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ABSTRACT: This study was designed to investigate whether the administration of the
anabolic steroid nandrolone decanoate is able to antagonize the loss in diaphragm
function induced by long-term administration of a low-dose of methylprednisolone in
emphysematous hamsters.

Normal and emphysematous male hamsters were randomized to receive either
saline or methylprednisolone 0.2 mg.kg-1.day-1 for 9 months, with or without nandro-
lone decanoate 1 mg.kg-1.week-1 i.m. during the final 3 months. Diaphragm contractile
properties and myosin heavy chain composition were determined.

Compared to control hamsters, the force generating capacity of isolated diaphragm
strips decreased by approximately 12% in the emphysema group and by approxima-
tely 22% in the emphysema plus methylprednisolone group. Addition of nandrolone
decanoate to the emphysema plus methylprednisolone hamsters significantly im-
proved force generation. The atrophy of type IIa and IIx diaphragm fibres in the
emphysema plus methylprednisolone group was completely reversed to the level of
control hamsters by the addition of nandrolone decanoate.

In conclusion, nandrolone decanoate in part reversed the loss in diaphragm force-
generating capacity in emphysematous hamsters treated with methylprednisolone,
and reversed type IIa and IIx fibre atrophy completely.
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Patients with severe chronic obstructive pulmonary dis-
ease (COPD) may suffer from respiratory muscle weakness
due to hyperinflation, malnutrition, disturbances in blood
gases and cardiac failure [1]. In these patients, respiratory
muscle function was recently reported to be further re-
duced by administration of daily low-dose methylpredni-
solone (MP) (mean dosage 4.3 mg.day-1) for 6 months
[2]. Since respiratory muscle weakness may contribute to
respiratory failure, interventions that attenuate or even
abolish respiratory muscle impairment in these patients
may be of clinical importance.

With respect to the impairment caused by glucocorti-
coids, the use of anabolic steroids may be considered as
attenuating or preventive agents. Anabolic steroids are able
to raise skeletal muscle protein synthesis [3]. This may be
important since the major cause of glucocorticoid-in-
duced muscle dysfunction is believed to be a reduction in
muscle protein [4]. Besides glucocorticoid treatment, mal-
nutrition is also known to result in a catabolic condition in
patients with COPD [5, 6]. This catabolic condition may
in part be reversed by anabolic steroids in combination
with adequate protein intake [3]. Indeed, SCHOLS et al. [7]
recently showed that anabolic steroids combined with re-
feeding improved respiratory muscle function in under-
nourished COPD patients. Whether anabolic steroids are
also able to counteract the glucocorticoid-induced impair-

ment in human respiratory muscle function has not yet
been studied.

Animal models have been used to obtain an insight into
the underlying mechanisms responsible for the changes in
diaphragm muscle structure and function. The type and
severity of alterations caused by glucocorticoids appear to
depend on the type of steroid used, and the dosage and the
duration of administration. In a prior study, changes were
observed in contractile properties and morphology of the
diaphragm from normal rats following long-term treatment
with a low dose of MP (0.2 mg.kg-1.day-1 for 6 months)
[8]. Recent results have shown that in normal rats, ana-
bolic steroids are able to reverse diaphragm function loss
from corticosteroid-induced myopathy [9].

The use of emphysematous animals to determine drug
effects on the diaphragm may be of interest since this
animal model resembles to some extent the functional alt-
erations observed in COPD patients. Induction of emphy-
sema by intratracheal instillation of elastase in hamsters
results in a progressive increase in lung volumes and com-
pliance [10], diaphragm muscle adaptation to hyperinfla-
tion of the lungs [11, 12], and impairment in respiratory
muscle function [11, 12].

Therefore, this emphysematous model was used to in-
vestigate whether anabolic steroids in a clinically rele-
vant dose are able to antagonize the impairment caused
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by long-term low-dose MP treatment on the diaphragm
which has adapted to emphysematous changes in the lung.
Based on the metabolic effects of anabolic steroids
described above, it was hypothesized that anabolic steroids
will be able to reverse the alterations in diaphragm function
and structure induced by MP. Therefore, the contractile
properties of the diaphragm of emphysematous hamsters
treated with nandrolone decanoate (ND) during the final 3
months of a 9-month treatment period with a low dose of
MP were examined. Immunoreactivity to myosin heavy
chain (MHC) antibodies was tested to evaluate the effects
of MP and ND on diaphragm fibre composition.

Methods

Study design, induction of emphysema, and treatment

Adult male Golden hamsters (n=48), aged >40 weeks,
weighing ~150 g, were lightly anaesthetized with a mixture
of halothane and nitrous oxide, vaporized in air. A poly-
ethylene cannula was inserted into the trachea with the tip
located above the carina. The hamsters received either a
single instillation of NaCl 0.9% at 0.5 mL.100 g body
weight-1 (n=12) or 25 IU.100 g body weight-1 porcine pan-
creatic elastase (PPE) (Sigma Chemicals, Bornem, Bel-
gium) (n=36). PPE was dissolved at a concentration of 50
IU.mL-1 in 0.9% NaCl to ensure similar fluid loads per
animal. To improve the distribution to the peripheral parts
of the lung, 3 mL of room air was injected through the
tube. The hamsters were monitored carefully until spon-
taneous breathing.

Normal hamsters were divided into two groups 6 months
after instillation with NaCl (fig. 1): controls receiving sal-
ine 0.2 mL s.c. daily (n=12); and control hamsters re-
ceiving MP hemisuccinate (Sigma Chemicals) 0.2 mg.kg-1

s.c. daily for 9 months (n=12).
Six months after PPE instillation, emphysematous ham-

sters were randomized into two groups (fig. 1): emphy-
sematous hamsters (Emph) receiving saline 0.2 mL s.c.
daily (n=12); and emphysematous hamsters receiving MP
0.2 mg.kg-1 s.c. daily (n=24). After 6 months of MP treat-
ment, these animals were subdivided into two further
groups: those continuing with MP 0.2 mg.kg-1 s.c. daily
until the end of the study (Emph+MP) (n=12); and those
continuing with MP 0.2 mg.kg-1 s.c daily until the end of

the study, but in combination with ND (Organon, Oss, the
Netherlands) for the final 3 months of the study at 1
mg.kg-1 i.m. once a week (Emph+MP+ND).

The intention was to evaluate the effects of a low dose of
a nonfluorinated steroid (i.e. MP) comparable to the dose
occasionally used in the chronic treatment of patients with
COPD. A calculated estimation showed that 0.2 mg.kg-1

MP is equivalent to a dose of at most 14 mg.day-1 in a 70
kg human. This was based on similar anti-inflammatory
potency and metabolism in rodents and humans [13, 14],
an absorption of only 60% after i.m. injection of cortisone
acetate [15], and the observation that the s.c. route requir-
es higher doses to produce similar effects compared to
i.m. administration [16]. Indeed, in a previous study, admi-
nistration of 0.2 mg.kg-1.day-1 MP for 6 months in nor-
mal rats caused a 10±15% reduction in diaphragm twitch
and maximum tetanic force generation [8]. Although the
therapeutic efficacy of glucocorticoids in COPD is con-
troversial [5], prolonged prednisolone administration in
doses of 10±15 mg daily are no exception in the treatment
of patients. ND was administered in a dose used by others
in clinical studies [7], and as recommended for use in
patients by the manufacturer.

During the 9 month treatment period, all hamsters re-
ceived a similar volume (~0.20 mL) with each s.c. in-
jection. The hamsters were fed ad libitum (RMHB, Hope
Farms, Woerden, The Netherlands) with free access to
drinking water, under a 12/12 hour light±dark regimen and
weighed once every week. Although daily food intake was
not precisely quantified (animals were not held in meta-
bolic cages), food intake appeared to be similar in all
groups (~10 g.day-1). In line with earlier studies [17, 18],
previous pilot experiments showed no change in the
body weight curve in normal and Emph hamsters. There-
fore, a pair-weight or pair-fed control group was not
included.

Fifteen months after PPE instillation and 9 months
following the start of the treatment with MP or saline, the
animals were sacrificed to measure contractile properties
and histological characteristics of the diaphragm. The dia-
phragm, musculus extensor digitorum longus (EDL) and
the soleus muscle were weighed immediately after dis-
section and the lungs were removed to evaluate the extent
of emphysema. The study was approved by the Animal
Experiments Committee of the University of Nijmegen and
performed according to the Dutch National Guidelines of
Animal Care.

Verification of emphysema

Five animals per group were used to evaluate the degree
of emphysema induced by PPE, as the degree of
emphysema had been found to be well reproducible in a
pilot study. At the end of the treatment period, the hamsters
were anaesthetized with sodium pentobarbital (70 mg.kg-1

i.p.). A polyethylene cannula was inserted through a tra-
cheotomy for mechanical ventilation (oxygen-enriched gas
mixture, flow 0.5 mL.g body weight-1.min-1, respiratory
frequency 70 breaths.min-1 and a duty cycle of 50%). After
dissection, the lungs were inflated with 4% buffered
formalin to a pressure of 25 cmH2O. The minimal fixation
time was 2 h. Postfixation lung volume was determined by
fluid displacement. The left lower lobe was embedded in
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Fig. 1. ± Time course of intervention and experimental design. PPE:
porcine pancreatic elastase. Emph: elastase-induced emphysema; MP:
methylprednisolone; ND: nandralone decanoate.
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paraffin and sagittal sections (6 mm thickness) were cut and
stained with haematoxylin±eosin. Alveolar cross-sectional
area (CSA) was measured to determine the extent of
emphysematous changes in the lung. The measurements
were performed on the left lower lobe since a pilot study
had shown a good correlation between the CSA of the
alveoli of this lobe and the lung volume measured by fluid
displacement. These measurements were made using a
Sprynt-based, PC-Image digital analysis system (Bos Inc,
Waddinxveen, the Netherlands).

Contractile properties

Procedures for anaesthesia and intubation were per-
formed as described above. A combined laparotomy and
thoracotomy was performed to remove the diaphragm.
Immediately after excision, the diaphragm was immersed
in a cooled, oxygenated Krebs' solution at a pH of 7.4. This
solution consisted of (mmol.L-1), 137 NaCl, 4 KCl, 1
MgCl2, 1 KH2PO4, 24 NaHCO3, 2 CaCl2, and 7 glucose.
D-tubocurarine chloride 25 mM (Sigma Chemicals) was
added to prevent spontaneous neuromuscular activity.
Contractile properties were measured on two small rect-
angular bundles, dissected from the middle part of the
lateral costal region of each hemidiaphragm and parallel to
the long axis of the muscle fibres. Silk sutures were firmly
tied to both ends of the bundle to serve as anchoring points.
Each bundle was placed in a tissue bath containing Krebs'
at 378C and was oxygenated with 95% O2 and 5% CO2.
The central tendon insertion of the bundles were tied to a
fixed point and the costal margin origin to an isometric
force transducer (Sensotec, model 31/1437, Columbus,
OH, USA). Data acquisition and storage were performed
using a Dash-16 interface and Twist-Trigger software (ID-
electronics, University of Nijmegen, the Netherlands).
The stimulator (ID-electronics) was activated by a personal
computer. The muscle strips were stimulated with two
large platinum electrodes on both sides of the muscle. To
ensure supramaximal stimulation, subsequent stimulations
were performed 20% above the voltage at which maximal
forces were obtained. The pulse duration was set to 0.2 ms.
Twitch stimuli were used to determine the optimal length
(Lo), followed by a 15 min thermo-equilibration period.
The following measurements were made.

Twitch characteristics. Two twitches were recorded at
Lo to obtain maximal twitch force (Pt), contraction time
(Ct) and half relaxation time (1/2Rt). The averages were
used for further analysis.

Maximal tetanic contraction. Two maximal tetanic stim-
uli (with a frequency of 160 Hz and a train duration of
400 ms) were generated to obtain maximal tetanic force
(Pmax).

Force±frequency protocol. Muscle bundles were stim-
ulated every 2 min with the following frequencies: 25,
50, 80, 120 and 160 Hz (train duration 400 ms). The
generated force was expressed per CSA (N.cm-2). CSA
was measured by dividing diaphragm bundle weight by
muscle density (1.056 mg.mm-3) and bundle length. Di-
aphragm bundle dimensions were measured using an
analogue graduated ruler (Mitutoyo model 560-182 Vee-
nendaal, the Netherlands)

Morphometric evaluation of the diaphragm muscle

Resting (excised) muscle length of strips obtained from
the costal part of the right hemidiaphragm were measured.
Before freezing, the strips were stretched to 1.5-times this
excised length to approximate Lo [19], and pinned on a
cork backing. The specimens were quickly frozen in
isopentane cooled in liquid nitrogen followed by further
freezing in liquid nitrogen. Serial cross sections were cut
at 7 mm with a cryostat kept at -308C.

Myosin heavy chain antibodies (DSM, Braunschweig,
Germany) were used for morphometric examination of
serial diaphragm sections. The following antibodies were
used: BA-D5 reactive with MHC-I, SC-71 reactive with
MHC-IIa, BF-35 reactive with MHC-I, MHC-IIa and
MHC-IIb but not with MHC-IIx, and BF-F3 reactive with
MHC-IIb [20]. Incubation with anti-myosin heavy chain
antibodies was performed at room temperature for 1 h.
Antibodies were subsequently labelled with ultra-small
immunogold reagent followed by silver enhancement
(Aurion, Wageningen, the Netherlands). The CSA of at
least 250 fibres were analysed from each diaphragm using
the Sprynt-based, PC-Image digital analysis system (Bos
Inc).

Data analysis

Data of contractile properties of the two bundles
obtained from one hamster were averaged. The SPSS/
PC+ package version 6.1.3 (Chicago, IL, USA) was used
for statistical analysis. Data were compared using one-way
analysis of variance (ANOVA) followed by Duncan's
multiple-range test. Repeated measures ANOVA was used
to analyse the force±frequency relationship. Morphometric
analysis was performed using the average per fibre type per
animal which was utilized as a single value in the statistical
analysis. Results were considered significant at p<0.05. All
data were expressed as mean�SEM.

Results

Body and muscle weights

The growth curve for the hamsters was not significantly
affected by drug treatment or by induction of emphysema.
Initial and final body weights were similar in all groups
(table 1). No differences in diaphragm and soleus muscle
weights were observed. An increase in EDL muscle
weight, normalized for body weight, was found in the
Emph+MP+ND group compared to the control, Emph,
and Emph+MP groups (table 1).

Degree of emphysema

The alveolar CSA in the Emph, Emph+MP and
Emph+MP+ND hamsters was ~190% that of control and
MP hamsters (5,061�319, 5,132�328 and 5,248�363 mm2,
respectively, versus 2,740�86 mm2 and 2,675�79 mm2 in
control and MP). Fluid displacement lung volume in-
creased by ~50% from normal hamsters (9.5�0.8, 9.7�1.2
and 9.8�1.3 mL in Emph, Emph+MP and Emph+MP+ND
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versus 6.3�0.5 mL and 6.5�0.5 mL in control and MP). No
differences were found between the three groups of
emphysematous hamsters.

Diaphragm bundle dimensions and contractile proper-
ties

Diaphragm muscle strip length was significantly re-
duced in all Emph groups compared to the control and MP
groups (table 2). Muscle strip weight was reduced only in
the Emph group. However, no differences were found
between the groups when muscle strip weight was nor-
malized for muscle strip dimension (table 2).

Pt was reduced in the diaphragm of the MP, Emph and
Emph+MP hamsters compared to control and Emph+
MP+ND (fig. 2a). Twitch force in the MP hamsters was
significantly lower than in Emph. Addition of ND in-
creased Pt to the level of control hamsters. Po was
significantly lower in all intervention groups (fig. 2b). No
significant differences in contractile properties were found
between MP and Emph+MP. Since Pmax decreased in the
MP and Emph+MP group compared to all other groups,
the most pronounced reduction in maximum force was
observed following MP treatment. Administration of ND
to the animals increased Pmax to the level of the Emph
group (fig. 2b). Neither induction of emphysema nor
treatment with MP or ND caused changes in Ct or 1/2Rt.

Repeated measures ANOVA indicated a significant ef-
fect of treatment on the absolute and normalized force±fre-
quency relationship (fig. 3). Force generation at 25 Hz was
decreased in the MP and Emph+MP group compared to
control hamsters but not compared to Emph hamsters. At
all stimulation frequencies >25 Hz, no differences in force
between the MP and Emph+MP groups were found.
However, force production in the Emph+MP group was
significantly lower than in Emph hamsters. Addition of
ND reversed this decrease in force to the level of the

Emph group. No differences were found between the
control, MP, Emph and Emph+MP groups when forces
were normalized for maximum tetanic tension. However,
ND addition seemed to have a more pronounced effect at
lower frequencies as reflected by the significant increase
in Pt/Pmax in the Emph+MP+ND compared to control,
MP and Emph hamsters (table 3). Normalized force
production at 25 Hz was significantly increased in the
Emph+MP+ND group compared to the control group.

Diaphragm muscle morphology

The number of fibres expressing predominantly type I
MHC isoforms decreased in the diaphragm of the Emph
hamsters compared to that of the control and Emph+
MP+ND hamsters (table 4). No significant changes in
MHC-IIa and MHC-IIx fibre distribution were observed.

Both MHC-IIa and MHC-IIx fibre CSA were reduced in
MP, Emph and Emph+MP diaphragm muscle compared to
control (fig. 4). However, no significant difference was
found between CSA in the Emph and the Emph+MP
groups. In the Emph+MP+ND diaphragm, MHC-IIa and
MHC-IIx CSA were significantly increased compared to
the MP, Emph and Emph+MP groups, while no differ-
ence in fibre CSA was found compared to control ham-
sters.

Relative fibre type contribution to total diaphragm mus-
cle area was not changed by either treatment (table 4). No
fibres reactive with type IIb MHC were found.

Discussion

Summary of the results

The present study was designed to evaluate diaphragm
muscle impairment caused by 9 months of low-dose MP
administration in emphysematous hamsters. In addition,

Table 2. ± Diaphragm muscle strip dimensions

Treatment Length
mm

Width
mm

Thickness
mm

Weight
mg

Weight normalized for
strip dimension mg.mm-3

Control 15.6�0.3 2.1�0.03 0.6�0.01 15.3�0.7 0.8�0.02
MP 15.2�0.3 2.2�0.05 0.6�0.02 15.9�0.8 0.8�0.03
Emph 14.2�0.2* 2.0�0.02 0.6�0.01 12.9�0.5* 0.8�0.03
Emph+MP 14.5�0.1* 2.1�0.03 0.6�0.01 14.1�0.6 0.8�0.02
Emph+MP+ND 14.6�0.3* 2.0�0.03 0.6�0.01 14.1�0.5 0.8�0.02

Data are presented as mean�SEM. For definitions of experimental groups see footnote to table 1. *: p<0.05 compared to control and MP.

Table 1. ± Body and muscle weights

Treatment Initial body weight
g

Final body weight
g

Diaphragm
ù body weight

EDL
ù body weight

Soleus
ù body weight

Control 150�3 149�2 2.02�0.04 0.21�0.01 0.24�0.01
MP 151�4 145�3 1.94�0.03 0.22�0.01 0.24�0.01
Emph 149�3 148�3 2.08�0.02 0.20�0.01 0.22�0.01
Emph+MP 152�4 147�3 2.04�0.03 0.21�0.01 0.23�0.01
Emph+MP+ND 149�4 145�3 2.07�0.04 0.23�0.01* 0.24�0.01

Data are presented as mean�SEM. EDL: extensor digitorum longus. Experimental groups are: Control, receiving saline for 9 months; MP,
receiving methylprednisolone (MP) for 9 months; Emph, elastase-induced emphysematous hamsters receiving saline for 9 months;
Emph+MP, elastase-induced emphysematous hamsters receiving MP for 9 months; Emph+MP+ND, elastase-induced emphysematous
hamsters receiving 9 months of MP treatment with nandrolone decanoate (ND) added for the final 3 months. *: p<0.05 compared to all
other groups.
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the ability of the anabolic steroid ND to antagonize the loss
in diaphragm function caused by the combination of
emphysema and long-term treatment with a low dose of
MP was investigated.

The results show that, despite the decrease in force
generation in the diaphragm of emphysematous hamsters,
MP reduced force generation in the diaphragm of em-
physematous and normal hamsters to a similar extent.
Secondly, the data show that diaphragm function in the MP
treated emphysematous hamsters improved following ND
addition. At low stimulation frequencies, this improvement
in force generation was up to the level of control hamsters,
while maximum force generation improved to the level of
force production in the Emph hamsters. The MHC-IIa and
MHC-IIx fibre atrophy in the Emph+MP diaphragm was
completely reversed to the level of controls by the addition
of ND.

Effects of emphysema and methyl prednisolone on dia-
phragm function and structure

Hamsters have been frequently used to evaluate dia-
phragmatic adaptations to elastase-induced emphysema.
The increase in alveolar CSA observed following induc-
tion of emphysema combined with an increase in fluid
displacement by ~50% in all three PPE-instilled groups
indicated the presence of emphysematous changes in this
study. Induction of emphysema may cause changes in
diaphragm force generation [11, 12, 21]. The reduction in
Pt and Pmax in the present study was in line with previous
reports in the hamster model [11, 12, 21]. This reduction
in specific force can be the result of an increase in dia-
phragm muscle load, as a result of emphysematous chan-
ges in the lung [22]. Force-generating capacity was also
reduced in models representing skeletal [23] and dia-
phragm muscle [24] overloading. In these overloaded
muscles and also in the diaphragm of emphysematous
hamster [11], the reduction in force was associated with
fast fibre hypertrophy. However, in line with the present
findings, muscle overload [25] and the induction of em-
physema [26] can also decrease fibre CSA. Although
emphysema did not change relative fibre type contribu-
tion to total diaphragm muscle area in the present or in

previous studies [11], MHC-IIx fibre CSA decreased by
~20% in the diaphragm of the Emph hamsters. The ob-
servation that in the emphysematous diaphragm a de-
crease in force-generating capacity can be associated with
fast muscle fibre hypertrophy and atrophy, indicates mus-
cle changes at the ultrastructural level.

In the emphysematous diaphragm, FARKAS and ROUSSOS

[26] observed increased oxidative and decreased glyco-
lytic activity, as shown by citrate synthase and phos-
phofructokinase, respectively. These biochemical changes
following emphysema were associated with fast fibre
atrophy. Besides these disadvantageous changes, more
subtle alterations such as changes in muscle contractile
protein composition, are also likely to be responsible for
the decrease in force in the overloaded muscles.

0
0

+

120805025

20

40

60

80

100

Stimulation frequency  Hz

R
el

at
iv

e 
fo

rc
e 

(a
t 1

60
 H

z)
  %

b)

0
0

5

10

15

20

25

25 50 80 120 160

**

*#

a)

Fo
rc

e 
 N

·c
m

-2

Fig. 3. ± Force±frequency curves for a) absolute force; and b) normal-
ized for maximal tetanic force. s: control; *: MP; h: Emph; J:
Emph+MP; ,: Emph+MP+ND. For explanation of treatment groups see
figure 1. *: p<0.05 compared to control; #: p<0.05 compared to Emph
and Emph+ MP+ND; +: p<0.05 for Emph+MP+ND compared to con-
trol. Dashed lines represent pooled standard error.

Table 3. ± Diaphragm contractile properties

Treatment Ct

ms
1/2Rt

ms
Pt/Pmax

%

Control 26.7�0.2 28.4�0.7 26.5�0.6
MP 26.1�0.3 28.1�0.7 27.2�0.9
Emph 26.7�0.4 28.8�0.8 26.8�0.6
Emph+MP 27.0�0.3 29.5�0.6 27.9�0.8
Emph+MP+ND 27.5�0.4 30.8�1.0 29.3�0.9*

Data are presented as mean�SEM. Ct: contraction time; 1/2Rt:
half relaxation time; Pt: maximal twitch force; Pmax: maximal
tetanic force. For definitions of experimental groups see foot-
note to table 1. *: p<0.05 compared to control and Emph.
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Emph+ MP+ND. For explanation of treatment groups see figure 1. Data
are shown as mean�SEM. *: p<0.05 compared to control and Emph+MP+
ND; #: p<0.05 compared to Emph; +: p<0.05 compared to control; {:
p<0.05 compared to Emph and Emph+MP+ND.
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Following MP administration, twitch and tetanic forces
further decreased in the diaphragm of the Emph hamsters.
Morphometrically, type IIa fibre atrophy was found in the
Emph+MP group compared to controls, but type IIx fibre
size decreased to a similar extent in the Emph and Emph+
MP hamsters. In a previous study, using the same dose of
MP in normal rats, MP also decreased diaphragm force
production without a decrease in type IIx fibre CSA while
type I and IIa fibres were mildly atrophied [8]. This de-
crease in force was in part explained by the reduction in
the number of type IIb fibres. A 3-week treatment with 6
mg.kg-1 prednisolone resulted in type IIx and IIb fibre
atrophy, a reduction in type IIb isoforms and a decrease in
force production in rat diaphragm compared to controls
[27]. Other investigators, using ATPase-based fibre typing
showed no effect of prednisolone [28] and MP [29] on
normal rat diaphragm fibre size and composition, whereas
type I, IIa and IIb fibre atrophy was observed following
administration of cortisone acetate (10 mg.kg-1.day-1 for
3 weeks) in rabbits [30]. Since changes in muscle fibre
morphometry cannot explain the difference in force pro-
duction between the Emph and Emph+MP groups, more
subtle ultrastructural changes are likely to be responsible.
Ultrastructural changes such as cross-bridge kinetics, myo-
sin heavy chain density, and energy substrates play an im-
portant role in the force generation of the muscle fibres.

Effects of nandrolone decanoate on methylprednisolone-
treated emphysematous diaphragm

Several pharmacological interventions to prevent gluco-
corticoid-induced myopathic changes in skeletal muscles
have been studied. Growth hormone treatment improv-
ed maximum inspiratory pressure and nitrogen balance
in COPD patients [31]. This, however, was a preliminary
report on a nonplacebo-controlled trial. In rat diaphragm,
glucocorticoid-induced changes were not prevented by
growth hormone administration [32]. Clenbuterol (4 mg.

kg-1 over a 21 day period) [33] and testosterone (20 mg.

kg-1.day-1) [34] partly prevented glucocorticoid-induc-
ed muscle atrophy. In these studies, treatment with the
anabolic drugs was started simultaneously with the glu-
cocorticoid administration in order to evaluate the anta-
gonistic potency of the anabolic drugs. REID et al. [35]
reported an increase in lean body mass and a decrease in
body fat mass following testosterone replacement in
prednisolone-treated (~10 mg.day-1) hypogonadal males.
In the present study, however, the interest was whether
MP-induced changes could be reversed. Since changes in
diaphragm structure and function occurred following 6
months of MP treatment (0.2 mg.kg-1.day-1) [8], the
hamsters in this study were treated with MP for 6 months
before ND was added to the glucocorticoid treatment. ND
was chosen because of the specific antagonistic action at
the receptor level between synthetic anabolic steroids and
glucocorticoids [36, 37]. Apart from this antagonistic
mechanism, anabolic steroids have also proven to be
beneficial in clinical practice [7].

Theoretically, the blunting capacity of ND on MP-
induced changes may be due to a direct anabolic effect of
ND on muscle fibres [3, 38, 39], or to an antagonistic
action between ND and glucocorticoids. Addition of ND
to Emph+MP hamsters restored Pt to normal control
values but increased Pmax only to the level of the Emph
hamsters. At physiological stimulation frequencies (~25
Hz), force generating capacity was similar in the Emph+
MP+ND, Emph and control groups. The increase in
normalized force in the EMPH+MP+ND hamsters at 25
Hz can in part be the result of the increase in the sum of
contraction and relaxation time of the muscle strips.

The reversibility of the loss in diaphragm force
production in the Emph+MP hamsters by the addition of

Table 4. ± Fibre type distribution and relative fibre type contribution to the total diaphragm muscle area

Treatment MHC-I
%

MHC-IIa
%

MHC-IIx
%

Fibre type distribution
Control 26.5�0.9 41.4�2.4 32.0�1.9
MP 23.8�0.9 44.8�1.9 31.5�2.5
Emph 22.7�1.2* 42.8�1.9 34.5�2.1
Emph+MP 24.3�0.8 42.3�0.7 33.4�0.7
Emph+MP+ND 26.4�0.8 41.4�1.2 32.2�1.1

Fibre type contribution to total diaphragm area
Control 17.4�0.7 32.2�2.3 50.4�2.5
MP 18.6�0.9 35.5�2.4 45.9�3.2
Emph 17.5�1.0 33.5�2.4 49.0�2.6
Emph+MP 18.1�0.7 32.7�0.7 49.2�1.0
Emph+MP+ND 18.2�0.5 31.5�1.4 50.3�1.3

Data are presented as mean�SEM. For definitions of experimental groups see footnote to table 1. MHC: myosin heavy chain. *: p<0.05
compared to control and Emph+MP+ND.
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Fig. 4. ± Fibre type cross-sectional area (CSA). h: control; u: MP; r:
Emph; p: Emph+MP; k: Emph+MP+ND. For explanation of treatment
groups see figure 1. Data are shown as mean�SEM. *: p<0.05 compared
to control and Emph+MP+ND.
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ND could be due to an anabolic effect on the emphy-
sematous changes, to an antagonistic effect on the MP-
induced changes, or a combination of both. In normal rats,
however, ND completely abolished the MP-induced
impairment in diaphragm force-generating capacity [9].
It is therefore most likely that ND predominantly
antagonized the action of MP with at most a small effect
on the changes induced by emphysema. Several mechan-
isms might be responsible for the interaction between
anabolic steroids and glucocorticoids. Anabolic steroids
are believed to act via muscle glucocorticoid receptors
rather than via muscle androgen receptors in antagonizing
the catabolic effects of glucocorticoids [36]. MAYER and
ROSEN [40] proposed a binding competition between
androgens and glucocorticoids for the same site of the
receptor responsible for mediating the catabolic action of
glucocorticoids. Inhibition of glucocorticoid action at the
gene level [41] or downregulation of glucocorticoid re-
ceptor number [37] were also reported as anabolic effects
counteracting glucocorticoid-induced muscular changes.
The direct effects of anabolic steroids on normal skeletal
muscles include promoting amino acid incorporation into
muscle proteins, decreasing amino acid catabolism [3],
and increasing myosin and myofibrillar protein fraction
[39]. These actions, however, apparently had at most a
minor effect on emphysema induced diaphragm function
impairment.

Methodological considerations

No pair-weight or pair-fed control group was added in
the present study, since emphysema and the drugs tested
did not affect body weight and food intake in a pilot study.
Indeed, at the end of the treatment period, no changes in
body weight were found among the four groups. This
confirms, previous data showing no difference in body
weight growth in adult hamsters [17, 18]. Therefore, func-
tional and structural changes as described above cannot
be explained by differences in body weight. Diaphragm
fibre atrophy on the morphological slides was signifi-
cant but more subtle in the MP, Emph and Emph+MP
groups and therefore of no major influence on diaphragm
muscle mass, which did not differ between the treatment
groups. The viability of the in vitro muscle preparation is
not likely to be influenced by the bath temperature of
378C used in the present study. SEGAL and FAULKNER [42]
showed that the critical radius for oxygen diffusion was
~0.6 mm at 378C. Apart from the fact that no differences
in muscle strip thickness were observed, this radius is
clearly greater than the radius of 0.3 mm used in the
present study.

Conclusions

In conclusion, the decrease in force-generating capacity
in the methylprednisolone-treated emphysematous dia-
phragm was partly antagonized by nandrolone decanoate
addition. Nandrolone decanoate only antagonized the ef-
fects of methylprednisolone but did not influence diaphrag-
matic changes induced by emphysema. Myosin heavy
chain class IIa and IIx diaphragm muscle fibre atrophy in
the emphysema plus methylprednisolone group was com-

pletely reversed by nandrolone decanoate. Since both
methylprenisolone and nandrolone decanoate were admi-
nistered in low, clinically applied dosages, these observa-
tions may support the rationale for the development of
clinical trials to investigate if anabolic steroids have similar
protective effects in chronic obstructive pulmonary disease
patients with steroid-induced respiratory muscle dysfunc-
tion.
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