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calves. Duchenne himself addressed this sign in all his
descriptions of the disease in the decade of 1860-1870, and
finally decided to name the disease “paralysie musculaire
pseudo-hypertrophique” (1). Today, 150 years later, the
reason and origin of this enlargement is still a matter of
debate. Previously a muscle oedema that could contribute
to the enlargement was reported (2). Etiologically it was
widely attributed to an interstitial inflammation.
Our own group became interested in this problem
after we had identified an increased sodium and water
content in chronically weak muscles of patients having
hypokalemic periodic paralysis (HypoPP) (3). In our
search for oedemas we used Magnetic Resonance Imaging
(MRI) with a Short-Tau Inversion Recovery (STIR) 1H MR
sequence. We also had tackled the question as to whether
these oedemas were of an interstitial or an intracellular
kind by equipping our set-up with a 23Na MRI Inversion
Recovery sequence (Na-IR) which partially suppresses
the signal raised by free sodium in the extracellular fluid
and thus mainly represents cytoplasmic sodium (4). In the
HypoPP patients the nature of the oedema turned out to
be cytotoxic.
With our experience in Paramyotonia and HypoPP
patients we applied the same MRI techniques to
Duchenne patients in order to unravel the question of
pseudo-hypertrophy in this disease. A pilot study on 11
DMD patients suggested that also in this disease muscular
sodium and water content is increased, thus causing an
osmotic oedema (5).
The main aim of the present study was to find a drug
for the treatment of the oedema in DMD. Again, we were
guided by our findings with periodic paralysis patients:

Recently we reported a cytoplasmic sodium overload to cause
a severe osmotic oedema in Duchenne muscular dystrophy
(DMD). Our results suggested that this dual overload of sodium
ions and water precedes the dystrophic process and persists
until fatty muscle degeneration is complete. The present paper
addresses the questions as to whether these overloads are important for the pathogenesis of the disease, and if so, whether
they can be treated. As a first step, we investigated the effects
of various diuretic drugs on a cell model of DMD, i.e. rat diaphragm strips previously exposed to amphotericin B. We found
that both carbonic anhydrase inhibitors and aldosterone antagonists were able to repolarise depolarised muscle fibres. Since
carbonic anhydrase inhibitors are known to have acidifying effects and this might be detrimental to the ventilation of DMD
patients, we mainly concentrated on the modern spironolactone
derivative, eplerenone. This drug had a very high repolarizing
power, the parameter considered by us as being most relevant
for a beneficial effect. In a pilot study we administered this drug
to a 22-yr-old female DMD patient who was bound to an electric
wheelchair and has had no corticosteroid therapy before. Eplerenone decreased both cytoplasmic sodium and water overload
and increased muscle strength and mobility. We conclude that
eplerenone has beneficial effects on DMD muscle. In our opinion the cytoplasmic oedema is cytotoxic and should be treated
before fatty degeneration takes place.
Key words: Duchenne muscular dystrophy, eplerenone, cytotoxic
oedema

Introduction
A very conspicuous pathognomonic sign of early
states of Duchenne muscular dystrophy (DMD) is
the disproportion between size and strength of the
skeletal muscles, being most prominent in the enlarged
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within extracellular fluid), the other one was filled
with 51.3 mM NaCl in 5% agarose to mimic Na+ with
restricted mobility as in the myoplasm. For normalization
of the 23Na signals, the values of the soleus muscles were
divided by the signal intensity of the agarose in which
NaCl was trapped.
The cross-sectional area of the calves was measured
on T1-weighted MR images using a predefined tool
which calculates the area when the boundaries are
outlined (Picture Archiving and Communication System,
PACS). The area contained not only muscle tissue but
also the oedema as well as the tibial and fibular bones and
excluded subcutaneous fat tissue (8).

chronic weakness of HypoPP patients was improved by
acetazolamide (3) while episodic weakness of HyperPP
patients was relieved by both hydrochlorothiazide and
acetazolamide (6).
Acetazolamide repolarised electrically depolarised
muscle fibres and this in vitro effect was considered to be
responsible for the in vivo effects on MRI and on muscle
strength (3). Since acetazolamide is a carbonic anhydrase
inhibitor, it exerts acidifying effects resulting in respiratory
depression. Therefore carbonic anhydrase inhibitors might
be contraindicated in DMD. Similarly inappropriate might
be hydrochlorothiazide because of its K+ wasting effects
which would contribute to muscle weakness.
Therefore we were searching for another diuretic
agent. Guided by the experience that spironolactone has
favourable effects on episodic (7) and chronic weakness (3)
in HypoPP, an aldosterone antagonist was taken into
consideration. As eplerenone has a higher affinity to
the mineralocorticoid receptor and a lower to sexual
hormone receptors than spironolactone, it was taken
for further testing. Before administering eplerenone
to a patient we first tested the repolarizing drug on a
cellular DMD model. Since the results with the model
were very promising, we treated the marked oedema of a
female, wheelchair-bound DMD patient who never had
corticosteroid medication.

Measurement of resting membrane potentials on excised
rat muscle specimens
Female Wistar rats were sacrificed by CO2
asphyxiation and their diaphragms removed and divided
into several strips intact from tendon to tendon. The
strips were prepared and stored in a solution containing
108 mM NaCl, 4.5 mM KCl, 1.5 mM CaCl2, 0.7 mM
MgSO4, 26.2 mM NaHCO3, 1.7 mM NaH2PO4, 9.6 mM
Na-gluconate, 5.5 mM glucose, and 7.6 mM sucrose. At
37°C the pH was adjusted to 7.4 by gassing with 95% O2
and 5% CO2; osmolality was adjusted to 290 mosmol/l
by NaCl variation. Before eplerenone testing was started,
the specimen to be tested next was incubated for 30 min
in a solution that differed from the dissecting solution
by containing 6 instead of 4.5 mM KCl. This high K+
concentration allowed the fibres to take up potassium.
Then the specimen was incubated in the experimental
solution after another period of 30 min.
In accordance with previous measurements (3), the
experimental solution contained amphotericin B (10
µM) as cation ionophore to cause a bimodal distribution
of resting membrane potentials, i.e., polarised and
depolarised, and to mimic dystrophic muscle. As the
AB-induced sodium leak causes a subsarcolemmal ATP
deletion, KATP channels become activated thereby causing
a repolarization of an unpredictably large fraction of
the specimen. To avoid the KATP channel activation,
the specific KATP channel blocker glibenclamide (4
µM) was added to the experimental solution. The K+
concentration was 2.0 mM to facilitate the paradoxical
depolarization.
To test the effect of eplerenone on the resting
membrane potential Em and to determine its EC50, various
eplerenone concentrations were used. Independent
of the given eplerenone concentration, the dissolvent
DMSO in the experimental solution always had a
constant concentration of 2 ml/l. Em was recorded at
room temperature, using microelectrodes (7-11 MΩ) and
a voltage amplifier. Histograms of the potentials were

Patients, material and methods
Patients
A 24-yr-old female patient with genetically proven
DMD gave written informed consent to treatment with
eplerenone. The study was approved by the local review
board and conducted according to the declaration of
Helsinki in the present form. To determine the time
duration of the ion and water imbalance until dystrophy,
the results published by Weber et al. (5) on 10 DMD boys
were revisited.
MR imaging protocol
The imaging protocol of the lower legs comprised
axial T1-weighted turbo spin-echo for the detection of
fatty muscle degeneration and axial short-tau inversion
recovery (STIR) 1H MR sequences for the identification
of the oedema. The muscle oedema was normalized to the
background signal.
A 23Na pulse inversion recovery weighted the sodium
signal towards intracellular 23Na by partially suppressing
the signal received from the extracellular space (4).
Two reference phantoms were additionally investigated
for control reasons. One was filled with 51.3 mM NaCl
solution to mimic Na+ with unrestricted mobility (e.g.
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smoothed by density estimation. The potentials exhibited
a two-peak distribution of polarised fibres (defined as
-70 mV and more negative) and depolarised fibres (-69
mV and less negative), displayed as probability density.
Concentration-response curves were fitted to the measured
potentials according using the equation frf = frfmin + (frfmax-frfmin) / (1 + 10^((logEC50-[drug])n)) with frf as the
fraction of repolarised fibers, frfmax and frfmin as the maximum and minimum effects, and n as the Hill coefficient.
In all statistical tests, an effect was considered to be
statistically significant if the p-value was 0.05 or less.
Results were expressed as mean ± standard deviation
(SD) for normally distributed data.

Results
History and all medical reports of the female patient
are given in the Appendix. A severe clinical course
requiring spondylodesis (Fig. 1) and assisted ventilation at
night, a chromosome X-to-17 translocation (breakpoint at
Xp21, and immune histochemistry of a mosaicism had led
to the diagnosis of DMD. As no medication had yet been
administered, therapy options (glucocorticoids such as
prednisolone or deflazacort versus the steroid eplerenone)
were thoroughly discussed. The patient preferred the offlabel use with eplerenone that was administered in daily
alternating doses of 25 and 50 mg. The usual dose of 50100 mg/d was avoided because of the low body weight
of 35 kg. Originally we had planned a 4-weeks trial,
however the absence of adverse effects and the general
well-being under medication made the patient continuing
the off-label use. At the time of submitting this paper
she is still taking eplerenone, i.e. for 13 months now. All
involved experts agreed to this extension since clinical
re-assessments showed stable or improving cardiac,
respiratory and motoric functions.

Figure 1. X-ray of the female DMD patient after spondylodesis. The anterior-posterior and lateral x-rays of the
whole spine show an extensive dorsal spondylodesis
from third thoracic to first sacral vertebrae.

muscles. Details on the clinical status are given in the
Appendix.
According to the asymmetric clinical impairment,
the MR images of the lower legs displayed major side
differences regarding degeneration and oedema (Fig. 2).
Both sodium signals and water content were strikingly
increased (Fig. 2, Table 1).

Clinical and MRI assessment of the female DMD patient
before treatment (at age 22)

Clinical features and MRI following treatment with
eplerenone for 5 and 11 months

Before medication had been started, the female
adult was examined clinically and by conventional and
specific MRI. The DMD patient presented with a very
low body mass index of 11, a severe generalized muscle
atrophy including facial muscles, scapulae alatae, and
swallowing difficulties, and borderline ability to stand
or to walk. Circumferences of the arms and forearms
were smaller on the right (15 and 14 cm) than on the
left side (21 and 19 cm). The motoric abilities were just
sufficient for a safe transfer from wheelchair to bed and
vice versa. All limb muscles were weaker on the right
side (proximally MRC 2, distally MRC 3) than on the
left (proximally MRC 3, distally MRC 4). The deep
tendon reflexes could be elicited only in the triceps surae

Beyond the effects of eplerenone on muscle sodium
and oedema, the following clinical alterations have been
documented at the assessment following treatment with
eplerenone for 11 months: the patient reported no adverse effects; speaking was improved, the circumferences
of both forearms were increased by 1 cm while those of
both upper and lower legs were smaller by 1 cm; of the
19 muscle groups the strength of which was evaluated
manually, 10 were slightly stronger (by 1-2 MRC grades)
and 4 were slightly weaker (by 1 MRC grade), the remaining 5 were unaltered. A handgrip dynamometer revealed constant maximum grip force of 20 kg upon the
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three MRI appointments. The serum potassium was always in the
normal range. The total protein
and quantitative albumin were at
the upper normal limit; however
protein was not determined at the
first assessment.
In the MRI of the lower legs,
both sodium and water content
displayed some improvement,
determined after 5 and 11 months
of the treatment with eplerenone
(Fig. 2, Table 1). In concordance
with the MRI changes, muscle
strength was slightly increased
(Table 1).
Re-visiting the results of the DMD
boys reported by Weber et al.
(2011)
Of the 10 boys published by
Weber et al. (5), all were older
than 5 years. They all presented
with a severe cytoplasmic sodium
and water overload. The youngest
boy presenting with obvious fatty
muscle degeneration of the triceps
surae muscles in the T1-weighted
1
H-MR images was age 9 while all
boys without degeneration were
younger than 8 years. Despite
the absence of dystrophy, they
exhibited a reduced extensibility
of hip, knee, and ankle joints
and reduced leg abduction due
to flexor muscle weakness and
muscle contractures. The lower
legs of one of them, aged 7, are
shown by T1-weighted 1H-MRI,
T2-weighted STIR 1H-MR, and
23
Na-MRI (Fig. 3).

Figure 2. MRI of the lower legs of the female DMD patient without and with
eplerenone. In the T1-weighted MRI sequences (1H T1-w), the patient´s muscles
showed a moderate fatty degeneration with a markedly pronounced (pseudo)
hypertrophy before treatment with eplerenone (left). The fat-suppressed MRI sequences (1H STIR) displayed an oedema that is reduced after treatment for 11
months (right). The 23Na inversion recovery sequence exhibited higher signal intensities before treatment (left). The quantitative values for oedema and Na-signals
are given in Table 1. Note that the right side of the patient is more affected than
the left (smaller circumference, pronounced oedema). The bright circles in 23Na-IR
reflect the 23Na signal of 51.3 mM NaCl trapped in 5% agarose while the signal of
the contralateral tube containing an aequimolar NaCl solution is suppressed in the
23
Na-IR sequence but bright in the 1H- STIR sequence.

Table 1. Eplerenone effects of the lower leg muscles of the female DMD patient. Oedema relative to background signal. Muscle strength graded according to MRC.
Visit [#]

Na signal

23

Oedema [STIR ratio]
right soleus

Knee flexion/
extension
right//left leg

Foot dorsi-/
plantarflexion
right//left leg

Calf cross-sectional
area [mm2]
right//left leg

1

0.8

21.2

2/2//3/3

3/4//3/4

3,237//3,947

2

0.7

19.6

2/3//3/4

3/4//4/4

2,781//3,490

3

0.7

18.8

3/3//4/4

3/4//4/5

2,509//2,890

Some of the data are given in Weber et al., J Neurol 2012, DOI 10.1007/s00415-012-6512-8.
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Effects of eplerenone and
carbonic anhydrase inhibitors on
resting membrane potentials Em
In
the
presence
of
subtherapeutical concentrations
of eplerenone, the rat diaphragm
muscle fibres kept in a solution
for a dystrophic muscle model
(see Methods) revealed a broad
distribution of stable membrane
potentials (Fig. 4A). Most fibres
(70%) were depolarised (Em
less negative than -70 mV) and
paralyzed as consequence of
the depolarization (membrane
inexcitability due to inactivation
of the voltage-gated sodium
channels) (3). The remaining
fibres had resting potentials
even more negative than -70
mV or (polarised fraction).
The addition of eplerenone
in therapeutic concentrations
shifted many fibres from the
depolarised to the polarised
state and thereby increased the
fraction of polarised fibres (Fig.
4B). The concentration-response
curve showed half-maximal
effects (EC50) at approximately
15 mg/L eplerenone (36 µM,
Fig. 4C).
Since acetazolamide had been
found to repolarise depolarised fibres
and to increase twitch force (3), we
also tested dichlorophenamide,
a carbonic anhydrase inhibitor
considered to have a higher potency.
A comparison of the repolarisation
power of the three drugs showed
that eplerenone (70%) was superior
dichlorophenamide (60%) and
acetazolamide (50%). EC50 values
were 40 µM for acetazolamide and
about 25 µM for dichlorophenamide (Fig. 4D).
As the first membrane
potential measurements of the
strips did not differ from much
later measured values, the
effects of all three drugs must
have occurred within the preincubation period of 30 minutes.

Figure 3. MRI of the lower legs of DMD and control, both age 7. Like in other DMD boys ≤ 7 years, the muscles revealed no fatty degeneration in the T1weighted 1H-MRI sequence (1H T1-w). Compared to the control, his muscles are
(pseudo)hypertrophic. As in all other DMD boys of any age, the fat-suppressed
STIR 1H-MRI sequence displayed a marked oedema (1H STIR). The 23Na inversion
recovery sequence exhibited markedly higher signal intensities in the muscles of
the DMD boy than in the control (23Na-IR). The reference tubes show the same
behaviour as in Fig. 2.
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Discussion
The role of the oedema in DMD
and its reduction by eplerenone
The marked oedema that
is already detectable in boys
before fatty degeneration takes
place may at least partially
explain the typical pseudohypertrophy of DMD calves. This
“paralysie musculaire pseudohypertrophique” describes the
disproportion between size and
strength of the muscles (1). The
oedema is mainly caused by
the elevated cytoplasmic Na+
concentration and therefore
is osmotic (5) and cytotoxic
and not primarily interstitialinflammatory as usually assumed.
The term ‘transient oedema’
should be avoided since the
oedema is regularly observed, Figure 4. Eplerenone effects on rat muscle strips partially depolarised accordeven in older DMD boys as long ing to a dystrophy model. A, B: The histograms present the distribution of resting
as muscle tissue has not been membrane potentials of excised muscle fibres after exposure to eplerenone in a
very low concentration (left) and a therapeutic concentration (right) (3 strips à 35
completely replaced by fat and
fibres for each concentration). Note that the addition of eplerenone in therapeutic
fibrosis (5).
concentrations shifted many fibres from the depolarised to the polarised state
DMD is characterized by a and thereby increased the fraction of polarised fibres. The eplerenone exposure
gonosomal mode of transmission started 30 min prior to the first potential measurement and remained for about one
and therefore female DMD patients hour that was required for the measurement of a strip. c: Histograms of the fibres
have rarely been reported (9). in the polarised state for various eplerenone concentrations, yielding an EC50 of
While most heterozygous female about 15 mg/L. D: Concentration-response curves for acetazolamide and dichlocarriers of DMD mutations are rophenamide (3-8 strips à 35 fibres for each concentration). Note that the fraction
asymptomatic, a few initially of polarised fibres is lower than for eplerenone.
present with mild thigh weakRapid effects of eplerenone on muscle in vitro
ness, myalgia or muscle cramps whereby later onset of
symptoms suggests less severe disease (9). In the present
The endogenous and exogenous ligands of the mineralopatient, the early onset was in agreement with a severe
corticoid receptor have been known for long time to regulate
DMD phenotype although a constant asymmetry in mussodium-potassium homeostasis in kidney, colon and salivary
cle atrophy and weakness is unusual for this diagnosis.
glands by transcriptional and translational effects on genes
The pronounced asymmetry in this female patient may be
encoding the Na+/K+ ATPase (10) and the epithelial sodium
related to the mosaic pattern of muscle dystrophin.
channel, ENaC. Recently additional non-genomic effects of
The treatment of our female patient with eplerthe ligands of the mineralocorticoid receptor in the skeletal
enone resulted in a reduction of the strikingly increased
muscle via kinases have been reported (11).
cytoplasmic sodium and water signals and in an
The in vitro effects of eplerenone described here
increased strength and mobility. The reduction of the
are to our knowledge the first examples of both a direct
circumferences of the legs could reflect a decreased
and rapid (within few minutes) effect of a mineralocormuscle mass or a decreased oedema. As the leg muscles
ticoid receptor antagonist on a tissue, on top of that on
became rather stronger than weaker and showed much
the skeletal muscle which has not ever been discussed
less water content and no progression in dystrophy,
as a potential target of aldosterone or its antagonists.
we interpreted the reduced circumferences as result of
Eplerenone at the EC50 repolarised more fibres than
washing out the oedema.
acetazolamide or dichlorophenamide. Acetazolamide
has been found to improve muscle strength, cytoplasmic
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sodium overload and oedema in HypoPP patients (3), and
dichlorophenamide is currently being tested in a phase III
trial on periodic paralysis patients.
An increased sodium conductance is primarily
responsible for the depolarised membrane in both our
cell model and DMD muscle (3, 12), the consequence
is a cytoplasmic sodium overload that, if the sodium
accumulation is osmotically relevant, causes an oedema.
A membrane repolarization should recover ion and water
homoeostasis and reconstitute membrane excitability and
force. A possible endogenous mechanism to reduce sodium
overload in muscle may be the sodium proton exchanger
(NHE). In the heart muscle, NHE was identified as a
mineralocorticoid-regulated inducer of inflammation and
fibrosis (13). This regulation contributes to the beneficial
effects of the steroid receptor blocker spironolactone
which preserved cardiac and skeletal muscle function in
mdx mice (14). The effects of eplerenone on the resting
potential of cells mimicking DMD and our patient might be
pathogenetically related to the effects of spironolactone.
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Appendix

of ischialgia and pain at the right sciatic bone, an MRI was
performed that excluded compression of the sciatic nerve.
From age 15 on, the patient used an electric wheelchair
and, aged 16, assisted ventilation at night. Glucocorticoid
therapy was discussed but refused by the mother. From
age 20 on the patient used an orthesis for the right foot
at night because of a developing talipes. Difficulties with
drinking commenced and arthrosis and limited function
of the right hand appeared. Multimodal pain therapy is
performed because of back pain and ischialgia. The seat
of her wheelchair needed repeated adjustments. Shortly
prior to medication, hospitalisation was required because
of a broncho-pulmonar infection with retention of mucus.
Prophylactic administration of an ACE-inhibitor, e.g.
ramipril 1.25 mg/d, was discussed but not executed.

History and medical reports of the female patient
The female DMD patient had reached unassisted free
walking as early as at age of 11 months. However she did
not like to walk as she had frequent falls and difficulties
in getting up. At age 2 she frequently complained of muscle pains, particularly in the thighs, during walking and
even more so during longer periods of sitting. At age 6
she had a fracture of the forearm with subsequently reduced muscular force and atrophy. She did not participate
in gymnastics at school.
The neuropaediatric examination at age 7 yielded a
marked pseudo-hypertrophy of the calves, frequent falls
when running and subsequently Gowers’ manoeuvre.
Heel gait was not possible; the muscle stretch reflexes
were weak. Serum CK 1,852 U/l, LDH 431 U/l, GOT
58 U/l, GPT 126 U/l. The EMG displayed fibrillations,
markedly shortened motor unit potentials, and a reduced
amplitude at maximal innervation. Histology, enzyme
histochemistry and morphometry of the muscle identified
muscle fibre atrophy, hypertrophic fibres, fibrosis,
necrosis, phagocytosis, and central nuclei in agreement
with an active and chronic dystrophic process. Immune
histochemistry revealed a mosaicism with some fibers
having continuous membrane immunostaining, other
fibers uniformly unstained, and some fibers with discontinuous or partial dystrophin staining. Molecular
genetics identified a chromosome X-to-17 translocation
(breakpoint at Xp21, for details see below).
From age 12 on the patient developed kyphoscoliosis
with rapid progression. At age 14, when the lowermost
right rib was touching the pelvis, a spondylodesis of the
spinal column was performed. The stabilization of the spinal column was not complete and did not enable the patient
to sit in an upright position. Since the patient complained

Extended molecular genetics
Cosmids contained exons 3, 5-7, 44, 45, 46-47, 48
of the dystrophin gene hybridized to the translocated
chromosome 17 and the normal X-chromosome. Exon
1 hybridized to both translocated chromosomes and
the normal X-chromosome. Therefore, we assume that
the translocation occurred somewhere in exon 1 of the
dystrophin gene. Since an autosomal translocation
usually stops the translocated X-chromosome from being
inactivated, the normal X-chromosome was most likely
inactivated. An inactivation test was performed from
leucocyte DNA for the androgen receptor locus. Allele
1: 0-5% methylation, allele 2: 95-100% methylation.
Skewed inactivation supports the inactivation of the
normal X-chromosome, which explains the presence of
DMD in the female. The mother of the patient displayed
normal chromosomes. The father was unavailable for
testing, but we assume he would have been symptomatic
if the translocation had been present. The translocation
was concluded to be a de-novo mutation.
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IPAP 14, EPAP 0, frequency 12/min, I/E 1/1.7, trigger 2,
ramp 2, Vtmin 250 ml. The cardiac MRI results were: no
indication of cardiac involvement; systolic function of
left ventricle at lower normal limit; myocardiac oedema
excluded; no late enhancement after application of
gadolinium as indicator of precedent myocardic infarction.
Body plethysmography: VC 0.98 l (25%), FEV1 0.96 l
(28%), Tiffeneau test 97%, TLC 4.2 l (78%).

Details on the clinical assessment of the female DMD
patient before treatment
The female DMD patient presented with a very low
body weight of 35 kg, height 169 cm, and foot swelling.
She used a straw for drinking water because of swallowing
difficulties; daily maximum intake was approximately
one liter. The serum potassium was in the normal range.
Assisted ventilation at night: Legendair, UM NS, aPVCV,
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