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Abstract. The aim of the current study was to investigate 
the effect of chronic dexamethasone (Dex) administration 
on rat diaphragm function and sensitivity to rocuronium and 
muscle‑fiber transformation. Adult male Sprague‑Dawley rats 
were randomized to receive a daily intraperitoneal injection 
of Dex to evaluate whether alterations in diaphragm function 
and susceptibility to rocuronium would be induced. In addi-
tion, diaphragm contractile properties, histopathology and 
isometric twitch tensions of nerve‑hemidiaphragm prepara-
tions were evaluated. Dex administration led to impaired 
diaphragm force generation, increased fatigue resistance and 
a prolonged half‑relaxation time, as well as time‑to‑peak 
tension. Dex treatment led to desensitization of the rat 
diaphragm to rocuronium, as demonstrated by a shift of the 
rocuronium concentration‑twitch tension curves to the right. 
Histochemical analysis of adenosine triphosphatase revealed 
that the distribution and cross‑sectional area of type II fibers 
were decreased in rats exposed to Dex. The present study 
indicates that chronic Dex treatment induced alterations in 
muscle function and that susceptibility to rocuronium is asso-
ciated with muscle fiber‑type transformation, which may aid in 
directing future administration of muscle relaxants.

Introduction

Muscle atrophy, dysfunction and resistance to non‑depolarizing 
neuromuscular blocking agents are commonly associated with 
glucocorticoid (GC) treatment. Previous studies have reported 
that partial recovery or termination of pancuronium‑induced 
paralysis occurs following large doses of steroid administra-
tion (1‑3). Soltész et al found a shorter duration of atracurium 
and rocuronium‑induced neuromuscular blockage in patients 

receiving long‑term prednisolone medication (4,5). In addi-
tion, a retrospective clinical review showed that patients 
receiving long‑term pretreatment with betamethasone required 
75% more vecuronium (6). Preclinically, Arts et al reported 
that the neuromuscular blocking effect of d‑tubocurarine at 
two doses and low‑dose hemicholinium‑3 may be partially 
or wholly antagonized by prednisolone  (7). Additionally, 
Robinson et al and Parr et al reported betamethasone‑induced 
resistance to atracurium and vecuronium (8,9).

Findings of previous in vitro studies have indicated that 
GCs have presynaptic facilitatory effects on neuromuscular 
transmission at low concentrations (10‑15). The presynaptic 
effects are associated with enhanced active uptake of choline 
into the nerve terminal, resulting in increased synthesis and 
the release of acetylcholine (ACh). This effect may contribute 
to resistance to neuromuscular blocking drugs following GC 
treatment (15). However, it is unclear whether these in vitro 
observations apply in vivo, particularly when GCs are admin-
istered chronically.

Skeletal muscle atrophy induced by GCs is characterized 
by a decrease in the size of fast‑twitch or type II muscle fibers 
with little or no impact observed on slow‑twitch or type I 
fibers. Skeletal muscle atrophy is also accompanied by a 
reduction in the relative contribution of type II fibers to total 
muscle fibers (16‑21). Respiratory and peripheral muscles are 
affected by corticosteroid treatment and GC‑induced atrophy 
of the diaphragm is often observed in clinical practice (21,22). 
The diaphragm is composed of 40% type I and 60% type II 
fibers  (23). A shift towards slow‑twitch fibers induced by 
steroids may cause a marked impairment in diaphragm func-
tion. Notably, GC‑induced changes in isotonic contractile 
properties due to an altered diaphragm‑type composition have 
been demonstrated in a number of animal studies (24‑27).

Mechanisms of resistance to non‑depolarizing muscle 
relaxants (NDMRs) in GC treatment have not been investi-
gated extensively. Aside from featuring various contractile 
properties, the type  II fiber is more sensitive to NDMRs 
compared with the type  I fiber. As the planar area of the 
motor endplate in a type II fiber is much larger compared 
with type I, the sarcoplasmic reticulum density is twice that of 
the type I fiber. Drugs enter the former junction more rapidly 
than the latter (28‑30). The composition of muscle fiber‑types 
establishing various sensitivities to particular muscle relaxants 
has been observed in a number of clinical studies  (31‑36). 
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Donati et al examined vecuronium neuromuscular blockage 
of two skeletal muscles in adult females and observed that 
the adductor larynx, which contained mainly type II fibers, 
showed a faster onset of muscle relaxant compared with the 
adductor pollicis, which contained primarily type I fibers (36). 
Day et al compared the ED50 of pancuronium in two muscle 
types, the gastrocnemius (fast twitch) and soleus (slow twitch) 
and found that the gastrocnemius was more sensitive (ED50, 
105 µg/kg) compared with the soleus (ED50, 150 µg/kg) (37). 
Thus, GC‑induced fiber‑type transformation may be one of 
the mechanisms associated with resistance to the action of 
NDMRs.

Therefore, the aim of the current study was to investigate the 
effect of chronic administration of the popular steroid, Dex, on 
diaphragm function and on the potency of a common NDMR, 
rocuronium as well as to investigate whether any observed 
effects are associated with muscle‑fiber transformation.

Materials and methods

Animals and muscle preparation. This study was approved 
by the Animal Care and Use Committee of the Shanghai 
Jiaotong University School of Medicine and was performed in 
compliance with the WHO International Guiding Principles 
for Animal Research. Sixty adult male Sprague‑Dawley rats 
(180‑220 g) were randomized into three groups (n=20 per 
group). The Dex group received a daily intraperitoneal 
injection of Dex [600  µg/kg body mass; a dose that has 
been previously shown to cause significant loss of muscle 
mass (17,38)] suspended in an isotonic vehicle (0.9% NaCl) 
for 14 days. The saline group received an equivalent volume 
of saline (0.9% NaCl) daily for 14 days. All injections were 
performed at approximately the same time of day in the two 
groups. A food‑restricted group (fr) was pair‑fed with the Dex 
group for 14 days to evaluate whether muscle dysfunction 
following Dex treatment was caused by anorexia typically 
associated with GC therapy. This was achieved by weighing 
the food intake of the Dex group rats daily and providing the 
fr group rats with an equivalent amount of food. Food and 
water was available ad libium to rats in the Dex and saline 
groups. Each experimental group contained 20  rats. The 
animals were included in the final data set.

Twenty‑four hours following the final drug administra-
tion, the rats were anesthetized with pentobarbital (60 mg/kg 
intraperitoneally). The left hemidiaphragm, with attached 
phrenic nerve and the right hemidiaphragm, both with the 
central tendon and ribcage intact, were rapidly removed from 
each rat to investigate rocuronium potency and diaphragm 
contractibility.

Strips of diaphragm (8‑10 mm wide, cut parallel to the 
muscle fibers) with or without the phrenic nerve attached, 
were dissected for subsequent experiments. Strips obtained 
from the costal region of the diaphragm were embedded 
separately in plastic holders and rapidly frozen in isopen-
tane cooled in liquid nitrogen (‑160˚C), followed by further 
freezing in liquid nitrogen for ATPase staining. Each isolated 
strip was mounted vertically in a tissue chamber, fixed at the 
rib cage, inferiorly positioned and suspended at the central 
tendon from a force displacement transducer using a 3‑0 silk 
suture (ALC‑M System for Isolated Tissue‑Organ Research; 

40 ml in volume). The chamber was filled with Krebs solu-
tion, maintained at 37˚C and bubbled with 95% oxygen/5% 
CO2. The composition of the Krebs solution was as follows: 
137  mM  NaCl, 4  mM  KCl, 2  mM  CaCl2, 1  mM  MgCl2, 
1 mM KH2PO3, 12 mM NaHCO3 and 6.5 mM glucose, with a 
pH 7.40±0.05 during bubbling. Isometric tension was elicited 
by indirect (phrenic nerve) or direct (muscle) supramaximal 
constant‑voltage stimulation at 0.1 Hz for 0.05 and 0.2 msec 
in the cases of indirect and direct stimulation, respectively, 
using a stimulator and a constant‑voltage unit. The twitch 
tension was recorded via the force transducer on a recorder 
(ALC‑MPA 2000m, Acquisition and Analysis System for 
Life Science Research, Shanghai Alcott Biotech, Shanghai, 
China). The stimulator was activated by a personal computer. 
Twitch stimuli were used to determine the optimal length 
(L0) at which skeletal muscle may generate the greatest force, 
followed by a 15‑min thermoequilibration period. A number 
of measurements were performed as described in subsequent 
sections.

Diaphragm contractile properties
General. For direct stimulation, the diaphragm was placed 
between two large silver electrodes and pretreated with a suffi-
cient concentration (12 µM) of d‑tubocurarine to completely 
eliminate neuromuscular transmission.

Twitch characteristics. Five twitches were recorded at 
L0 to obtain maximal twitch force (Pt), time‑to‑peak tension 
(TPT) and half‑relaxation time (1/2RT). The average values 
were used for subsequent analysis.

Maximal tetanic contraction. Two maximal tetanic 
stimuli, with a frequency of 120 Hz and a train duration 
of 250 msec were generated to obtain the maximal tetanic 
force (P0).

Force‑frequency instructions. Muscle bundles were 
stimulated every 2 min at the following frequencies: 10, 20, 
40, 60, 80 and 120 Hz (train duration, 250 msec).

Fatigue properties. Bundles were fatigued by means of 
330 msec stimulations repeated at 25 Hz and applied every 
sec for 5 min as described by Burke et al with modifications. 
Fatigue index (fatigue), adapted from Burke, is expressed as 
the ratio of the tetanus force developed at 120 sec/the maximal 
force developed by tetanus  (39). Following the experi-
ment, the muscle was weighed and the cross‑sectional 
area (CSA) was estimated based on the formula: muscle 
weight (g)/[L0 (cm) x 1.056 (g/cm3)], assuming muscle density 
is 1.056 g/cm3 (26). Forces were normalized against the CSA 
of the muscle segments.

Rocuronium potency. For indirect stimulation, the phrenic 
nerve was positioned on wire bipolar silver electrodes. After 
the elicited twitch tension had been stabilized for a minimum 
of 15 min, the single‑twitch tension, averaged in groups of 
five, was determined. Rocuronium was then applied to the 
preparation. Drug concentrations were determined by adding 
freshly prepared solutions with calibrated micropipettes 
to modified Krebs solution (40 ml) in the tissue chamber. 
Following stabilization of the drug effect for a minimum of 
10 min, single‑twitch tension was again determined. Data 
were accepted when twitch tension returned to 95‑105% of 
the initial value by rinsing the diaphragm preparation with 
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Krebs solution in each study. Rocuronium bromide was 
obtained from N.V. Organon (Oss, The Netherlands) and all 
other drugs were purchased from Sigma‑Aldrich (St. Louis, 
MO, USA). Indirectly elicited twitch tension in the same 
preparation with no neuromuscular blocker was defined as 
the control value.

ATPase staining. Muscle blocks were serially sliced at 5 µm 
on a cryostat (Leica CM1850, Nussloch, Germany). The 
modified ATPase staining method was applied in addition to 
hematoxylin and eosin (H&E) staining.

Muscle fiber types were classified as type I or Ⅱ based 
on their staining for myofibrillar ATPase following alkaline 
pH 10.4 and acid pH 4.5 using a modification of the procedure 
described by Brooke et al  (40) and the criteria outlined by 
Peter et al (41). The image analysis software Image‑Pro Plus, 
version 5.1 (Media Cybernetics, Silver Spring, MD, USA) was 
used to evaluate the prepared samples. Then, ~400 fibers/muscle 
were measured for muscle fiber‑type distribution and CSA of 
each fiber type. The distribution of muscle fibers of a given 
fiber type (type I or II) was expressed as a percentage of all the 
fibers in the section.

Statistical analysis. Statistical analyses were performed 
using the SPSS/PC+ package (SPSS INC., Chicago, IL, USA). 
Data are expressed as mean ± SD and were compared using 
one‑ or two‑way repeated‑measures ANOVA with post hoc 
Bonferroni testing. Otherwise repeated‑measures ANOVA 
was used for force‑frequency and the growth curve analysis. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Body weight. There was no difference in the initial body 
weight between groups (P>0.05). Food intake decreased 
markedly in all animals during the study, particularly in the 
initial three days following Dex treatment (data not shown). At 
the end of the 14‑day treatment period, the body weights in the 
three experimental groups were significantly different from 
one another (P<0.01; Table I). Repeated‑measures ANOVA 
revealed a significant effect of treatment on body weight 
during the study (Fig. 1).

Diaphragmatic contractile properties.
There was no significant difference between groups with 
regard to diaphragm size (width and length) or in twitch 
tensions elicited by indirect or direct stimulation (7.8‑17.4 g; 
P>0.05; Fig. 2A and B).

Twitch characteristics and maximal tetanic tension. Data 
from the contractile properties of the diaphragm are summa-
rized in Table II. P0 corrected by CSA (kg/cm2) decreased in 
the Dex group (P<0.05). Pt and Pt/P0 were decreased in the 
Dex group, however, these differences did not reach statistical 
significance. TPT and 1/2RT were significantly prolonged in 
the Dex group compared with the other two groups (P<0.05).

Force‑frequency curve. The response of diaphragm strips 
to increasing stimulus frequencies is shown in Fig. 3. A signifi-
cant downward shift between 40 and 120 Hz was observed in 
the Dex group (Fig. 3).

Fatigue properties. The fatigue index was significantly 
higher (P<0.05) in the Dex group compared with the other two 
groups.

Rocuronium potency. Following rinsing of the diaphragms 
exposed to rocuronium with Krebs solution, the indirectly 
elicited twitch tension returned to 95‑105% of the initial value 
in each study, which indicated that the diaphragm remained 
responsive.

In all the groups, rocuronium reduced the magnitude of 
indirectly elicited twitch tension in a concentration‑dependent 
manner (P<0.05 or P<0.01; Fig. 4A‑C). IC50 values, which 
quantitatively indicate the position of the dose‑response curve 
for rocuronium, were largest in the Dex group compared with 
the other two groups (P<0.01; Table III). There was no signifi-
cant difference in rocuronium potency between the saline and 
fr groups (P>0.05). There was no significant difference in the 
slope among the three groups (P>0.05; Table III), which indi-
cates no evident drug interaction. Dex treatment significantly 
shifted the concentration‑twitch tension curve to the right 
compared with the saline group (P<0.01), however, there was 
no Dex‑dependent effect compared with the fr group (P>0.05; 
Fig. 4D).

Histology and histochemistry. Histological examination of 
H&E‑stained slides showed a normal muscular pattern of the 
diaphragm in the three groups. There was no inflammatory 
cell infiltration or newly‑generated muscle fibers observed 
in the Dex‑treated diaphragm. Morphometric analysis of 
ATPase‑stained slides showed a significant reduction in the 
percentage of type II fibers in the Dex‑treated group (P<0.05; 
Table III). Dex treatment resulted in a significant reduction in 
the CSA of type II fibers (P<0.05) with no change in the CSA 
of type I fibers (P>0.05). In the fr group, there was generalized 
atrophy of all the fiber types compared with the saline group 
(P<0.05; Figs. 5 and 6; Table IV). 

Discussion

Over the 14‑day period, the normal increase in body weight 
observed in rats treated with saline was attenuated by Dex 
treatment. Since alterations in nutritional status alone affect the 
morphology and function of the rat diaphragm, interpretation 
of the direct effects of Dex treatment is confounded (42,43).

Table I. Effect of experimental treatment on body weight.

	 Body weight
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑------‑‑
Group	 Initial, g	 Final, g

Dex	 197.55±2.688	 171.10±2.812a,b

Saline	 194.70±2.163	 280.95±2.423
Fr	 199.55±1.941	 209.70±2.43a

Values are expressed as mean ± SD (n=20). Statistical analysis was 
performed by one‑way ANOVA with post‑hoc Bonferroni testing. 
aP<0.05 vs. saline; bP<0.05 vs. food‑restricted group. Dex, dexa-
methasone; Fr, food‑restricted.
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The results of the current study demonstrate that chronic 
Dex administration induces a selective atrophy and a reduced 
distribution of type II fibers in the rat diaphragm, indicating a 
shift towards slow fibers. This observation is consistent with 
previous studies (24‑26). Matched food intake (fr group) caused 
a general atrophy of type I and II fibers and the composition 
of type I and II fibers was unaltered, which is consistent with 
observations from previous studies (26,44,45). In agreement 
with these morphological changes, alterations in contractile 
properties were observed. Prolonged TPT and 1/2RT, reduced 
force generation at a wide range of high stimulus frequencies 
and resistance to fatigue, observed in the Dex group, are all 
consistent with the changes of muscle morphology. No signifi-
cant change of muscle function was observed in the pair‑fed 
(fr) group.

The morphological and contractile adaptations of the 
diaphragm in the pair‑fed group were generally dissimilar to 
those observed in the Dex‑treated animals. These results are 
consistent with previous studies indicating that the effects of 
GC treatment on diaphragm structural and functional proper-
ties may not be attributed to a non‑selective catabolic effect 
alone (44‑46).

In addition to the changes in diaphragm function and struc-
ture, a marked decrease was observed in the potency of the 
neuromuscular blocking action of rocuronium. In the current 
study, the concentration‑twitch tension curve of rocuronium 
shifted to the right in the Dex‑treated rats but not in the pair‑fed 
rats, indicating that weight loss was caused by GC‑associated 
anorexia itself and cannot account for the change in rocuronium 
potency. Therefore, the resistance to rocuronium is more likely 
due to Dex‑induced changes in diaphragm‑fiber composition.

Mechanisms of the GC‑induced improved neuromuscular 
transmission and hyposensitivities to the neuromuscular 
blocking actions have not been investigated as extensively 
as those of muscle contractility. A number of studies have 
demonstrated changes in the electrophysiological properties 
of GC‑treated neuromuscular junctions (NMJs) (10‑15). For 
example, Van Wilgenburg et al reported that low‑dose Dex 
and prednisolone resulted in increased miniature endplate 
potential (MEPP) amplitude at rat diaphragm NMJs, whereas 
high doses decreased MEPP amplitude (14,47). Similar results 
at low CS doses were also reported by Dalkara and Onur (11). 
In their study, Wilson et al reported that prednisolone facili-
tated the spontaneous release of ACh in the rat diaphragm, 
as manifested by a 2‑3‑fold increase in MEPP frequency (48). 
A reduction in MEPP amplitude was observed, indicating 
an additional postsynaptic effect. Leeuwin et al reported an 

Table II. Diaphragmatic contractile properties.

Group	 Pt (kg/cm2)	 TPT (msec)	 1/2RT (msec)	 P0 (kg/cm2)	 Pt/P0	 Fatigue (%)

Dex	 0.17 (0.05)	 23.3 (2.26)a,b	 24.3(2.12)a,b	 0.63 (0.12)a,b	 0.27 (0.04)	 49.6 (8.72)a,b

Saline	 0.21 (0.06)	 19.6 (1.98)	 20.2 (2.54)	 0.92 (0.31)	 0.23 (0.06)	 34.6 (9.64)
Fr	 0.21 (0.05)	 20.9 (2.34)	 21.4 (2.95)	 1.00 (0.37)	 0.21 (0.05)	 35.8 (7.93)

Data are presented as mean ± SD. Statistical analysis was performed by one‑way ANOVA with post hoc Bonferroni testing. aP<0.05 vs. saline; 
bP<0.05 vs. food‑restricted. Pt, twitch tension; TPT, time‑to‑peak tension; 1/2RT, half‑relaxation time; P0, tetanic tension; Pt/P0, twitch/tetanic 
ratio. Dex, dexamethasone; Fr, food‑restricted.

Table III. IC50 values and slopes of the concentration‑twitch tension curves of rocuronium.

Rocuronium	 Dex	 Food‑restricted	 Saline

logIC50	 0.920±0.0618a,b	 0.816±0.0532	 0.786±0.0384
Slope	 ‑5.57±0.569	 ‑5.57±1.64	 ‑4.88±0.698
IC50	 8.39±1.14	 6.60±0.838	 6.14±0.604

logIC50, IC50 and slope at logIC50 were determined from a four‑variable logistic sigmoidal dose‑response model fitted to the concentration‑twitch 
tension curves. The twitch tension was elicited by indirect stimulation at 0.1 Hz. Values are expressed as mean ± SD. Statistical significance in 
IC50 was calculated from logIC50. Statistical analysis was performed by one‑way ANOVA with post‑hoc Bonferroni testing. aP<0.01 vs. saline 
group; bP<0.01 vs. food‑restricted group. Dex, dexamethasone; Fr, food‑restricted.

Table IV. Diaphragm fiber distribution.

	 Fiber‑type proportions, % total
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ---‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Treatment	 Type I	 Type II

Dex	 45.5±2.2	 54.2±1.9*§

Saline	 34.2±1.4	 63.8±1.7
Fr	 33.8±1.6	 66.5±2.4

Values are presented as mean ± SD. Statistical analysis was performed 
by two‑way ANOVA with post hoc Bonferroni testing. *P<0.05, vs. 
saline group. §P<0.05, vs. food‑restricted group. Dex, dexametha-
sone; Fr, food‑restricted.



MOLECULAR MEDICINE REPORTS  9:  527-534,  2014 531

increase in synaptic vesicle size that is indicative of an increase 
in quantal size for neuromuscular transmission (12).

If GC treatment leads to an increase in the quantal release 
of ACh at the NMJ, it may be hypothesized that such an effect 
may improve neuromuscular transmission. However, with 

repetitive stimulation, an increase in the quantal release of ACh 
may lead to a rapid depletion of transmitter stores and neuro-
muscular transmission failure. Greater resistance to fatigue 
was revaled in the present study and a number of previous 
studies (24,26,28). Furthermore, the majority of experiments 

Figure 1. Body weight of the three groups during the 14‑day treatment period. Values are expressed as mean ± SD (n=20 per group). Statistical analysis was 
performed by two‑way repeated‑measures ANOVA with post‑hoc Bonferroni testing (*P<0.05 vs. saline).

Figure 2. Single‑twitch tension elicited by (A) indirect (phrenic nerve) or (B) direct (muscle) stimulation. Values are expressed as mean ± SD (n=20 per group). 
Statistical analysis was performed by one‑way ANOVA with post‑hoc Bonferroni testing. Dex, dexamethasone.

Figure 3. Force‑frequency curves of diaphragm bundles. Values are presented as mean ± SD. Statistical analysis was performed by two‑way repeated‑measures 
ANOVA with post‑hoc Bonferroni testing (*P<0.05 vs. saline; §P<0.05 vs. food‑restricted group).

  A   B
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Figure 4. Concentration‑twitch tension curves for rocuronium in (A) Dex, (B) saline and (C) food‑restricted groups (*P<0.01 and §P<0.05, vs. control.). 
(D) Smooth curves derived from non‑linear regression of the concentration‑twitch data in three experimental groups. Values are presented as mean ± SD (n=20 
in each curve). Statistical analysis was performed by two‑way repeated‑measures ANOVA with post‑hoc Bonferroni testing. (D) The curve was significantly 
shifted rightward in the Dex group compared with the saline group (P<0.01), while no significant difference was observed between the food‑restricted and 
saline groups (P>0.05). Roc, rocuronium; Dex, dexamethasone.

Figure 5. Fiber diameters in the three groups. Values are presented as mean ± SD. Statistical analysis was performed by two‑way ANOVA with post‑hoc 
Bonferroni testing (*P<0.05 and **P<0.01 vs. saline group; §P<0.05 vs. food‑restricted group). Dex, dexamethasone.

  A   B

  C   D

Figure 6. ATPase staining of the diaphragm at pH 10.4 in (A) saline, (B) Dex and (C) food‑restricted groups. The red arrows refer to type II fibers and the white 
arrows refer to type I fibers (magnification, x100).

  A   B   C
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aiming to clarify the mechanism were designed under acute 
conditions, whereas chronic administration of steroids is more 
common in clinical practice.

To the best of our knowledge, no animal studies have 
been performed to simultaneously examine morphological 
and contractile effects, as well as sensitivity to NDMRs. The 
present study examined the effects of Dex, a commonly used 
GC, at a low dose, well within the range used clinically, on rat 
diaphragm structure, contractile properties and susceptibility 
to rocuronium. The altered diaphragm function was confirmed 
to be associated with fiber transformation. Furthermore, 
Dex‑induced resistance to rocuronium is hypothesized to be 
associated with morphological changes.

Dex was selected as a suitable corticosteroid in the present 
study as it is a fluorinated drug with minimal mineralocor-
ticoid content and marked GC activity (49). In humans, Dex 
is administered intravenously or intramuscularly at 6 mg/day 
for thrombocytopenia (50). Prolonged Dex administration at 
doses of 4‑16 mg daily are frequently used during intensive 
care unit hospitalization (51). Dex was also selected since 
long‑term Dex administration has a marked antagonizing 
effect on the neuromuscular block caused by hemicholinium‑3 
and d‑tubocurarine  (13,52‑54). It is well‑established that 
among various species, the male rat is similar to humans 
with respect to Dex metabolism (55). Intravenous low‑dose 
Dex (0.3‑0.5 mg/kg/day) was demonstrated to be efficacious 
during endotoxemia and pulmonary fibrosis in rats (56,57). In 
the present study, 0.6 mg/kg Dex may be equivalent to a dose 
of 6 mg/day in a 60‑kg individual, thus, comparable to the dose 
that is occasionally used in clinical treatment.

Rocuronium was used in the current study due to its 
chemical stability and common use in anesthesia (58). The 
concentration of rocuronium corresponding to 50% block 
(EC50) under propofol anesthesia has been reported as 1.66 µM. 
The concentrations used in the present study were relevant to 
this effective dose (59,60).

A limitation of the current study is that the persistent effect 
of Dex following discontinuation of GC was not examined. 
In a previous study, triamcinolone‑induced weight loss and 
type II fiber atrophy recovered 3 weeks following cessation 
of the therapy (61). In patients with GC‑induced myopathy, an 
increase in muscle strength may be observed within 3‑4 weeks 
following discontinuation of the GC (16). In addition, it is 
unclear whether resistance to rocuronium changes over time. 
These areas require further investigation.

In conclusion, the results of the present study demon-
strate that chronic Dex administration induces resistance 
to rocuronium in the rat diaphragm. A reduced distribution 
of type II fiber and associated changes in diaphragm func-
tion was noted. The observations indicate that resistance to 
rocuronium in a steroid‑treated rat diaphragm is associated 
with Dex‑induced fiber transformation.
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