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Background: Chronic glucocorticoid exposure is associated with resistance to nondepolariz-
ing neuromuscular blocking agents. Therefore, we hypothesized that sugammadex-induced 
recovery would occur more rapidly in subjects exposed to chronic dexamethasone compared 
to those who were not exposed. This study evaluated the sugammadex-induced recovery 
profile after neuromuscular blockade (NMB) in rats exposed to chronic dexamethasone. 

Methods: Sprague–Dawley rats were allocated to three groups (dexamethasone, control, 
and pair-fed group) for the in vivo study. The mice received daily intraperitoneal dexametha-
sone injections (500 μg/kg) or 0.9% saline for 15 days. To achieve complete NMB, 3.5 mg/
kg rocuronium was administered on the sixteenth day. The recovery time to a train-of-four 
ratio ≥ 0.9 was measured to evaluate the complete recovery following the sugammadex in-
jection. 

Results: Among the groups, no significant differences were observed in the recovery time to 
a train-of-four ratio ≥ 0.9 following sugammadex administration (P = 0.531). The time to the 
second twitch of the train-of-four recovery following rocuronium administration indicated 
that the duration of NMB was significantly shorter in Group D than that in Groups C and P (P 
= 0.001). 

Conclusions: Chronic exposure to dexamethasone did not shorten the recovery time of 
sugammadex-induced NMB reversal. However, the findings of this study indicated that no 
adjustments to sugammadex dosage or route of administration is required, even in patients 
undergoing long-term steroid treatment. 

Keywords: Dexamethasone; Neuromuscular blockade; Neuromuscular monitoring; Rats; Ro-
curonium; Sugammadex.
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INTRODUCTION 

The prevention of recurarization after using neuromuscu-

lar blocking agents (NMBAs) has been the primary concern 

in reducing respiratory-related adverse outcomes following 

anesthesia. Many anesthesiologists use sugammadex to re-

verse neuromuscular blockade (NMB). Sugammadex is a 

cyclodextrin that encapsulates lipophilic compounds [1]. It 

selectively binds rocuronium, which contains a steroidal nu-

cleus. This reduces the concentration of NMBA in the neu-

romuscular junction, enabling rapid and effective NMB re-

versal, even with a profound blockade [2]. 

Glucocorticoids have been prescribed for diseases caused 

by inflammation, such as chronic obstructive pulmonary 

disease, allergies, rheumatoid arthritis, osteoarthritis, in-

flammatory bowel disease, eczema, and other allergic skin 

conditions [3]. Glucocorticoids are used by all medical spe-

cialties. However, Soltesz et al. [4,5] reported that chronic 

corticosteroid treatment shortened the duration of NMB [6] 

because it induced modification of acetylcholine receptor 

(AChR) properties, leading to reduced affinity for the recep-

tor and rocuronium molecules. Subsequently, several studies 

have been conducted on this topic. In particular, since the in-

troduction of sugammadex, many studies have been con-

ducted on the effects of a single bolus dose of the steroid on 

the suggammadex-induced recovery of NMB. However, clini-

cal studies investigating chronic dexamethasone treatment at 

a dose known to cause muscle atrophy are still unavailable 

because of ethical constraints and a lack of sufficient animal 

testing. Nevertheless, in vivo studies in rats treated with 

chronic dexamethasone have not been conducted. There-

fore, we conducted an in vivo study using rats to investigate 

the effects of chronic dexamethasone exposure on sugam-

madex-induced NMB reversal. We anticipated that shallow 

NMB would lead to a faster recovery from the blockage since 

chronic dexamethasone-treated AChRs have a lower affinity 

for rocuronium than that of untreated receptors. 

Considering the resistance to NMBA caused by chronic 

exposure to dexamethasone, we hypothesized that chronic 

exposure to dexamethasone induces resistance to NMBA, 

resulting in faster sugammadex-induced NMB recovery. 

MATERIALS AND METHODS 

Assessed outcomes 

The primary outcome of this study included the recovery 

time to a train-of-four (TOF) ratio ≥  0.9 (TTOFr), which is 

the time it takes for the TOF ratio (TOFr) to recover to 0.9 or 

higher after the injection of sugammadex. Secondary out-

comes included the time to T1 (the first twitch of TOF), re-

covery (TT1), and recovery index (RI). TT1 is the time taken 

for the T1 height to recover 95% of the baseline T1 height fol-

lowing sugammadex injection. RI is the time taken for the T1 

height to recover from 25 to 75% of the baseline T1 height 

following sugammadex injection. 

Animals and group assignments 

Ethical approval for this study was provided by the Institu-

tional Animal Care and Use Committee of the Asan Institute 

for Life Sciences, Asan Medical Center (Seoul, Korea) on 

February 13, 2017 (Protocol no. 2017-13-035; Chairperson 

Professor Jong Yeun Park). The experiments were reviewed 

and performed according to the guidelines and regulations 

established by the Institutional Animal Care and Use Com-

mittee of Asan Institute for Life Sciences, Asan Medical Cen-

ter. The committee abides by the guidelines of the Institute 

of Laboratory Animal Resources. Rats were obtained from 

Orient Bio. This animal study complied with the ARRIVE 

guidelines [7]. The procedures were conducted in accor-

dance with the principles outlined in the 1975 Declaration 

of Helsinki (revised in 2013). 

We did not validate the sample size through statistical 

tests, but followed previous studies that have conducted ex-

periments with approximately 10 animals per group to 

achieve statistically significant results [8-11]. To allow for at-

trition, 36 adult male Sprague–Dawley rats (7 weeks old, 

weighing 213–253 g) were randomly divided into three 

groups (n =  12 per group). Sorting was accomplished using 

a random number generator in Microsoft Excel 2013 (Micro-

soft Corp.). Only a third party who was not involved in this 

experiment was aware of the group allocation at different 

stages of the experiment. To induce chronic dexamethasone 

exposure at a dose previously shown to cause muscle atro-

phy, the dexamethasone group (Group D) received daily in-

traperitoneal injections of 500 μg/kg dexamethasone disodi-

um phosphate (Yuhan) for 15 days [6,12,13]. One milliliter of 

0.9% saline was used to suspend 500 μg of dexamethasone. 

Thus, rats weighing 213–253 g were injected with 106.5–

126.5 μg of dexamethasone suspended in 1 ml of 0.9% saline. 

The control group (Group C) received an equivalent volume 

of 0.9% saline daily for 15 days. The rats in the pair-fed group 

(Group P) were fed with the same amount of food daily for 
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15 days as those in Group D. All treatments were performed 

in the laboratory by a third party who was not involved in 

the experiments. 

The amount of food consumed by Group D was weighed 

daily, and Group P was provided with the same amount of 

food as Group D. Group P was pair-fed with Group D for 15 

days to evaluate whether muscle dysfunction following 

dexamethasone treatment was caused by the anorexia typi-

cally associated with glucocorticoid therapy. Food was avail-

able ad libitum to the rats in Groups C and D. Weight of the 

rats were recorded daily. Dexamethasone doses were adjust-

ed according to the changes in body weight. Water was avail-

able ad libitum to all the groups. All the mice were bred in 

the laboratory animal breeding room at the Laboratory Ani-

mal Research Center, Asan Institute for Life Sciences. Under 

specific pathogen-free conditions, the animals were housed 

in individually ventilated cages (Tecniplast). The rats were 

raised at a constant temperature of 22°C, humidity 50 ±  

10%, laboratory rodent chow, and were maintained under a 

regular diurnal (12-h light and 12-h dark) cycle. All the injec-

tions were administered simultaneously daily. These treat-

ments are summarized in Fig. 1. 

General surgical procedures 

Twenty-four hours after the last drug administration, the 

rats were anesthetized with an intraperitoneal injection of 

AlfaxanTM (Jurox Pty. Limited) at 40 mg/kg body mass. Ade-

quate depth of anesthesia was confirmed by the absence of 

a withdrawal response to toe clamping [14]. When there was 

a withdrawal response, 10–20 mg/kg body weight of anes-

thetic agent was administered, if necessary. The animals un-

derwent tracheotomies, artificial ventilation to ensure nor-

mal breathing throughout the surgery, and the jugular vein 

catheterization to administer medications. Body tempera-

ture was monitored using an esophageal temperature probe 

Fig. 1. Flow diagram of the treatment. IPI: intraperitoneal injection, Group C: control group, Group D: dexamethasone group, Group P: pair-
fed group. Group C received the same volume of 0.9% saline daily as Group D. Group D received a daily IPI of 500 μg/kg dexamethasone 
suspended in 1 ml of 0.9% saline. Food and water were provided ad libitum. Group P received the same volume of 0.9% saline as Group D 
each day and was fed daily with the same amount of food and water as Group D.
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(Regulation to 37 ±  1°C), and a warming pad and light 

source were used to maintain proper body temperature. 

The anterior tibialis muscle was exposed, and the distal part 

of the tendon was tied with 3–0 black silk. It was then con-

nected to a force-displacement transducer (Grass FT03, 

Grass Instrument Co.) to measure the isometric contraction 

of the anterior tibialis muscle at a resting tension of 2 g. The 

sciatic nerve was exposed and connected to bipolar plati-

num electrodes to evaluate neuromuscular transmission. 

Assessment of neuromuscular transmission 

Using a nerve stimulator (S88, Grass) and a stimulation 

isolation unit (SIU5, Grass), TOF stimulation (frequency, 2 

Hz; duration, 0.2 ms) consisting of four supramaximal 

square-wave pulses was applied to the sciatic nerve via bi-

polar platinum electrodes every 12 s throughout the study. 

Muscle contraction responses were recorded and digitalized 

with a PowerLab acquisition system (ADInstruments) and 

stored in LabChart7 software (ADInstruments). In all the 

groups, contraction responses were stabilized for at least 10 

min after the initiation of TOF stimulation. The height at T1 

was measured as the baseline T1 after a 10 min stabilization 

period. Complete NMB was achieved by administering 3.5 

mg/kg of rocuronium (EsmeronTM, MSD) [6], through a jug-

ular vein catheter [15]. When the TOF count reached zero, a 

complete NMB was considered. The time from the rocuroni-

um injection to the appearance of the second TOF twitch 

(TT2) was recorded. When T2 appeared, 0.5 mg/kg of 

sugammadex (BridionTM, MSD) was administered, and 

TTOFr, our primary outcome, was recorded. The RI and TT1 

were recorded as secondary outcomes. Fig. 2 summarizes 

the overall experiment.  

Specimen measurement 

On completion of the in vivo study, the rats were eutha-

nized for specimen examination. 

Data and statistical analysis 

The primary outcome of this study was the TTOFr. The 

secondary outcomes were TT1 and RI. Unless otherwise 

specified, data were expressed as the mean ±  standard devi-

ation or median (interquartile range). Quantile–quantile 

plots were used to assess normality. One-way analysis of 

variance followed by the Tukey’s post-hoc test was applied 

to analyze the weight of the rats, temperature, weight of the 

anterior tibialis muscle, TT2, TTOFr, TT1, and RI. The Krus-

kal–Wallis test was used to analyze the length and width of 

the anterior tibialis muscle. A pairwise Wilcoxon test was 

applied as a post-hoc test when the Kruskal–Wallis test 

demonstrated a significant result. 

Statistical significance was set at P values <  0.05, and all 

statistical tests were two-sided. SAS statistical software (ver-

sion 9.3; SAS Institute Inc.) was used for statistical analysis. 

Fig. 2. Flow diagram of the experiment. The groups included: control group (Group C), dexamethasone group (Group D), and pair-fed group 
(Group P). NMB: neuromuscular blockade, T2: second twitch of train-of-four stimulation, IVI: intravenous injection, and IPI: intraperitoneal 
injection. Group D received a daily IPI of 500 μg/kg dexamethasone suspended in 1 ml of 0.9% saline. Food and water were provided ad 
libitum. Group C received the same volume of 0.9% saline daily as Group D. Food and water were provided ad libitum. Group P received the 
same volume of 0.9% saline as Group D daily and was fed daily with the same amount of food and water as Group D.

After the pre-treatment are completed

Rocuronium 3.5 mg/kg

Stabilization
for 10 min

NMB
achieved

Specimen
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Recovery period →
recovery profiles recorded

T2 reappears →
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 All groups
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RESULTS 

Animal and specimen data 

Thirty-six rats were allocated to three groups, with 12 rats 

assigned to each group. One rat in Group C was adminis-

tered a rocuronium overdose, and another died during the 

surgical procedure. Thus, data from these two rats could not 

be used. We could not use data from two rats in Group D be-

cause of a ventilator breakdown resulting in respiratory fail-

ure and a computer system shutdown during the recovery 

process, resulting in recording errors. In Group P, data from 

two rats could not be used due to incomplete NMB in one 

rat, even after administration of the proper dosage of rocu-

ronium with sufficient time for the onset of the drug, and 

another rat exhibited incomplete recovery of TOFr. There-

fore, 30 rats (10 each in Groups C, D, and P) were included 

in the analysis (Fig. 3). 

No significant differences were observed in the initial 

body weight before the intervention. However, the final body 

weight after the experimental treatment differed significant-

ly between the groups (Table 1). As previously reported 

[16,17], food intake decreased markedly in Group D rats. The 

size and weight of the anterior tibialis muscles were smaller 

in Group D rats than those in Groups C and P. Though rats in 

Groups D and P were fed the same amount of food, the de-

Fig. 3. Flow chart of an experimental procedure. Group C: control group, Group D: dexamethasone group, Group P: pair-fed group, S-D: 
Sprague-Dawley, NMB: neuromuscular blockade, TOFr: train-of-four ratio.

Table 1. Baseline Comparison of Animals in the Study Groups

Factors
Condition

Group C (n =  10) Group D (n =  10) Group P (n =  10)
Weight (g)
 Initial 241 ±  7 232 ±  19 236 ±  17

 Final 392 ±  15 219 ±  17*,† 322 ±  18*
Temperature (°C) 37.6 ±  0.1 37.6 ±  0.2 37.5 ±  0.2
Anterior tibialis muscle
 Weight (mg) 687 ±  65 365 ±  48*,† 565 ±  21*
 Length (mm) 22 (21, 22) 19 (18, 21) 21 (21, 21)
 Width (mm) 11 (11, 12) 8 (8, 9) 10 (9, 10)

Values are presented as mean ± SD or median (1Q, 3Q). Group C: control group, Group D: dexamethasone group, and Group P: pair-fed 
group. Group C received the same amount of 0.9% saline daily as Group D. Group D received a daily intraperitoneal injection of 500 μg/
kg dexamethasone suspended in 1 ml of 0.9% saline. Group P was fed with the same amount of food as Group D. *P < 0.001 vs. Group C. 
†P < 0.001 vs. Group P. One-way analysis of variance is performed, followed by Tukey’s post-hoc test. The Kruskal-Wallis test was used to 
analyze the length and width of the anterior tibialis muscle, with a pairwise Wilcoxon test as a post-hoc test.

allocated to Group D (n = 12)
and pre-treatment completed

allocated to Group C (n = 12)
and pre-treatment completed

allocated to Group P (n = 12)
and pre-treatment completed

Surgical procedure and in vivo 
study (n = 12)

Technical difficulties 
occurred (n = 2)

Error in test drug 
administration (n = 2)

Difficulties in 
measuring TOFr (n = 2)

Surgical procedure and in vivo 
study (n = 12)

Surgical procedure and in vivo 
study (n = 12)

Recovery profile analysis (n = 10) Recovery profile analysis (n = 10) Recovery profile analysis (n = 10)

Adult male S–D rats (n = 36)
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gree of weight loss, muscle size reduction, and muscle 

weight loss were more significant in Group P rats. 

NMB induction and duration 

After administering 3.5 mg/kg (estimated 2-fold ED90) [18] 

of rocuronium via the jugular vein, a complete NMB was in-

duced in each group. The TT2, which shows the duration of 

rocuronium-induced NMB, was significantly shortened in 

Group D rats compared to the rats in Group C and P (2.9 ±  

1.0 min vs. 5.0 ±  1.1 and 5.1 ±  1.4 min; P =  0.001, respec-

tively). Similarly, no significant difference was observed be-

tween Group C and P (P =  0.996).

Recovery profiles 

The primary outcome, TTOFr, was not significantly differ-

ent between the groups (4.3 ±  2.3, 3.1 ±  1.8, and 4.0 ±  3.0 

min; P =  0.531 in Groups C, D, and P, respectively) (Table 2). 

TT1 was not shortened in Group D than in Groups C and P 

(3.6 ±  2.1 min vs. 4.2 ±  2.2 and 4.4 ±  2.5 min; P =  0.754, re-

spectively) (Table 2). RI was not different between the 

groups (1.5 ±  0.6, 1.3 ±  0.6, and 2.2 ±  1.8 min, in Groups C, 

D, and P; P =  0.272, respectively) (Table 2).  

DISCUSSION 

In the present study, we hypothesized that the group re-

ceiving chronic dexamethasone would exhibit greater 

NMBA resistance and quicker sugammadex recovery. Al-

though TTOFr and RI appeared to be shortened in Group D, 

no statistically significant difference was observed in TTOFr 

and RI between Group D and the other groups. TT1 seemed 

shorter in Group D, but given the wide range of its confi-

dence interval, it was difficult to determine the significance 

of the results (Table 2). Therefore, we concluded that chron-

ic dexamethasone treatment did not significantly affect 

sugammadex-induced NMB reversal. However, to maintain 

the same depth of NMB for similar duration, a more signifi-

cant amount of rocuronium was required in patients receiv-

ing chronic dexamethasone treatment. Therefore, careful 

patient monitoring would be helpful to reduce potential ad-

verse events. 

We considered the following reasons for this observation. 

First, when sugammadex was administered intravenously, it 

bound to free NMBA molecules in the plasma, leading to 

differences in the concentration of NMBA molecules be-

tween the neuromuscular junctions and plasma. Conse-

quently, NMBA molecules were released from the neuro-

muscular junction into the plasma and bounnd to sugam-

madex molecules. Therefore, regardless of the receptor af-

finity, the effect of sugammadex molecules continued. 

Second, the reversal was extremely rapid in rats; hence, it 

was difficult to determine the differences in recovery profiles 

that might exist. The use of single-twitch stimulation would 

have been better. Unlike TOF stimulation, which usually oc-

curs every 10–15 s, 1 Hz single twitch stimulation may pro-

vide a more appropriate resolution to identify fast recovery 

from deep neuromuscular block [18]. 

Concerns were raised regarding the direct binding of 

dexamethasone molecules to each other, which could influ-

ence NMB reversal. However, we initiated the experiment 24 

Table 2. Effects of Chronic Exposure to Dexamethasone on Duration and Sugammadex Reversal of Neuromuscular Blockade

Condition
Group C (n =  10) Group D (n =  10) Group P (n =  10)

Duration of neuromuscular blockade
 TT2 (min) 5.0 ±  1.1 2.9 ±  1.0*,† 5.1 ±  1.4
Recovery profiles after sugammadex administration
 TTOFr (min) 4.3 ±  2.3 3.1 ±  1.8 4.0 ±  3.0
 TT1 (min) 4.2 ±  2.2 3.6 ±  2.1 4.4 ±  2.5
 RI (min) 1.5 ±  0.6 1.3 ±  0.6 2.2 ±  1.8

Values are presented as mean ± SD. Group C: control group, Group D: dexamethasone group, Group P: pair-fed group. Group C received 
only 0.9% saline, whereas Group D received saline daily. Group D received a daily intraperitoneal injection of 500 μg/kg dexamethasone 
suspended in 1 ml of 0.9% saline. Group P was fed daily with the same amount of food that was consumed by Group D. Time and recovery 
indices are presented as min; TOF: train-of-four, T1: the first twitch of train-of-four, T2: the second twitch of train-of-four, TT2: the time from 
rocuronium injection to appearance of T2, TTOFr: time taken for the TOF ratio to recover to 0.9 or higher after injection of sugammadex, 
TT1: the time taken for T1 to recover to 95% of the baseline T1 after the injection of sugammadex, RI: recovery index (the time taken 
from T1 of 25% of the baseline T1 to T1 of 75% of the baseline T1). *P = 0.001 vs. Group C. †P = 0.001 vs. Group P. One-way analysis of 
variance is performed, followed by the Tukey post-hoc test.
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h after the completion of the dexamethasone pre-treatment 

regimen of 14 days. Unlike the half-life of dexamethasone in 

humans (36–72 h), its half-life in rats is only 2.3 h [19]. There-

fore, the presence of dexamethasone molecules remaining 

in the plasma of the experimental rats was considered negli-

gible. Hence, it was unlikely that they would interfere with 

the action of sugammadex by binding to sugammadex in-

stead of rocuronium. 

It is well known that prolonged exposure to dexametha-

sone alters receptor characteristics. It induces nAChR upreg-

ulation [6,20,21] and the expression of the immature form of 

the receptor subunit [6], causing resistance to NMBA. How-

ever, this study observed that although chronic dexametha-

sone treatment induced resistance to NMBA, it did not affect 

sugammadex-induced recovery. 

By comparing the results from Groups D and P, we could 

infer that the reduction in muscle mass caused by chronic 

dexamethasone exposure was not a consequence of weight 

loss due to reduced food intake, but rather a result of gluco-

corticoid-induced muscle atrophy [22]. Furthermore, by ex-

amining the recovery profiles of Groups P and C, we could 

deduce that although muscle mass reduction occurred, it 

did not affect the sugammadex-induced NMB recovery time. 

Therefore, reduction in muscle mass did not affect the NMB 

reversal time. Additionally, the duration of NMB did not 

change significantly in Group P. Therefore, it can be specu-

lated that weight loss due to muscle mass reduction did not 

cause resistance to NMBA. However, receptor modifications 

due to chronic dexamethasone exposure may cause resis-

tance to NMBA. Therefore, although Group D showed a 

shortened duration of NMB, the sugammadex-induced 

NMB recovery time remained unchanged. 

Our study had some limitations. First, the sugammadex 

dosage used in the study was a limitation. There is no con-

sensus on the recommended dose of sugammadex for in 

vivo studies in rats because of limited studies available on 

this topic [18,23]. Therefore, the optimal dosage of sugam-

madex was determined in this pilot study. The experimental 

dose of sugammadex was selected based on achieving a 

faster recovery without excessive rapid reversal from NMB. 

In the clinical setting, the recovery time was less than 5 min, 

depending on the sugammadex dose used. Using 2 mg/kg of 

sugammadex during moderate NMB and 4 mg/kg during 

deep NMB resulted in recovery times of less than 3 min and 

5 min to TOFr >  0.9, respectively [24-26]. However, in our 

pilot study, the recovery time of TOFr was <  1 min when 2 

mg/kg sugammadex was administered. Moreover, T1 recov-

ered fully within 30 s. Unfortunately, the recovery time was 

so short that we could not obtain sufficient data. Therefore, 

we reduced the sugammadex dose to 0.5 mg/kg. This dis-

crepancy between the in vivo study and clinical setting indi-

cated the ongoing concern of postoperative residual neuro-

muscular blockade. Second, this study used only young rats 

(approximately 8 weeks old). If we had included rats of vari-

ous age groups, similar to the clinical use of steroids in pa-

tients of different age groups, it could have provided a more 

accurate reflection of the clinical situation more. 

In conclusion, chronic exposure to dexamethasone did 

not shorten the recovery time of sugammadex-induced 

NMB reversal. In other words, the results of this study sug-

gested that no changes may be required in the use of sugam-

madex, even in patients receiving long-term steroid admin-

istration. 
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