquitously expressed counterpart 11b-HSD1, which
converts inactive metabolites back to active glucocorticoids, are
both present in muscle derived leukocytes, dystrophic tissue
and cultured myotubes (Figs. 1 and 2). Presence of 11b-HSD2
supports that MR in both leukocytes and skeletal muscle fibres
are aldosterone selective.

Discussion
Inflammation contributes to the pathology of Duchenne muscu-
lar dystrophy (DMD). This study is the first demonstration that
an immune response is capable of producing aldosterone locally
in damaged tissues where MR can be over-activated and lead to
a detrimental gene expression profile that may exacerbate the
damage. We have previously shown aldosterone treatment of
normal human skeletal muscle myotubes upregulates detri-
mental genes associated with oxidative stress and other
markers of diseased muscle, and that many of these genes are
decreased by spironolactone (11). Similar results were seen in

Figure 3. CYP11B1 and CYP11B2 protein are present in normal healthy skeletal

muscle tissues. Representative western blots of (A) CYP11B1 and (B) CYP11B2

protein levels from equivalent amounts of protein homogenates from C57

mouse heart, diaphragm, quadriceps, tibialis anterior, gastrocnemius, extensor

digitorum longus, and soleus muscles. 50 mg of total protein was loaded for all

lanes and standardization of loading was verified using an anti-GAPDH antibody

(36 kDa). Adrenal glands were included as positive controls and standardization

of loading was verified using an anti-GAPDH antibody. Skeletal muscles were

abbreviated as follows: Dia¼diaphragm, Quad¼quadriceps, TA¼Tibialis

Anterior, GA¼gastrocnemius, EDL¼Extensor digitorum longus and Sol¼ soleus.
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other studies that demonstrated spironolactone prevents
aldosterone-induced inflammation and oxidative stress in the
heart and hypothesized spironolactone may prevent oxidative
stress associated with cardiac muscle wasting (36,37).
Furthermore, we have found that long-term treatment with lisi-
nopril and the mineralocorticoid receptor (MR) antagonist spiro-
nolactone improves the gene expression profile in dystrophic
mouse skeletal muscle (11).

We show 11b-HSD2 is present in both mouse and human
skeletal muscle fibres supporting that skeletal muscle is an al-
dosterone selective tissue. 11b-HSD2 protein levels are in-
creased in dystrophic skeletal muscle homogenates compared
to wild-type but are unchanged in normal and dystrophic cul-
tured myotubes. 11b-HSD2 is typically unchanged or decreased
in response to stress since it converts glucocorticoids to inactive
metabolites, which can limit glucocorticoid receptor activity im-
portant for stress response (38). Since sequencing of RT-PCR
products confirmed that 11b-HSD2 is also expressed in leuko-
cytes isolated from skeletal muscle, 11b-HSD2 protein levels
could be increased in dystrophic skeletal muscle homogenates
because leukocyte populations are elevated in dystrophic mus-
cle tissue. Alternatively, increased 11b-HSD2 protein levels
could be coming from the muscle fibres themselves as a re-
sponse to the microenvironment, which is lacking in cultured
myotubes. Future studies measuring 11b-HSD2 levels in young
dystrophic mice, prior to the onset of pathology, may help to be-
gin to identify the signals responsible for its induction.

We show that CYP11B2 is expressed by muscle-derived mye-
loid cells that are elevated in dystrophic skeletal muscle tissue
due to increased inflammation in areas of muscle degeneration.
Based on cell size and morphology it appears the vast majority
of CYP11B2 positive cells are monocytes or macrophages.
Neutrophils isolated from mdx muscles appear to express the
highest levels of CYP11B2, although they comprise a minor frac-
tion of the myeloid cell population. CYP11B2 did not appear to
be present in lymphoid cells isolated from mdx or wild-type
muscles. Previous studies have shown that macrophages pro-
mote damage in dystrophic mdx mice and that decreasing neu-
trophil numbers in mdx mice reduces pathology (39,40).
Macrophage-mediated damage has been attributed in part to
iNOS-derived nitric oxide produced by M1 macrophages, but
overall very little is known about the mechanisms through
which myeloid cells promote pathology in mdx dystrophy. Our
data demonstrate that myeloid cells isolated from mdx skeletal
muscle are capable of producing aldosterone locally and identi-
fies a new potential mechanism for myeloid cell-mediated pa-
thology in DMD. Since MR regulate macrophage polarization
(41), local aldosterone may exacerbate damage in dystrophic
muscle by activating MR in macrophages to promote an M1 pro-
inflammatory phenotype. Future studies with sorted muscle
derived leukocytes will be needed to confirm the immune cell
population(s) expressing high levels of CYP11B2.

Aldosterone levels were significantly higher in dystrophic
skeletal muscles compared to wild-type despite normal

Figure 4. CYP11B2, but not CYP11B1 protein levels are increased in dystrophic skeletal muscle tissues compared to wild-type. Representative western blots of (A)

CYP11B2 protein levels from equivalent amounts of protein homogenates from C57 and HET mouse: quadriceps, tibialis anterior, heart, diaphragm, gastrocnemius, ex-

tensor digitorum longus and soleus muscles; (B) CYP11B1 protein levels from equivalent amounts of protein homogenates from C57 and HET mouse: quadriceps, tibialis

anterior, heart, and diaphragm muscles from 2 biological replicates. 50 mg of total protein was loaded for all lanes and standardization of loading was verified using an

anti-GAPDH antibody (36 kDa). Adrenal glands were included as positive controls.
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circulating aldosterone levels. Overall, aldosterone levels were
2.7 fold higher in dystrophic quadriceps muscle and 2.4 fold
higher in dystrophic diaphragm muscle compared to wild-type.
Since CYP11B2 protein levels were substantially increased in
dystrophic muscle tissue and under normal conditions
CYP11B2 is the rate-limiting enzyme in the aldosterone synthe-
sis pathway, we anticipated a larger increase in aldosterone
levels. However, we have found no evidence that other en-
zymes in the aldosterone synthesis pathway are increased and
it is likely that aldosterone production is limited by another en-
zyme upstream of CYP11B2 or substrate availability in dystro-
phic muscle tissue. Also, local aldosterone has been shown to
act in a paracrine manner on neighbouring cells, so even small
increases can have a significant impact (42). Since aldosterone

was extracted from whole skeletal muscle tissues, values ob-
tained represent average aldosterone levels for the whole mus-
cle. However, immunofluorescence staining revealed CYP11B2
is discretely localized to infiltrating leukocytes in areas of dam-
age. Local production of aldosterone by these immune cells
would be concentrated in damaged areas resulting in much
higher localized concentrations compared to normal controls
than the averages for the whole muscles. Aldosterone mea-
surements will need to be repeated in the future in adrenalec-
tomized mice to completely exclude the possibility that
circulating aldosterone is being sequestered by the skeletal
muscle.

Here, we demonstrate for the first time the presence of aldo-
sterone synthesis enzymes in muscle-derived leukocytes and

Figure 5. CYP11B2 is present at high levels in myeloid cells localized to areas of damage in dystrophic muscles. (A) CYP11B2 was detected in areas of damage within

skeletal muscle tissue by immunofluorescence staining (red) of quadriceps muscle histological sections from C57 and dystrophic HET and DKO mice. Bar¼100 mm. (B)

Immunofluorescence co-stain of CYP11B2 (red) and the immune cell marker CD11b (green) in quadriceps muscles from DKO mice revealed CYP11B2 co-localizes with a

subset of CD11b-positive cells. The DNA dye DAPI is shown as a marker of nuclei (blue). Bar¼ 50 mm. (C) Western blot comparing CYP11B2 protein levels in myeloid cells

isolated from hind limb musculature of C57 and MDX mice. CYP11B2 protein levels were lower compared to adrenal positive control and skeletal muscle tissue homog-

enates likely due to the series of enzymatic digestions and additional processing required to isolate leukocytes from skeletal muscles. Equivalent amounts (15 mg) of

cell lysates were run with an adrenal gland sample included as a positive control. Standardization of loading was verified using an anti-GAPDH antibody. (D) CYP11B2

is present in a higher percentage of myeloid cells from MDX (35.7% 6 12.32%) muscle compared to C57 (10.90% 6 1.84%). CYP11B2 was detected by immunofluorescence

staining (red) on C57 and MDX derived myeloid cells. Nuclei are stained with DAPI (blue). Top panel: confocal image without optical zoom, bar¼20 mm; and bottom

panel: z-stack image of 0.22 lm optical slices, bar¼5 mm.

5172 | Human Molecular Genetics, 2016, Vol. 25, No. 23



that CYP11B2 protein levels are greatly increased in myeloid
cells isolated from dystrophic muscle compared to wild-type.
Inflammation is a component of cardiac damage and heart fail-
ure, and blocking the activation of MR by locally synthesized al-
dosterone with MR antagonists may contribute to the efficacy
seen in patients with normal circulating aldosterone levels, in-
cluding those in the RALES and EPHESUS clinical trials. Since
inflammation is a component of damage to many tissues and
in many diseases, this study raises the possibility that MR an-
tagonists may have therapeutic value in a wide variety of disor-
ders where the target tissue expresses MR. Future studies will
be needed to uncover the range of disorders to which our find-
ings may have applicability and to identify the underlying
mechanism leading to increased CYP11B2 expression in
leukocytes.

Materials and Methods
Mice

All protocols were approved by the Institutional Laboratory
Animal Care and Use Committee. Skeletal muscles, heart,
adrenal glands, kidney and blood were removed from 8- to10-
week-old dystrophin deficient mdx, dystrophin deficient utro-
phin haplo-insufficient (utrnþ/-; mdx) ‘het’ and dystrophin/
utrophin-deficient double knockout ‘dko’ mice bred and geno-
typed as described previously (43) in addition to C57BL/10
(Harwell) wild-type controls.

Mammalian myogenic cell culture

Primary mouse myoblasts were isolated from neonatal C57BL/
10 and mdx hind limb muscles through a series of collagenase
digestions (collagenase type 2 from Clostridium histolyticum;
Sigma). Endothelial cells were removed by size exclusion filtra-
tion through a 40 mm cell strainer (VWR), and the remaining
cells were pre-plated on uncoated plastic dishes (Sigma) to re-
move fibroblasts. Primary cultures were grown in Nutrient
Mixture F-10 HAM medium (Sigma) supplemented with 15%
horse serum (HS; Invitrogen), 200 mM L-glutamine solution
(Sigma), 200 mM calcium chloride (Sigma), 100 U/ml penicillin-
streptomycin (Invitrogen) and 6 ng/ml basic human fibroblast
growth factor (hBFGF; Sigma) and cultured at 37

�
C in 5% CO2. To

generate myotubes, myoblasts were serum restricted in differ-
entiation media (F-10 HAM supplemented with 2% horse serum,
200 mM L-glutamine solution, 200 mM calcium chloride and
100 U/ml penicillin-streptomycin) for 24 h, after which, the
horse serum was increased to 10% for another 4–5 days.
Induced myotubes were treated 24–48 h with 16 mM potassium

Figure 6. Aldosterone levels are significantly higher in dystrophic quadriceps

and diaphragm muscles compared to wild-type, despite comparable circulating

levels. (A) Aldosterone was extracted from quadriceps (n¼3) and diaphragm

(n¼2) muscles from C57/BL10 wild-type mice (C57) and dystrophin-deficient mdx

mice (MDX); samples were run in triplicate and assay was repeated with biologi-

cal replicates to confirm results. Aldosterone concentrations are represented as

mean value 6 SEM. Student t-test was used to determine differences between

C57 and MDX groups; *¼quadriceps (P¼0.02) and diaphragm (P¼ 0.05). (B)

Baseline plasma aldosterone levels are not increased in dystrophic mice com-

pared to wild-type. Plasma was collected from age matched C57 (n¼ 6) and MDX

(n¼6) mice.

Figure 7. Enzymes necessary for local aldosterone synthesis are present in mus-

cle-derived leukocytes. Schematic diagram depicting the aldosterone synthesis

pathway and enzyme required for each step. Presence of each enzyme was con-

firmed by sequencing of RT-PCR products. Yellow star¼detected in muscle cul-

tures (myotubes generated from dystrophin-deficient mdx mouse neonatal

myoblasts), green star¼detected in immune cells (leukocytes isolated from

C57BL/10 wild-type mice), and red star¼detected in whole muscle tissue (dia-

phragm muscle tissue from dystrophin/utrophin-deficient double knockout dko

mouse).
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chloride (KCl; Sigma) (44), 100 nM angiotensin II (Ang II; Sigma)
(45) or 40 mM glucose (GLU; Sigma) (16). Cells were harvested in
200 ml cellular extract (CE) buffer as previously described (11).

Human skeletal muscle myoblasts isolated from normal
males (HSMM, Lot #0000421209; Lonza) were grown in skeletal
muscle cell growth medium (SkGM-2 bullet kit; Lonza) as previ-
ously described (11). Cells were serum restricted for 5 days in
high glucose Dulbecco’s modified medium (DMEM; Invitrogen),
and supplemented with 2% HS and 100 U/ml penicillin-
streptomycin. Induced myotubes were treated 24–48 h with KCl,
Ang II or GLU and harvested in 200 ml of CE buffer.

Western blot analysis

Snap frozen mouse tissues were pulverized in liquid nitrogen
and resuspended in cellular extract buffer as described previ-
ously (11). Briefly, tissue homogenates and cell lysates were
sonicated on ice, centrifuged,and total protein was quantified
(Dc Protein Assay, Biorad). 15–50 mg per lane of total protein
from cell extracts or tissue homogenates were probed with a
CYP11B1- or CYP11B2-specific mouse monoclonal antibody (46)
or with antibodies against 11b-HSD2 (Cayman Chemical;
#10004549), GAPDH (Proteintech; #10494-1-AP) and Actin (a-sar-
comeric; Sigma; #A2172). Membranes were incubated with anti-
mouse, rat, or rabbit HRP secondary antibodies (Jackson
Immunoresearch) and signals were detected with ECL 2 western
blotting substrate (Pierce) followed by film (blue ultra;
GeneMate) exposure. GAPDH levels can vary between different
tissues and in dystrophic mice due to metabolic dysfunction
(47,48). However, several internal controls were tested (data not
shown) and GAPDH was the most consistent control between
samples.

Circulating baseline hormone level measurements

Following a sacrifice by cervical dislocation, blood was immedi-
ately extracted from mouse hearts and chest cavities. Blood was
collected in hematology tubes (BD Microtainer), plasma samples
were inverted immediately and centrifuged 10 min at 2000 x g
while serum samples were allowed to clot for 30 min prior to
centrifugation. Assays to measure baseline aldosterone and cor-
tisol levels were performed by the Michigan State University
Center for Population Control and Animal Health. A minimum
of 200 ml plasma was collected for the aldosterone baseline test
and a minimum of 500 ml serum was used for the cortisol base-
line test; if necessary serum or plasma from 2 age- and sex-
matched mice from each genotype was combined to get
enough. To limit variability due to hormone fluctuations, mice
were sacrificed between 9 and 10 AM each day by the same
individual.

DNA sequencing

RNA was isolated using TRIzol reagent (Life Technologies) and
DNAse (RQ1; Promega) treated as previously described (11).
cDNA was generated using the Reverse Transcriptase High
Capacity cDNA Reverse Transcription kit (Applied Biosystems),
according to the manufacturer’s instructions and PCR was
performed using an Applied Biosystems ProFlex PCR System,
with primers designed spanning introns in the mouse se-
quences for: stAR (5’GAACGGGGACGAAGTGCTAA3’ forward–
5’GCCACCCCTTCAGGTCAAT3’ reverse); CYP11A1 (GGATGC
TGGAGGAGATCGTG – GGCAAAGCTAGCCACCTGTA); 3bHSD2x1

(ACAGACCAGAACCAGCCTTTCT – TCCTCAGGTACTGGG
TGTCAA); CYP21A1 (GGCCGACCCCATATGCTAAA – TGGTC
CCGACTCTCTTGGAT); CYP11B1 (TCCAGTCCTCTCCTC
ACTTTCAGG – CACATTAGTTCTGTCTTCCCTCACG); CYP11B2
(GGCCTGAACGCTATATGCCT – TGGGCATCAAAACAAAGCGG);
11bHSD1 (CCAGCAAAGGGATTGGAAGAG – GCGAGGTCTGA
GTGATGTGGTTTAG); 11bHSD2 (TGACCAAGGCAGAGGACATCAG
– TGGCATCTACAACTGGGCTAAGG) and human 11bHSD2
(TCTGGTTTTGGCAAGGAGACG – CGCATCAGCAACTACTTCAT
TGTG). PCR products were purified and sequenced by The Ohio
State Nucleic Acid/Microarray Shared Resource. Sequences were
aligned to NCBI BLAST assembled genomes for confirmation of
nucleic acid identity.

Immunofluorescence

Mouse quadriceps muscles were embedded in optimal-cutting
temperature (OCT) medium and frozen on liquid-nitrogen
cooled isopentane. 8 mm cryosections were stained with poly-
clonal primary antibodies against 11b-HSD2 (Cayman
Chemical), or CYP11B2 (46) with Alexa 555 anti-rabbit secondary
antibody (Life Technologies) or co-stained with CYP11B2 and
CD11b (BD Pharmingen; # 550282) primary antibodies with
Alexa 555 anti-rabbit or Alexa 488 anti-mouse (Life
Technologies) secondary antibodies. Samples were mounted us-
ing Vectashield mounting medium (Vector Labs) with 1 ml/ml
DAPI and viewed using a Nikon Eclipse 800 microscope. Images
were taken under a 20X objective using a SPOT RT slider digital
camera and SPOT software.

For immunofluorescence staining of muscle-derived leuko-
cytes, cells were cytospun to slides (3 min; 800 rpm) and fixed
10 min with 4% paraformaldehyde (Sigma). Cells were stained
with a CYP11B2 polyclonal primary antibody (Gomez-Sanchez),
Alexa 555 anti-rabbit secondary antibody and mounted using
Vectashield mounting medium with 1 ml/ml DAPI. Confocal im-
ages were taken using a Nikon A1Rsi Resonant scanning in-
verted confocal microscope under a 60X oil-immersion
objective with or without optical zoom. CYP11B2 positive cells
were counted by an individual blinded to genotypes.

Leukocyte isolation

Muscle leukocytes were isolated using a modified version of a
previously described procedure (49). Mice were anaesthetized
with an intraperitoneal injection of pentobarbital at a dosage of
40–60 mg/kg (Vortech Pharmaceuticals). Following anaesthesia,
a thoracotomy was performed, a catheter needle was inserted
into the left ventricle and an incision was made into the right
atrium for saline perfusion and flow through, respectively.
Saline was perfused through the animal to exclude the contami-
nation of non-muscle residing leukocytes. Because of the scar-
city of leukocytes in wild-type muscle, the hind limb
musculature of 5 C57BL/10J mice (Jackson Laboratory) was
pooled together. Mdx hind limb musculature was processed and
analysed individually. Hind limb muscles were minced and di-
gested twice in serum free DMEM with 0.2 mg/ml collagenase P
(Roche) and 20 lg/ml DNAse I (Roche) for 30 min at 37 �C with
trituration every 10 min. Following digestion, cell preparations
were sequentially filtered through 70- and 40-lm filter-baskets.
The filtrate was underlaid with Histopaque-1077 (Sigma
Aldrich) and centrifuged at �2400 x g for 20 min at room tem-
perature. Cells at the interface were harvested, counted and
saved for subsequent analyses.
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Aldosteroneextraction and ELISA

Aldosterone was extracted from C57BL/10J, mdx and het mouse
quadriceps and diaphragm muscles using a modified version of
a previously described procedure (50). Tissues were weighed,
homogenized in 5 ml water using a Polytron homogenizer and
extracted with 10 ml ethyl acetate (Sigma). Samples were mixed
thoroughly and centrifuged 15 min; the organic layer was trans-
ferred to a clean tube and dried with air flow under the hood.
Samples were reconstituted in 2 ml water, loaded onto a C18
column (PerkinElmer) and eluted with 2 ml methanol. Methanol
was evaporated with a centrifugal evaporator and the sample
was reconstituted in 200 ml ELISA buffer (20 mM sodium phos-
phate (Sigma), 100 mM sodium chloride (Sigma), 0.01% thimero-
sal (Sigma), 0.05% tween (Sigma) and 0.5% bovine serum
albumin (Fischer Scientific). Total protein recovered was mea-
sured using a Nanodrop 2000C.

Aldosterone was measured by ELISA using a specific mono-
clonal antibody and protocol previously developed and pub-
lished (50–52). Briefly, a high binding 96-well plate (Thermo
Scientific) was coated with Mouse Gamma Globulin (Jackson
ImmunoResearch) and incubated overnight at 4 �C. For this
competition ELISA plates were incubated with a goat anti-
mouse antibody (Lampire) and Aldo A2E11 Integra antibody (51)
prior to adding the samples and aldosterone standards.
Samples and aldosterone standards (8 standards ranging from 0
to 25 pg/50 ml) were plated in triplicate and incubated with an
aldo-3CMO-xx-biotin secondary antibody (52) followed by
Avidin HRP. Samples were visualized using a colormetric TMB
ELISA substrate solution (Thermo Fisher) and stopped with sul-
phuric acid (Sigma); plates were read at 450 nm with a BioTek
Power Wave XS plate reader. A student t-test was used to deter-
mine differences between the two groups when appropriate.
Summary values are presented as mean 6 SEM and P-val-
ue� 0.05 was considered statistically significant.

Supplementary Material
Supplementary Material is available at HMG online.
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