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Purpose: To investigate the effects of different doses of rocuronium on ischemia- 
reperfusion injury in skeletal muscle induced by tourniquet in patients undergoing elective 
unilateral total knee arthroplasty.
Patients and Methods: A total of 90 patients undergoing elective unilateral knee arthroplasty 
under general anesthesia combined with femoral nerve block were randomly divided into 3 
groups: normal saline group (group S), rocuronium 0.6 mg/kg group (group L), and rocuronium 
1.2 mg/kg group (group H). The primary outcome was the expression of dystrophin in skeletal 
muscle at 60 min after ischemia. Secondary outcomes included the concentration of malondial-
dehyde (MDA) and neuronal nitric oxide synthase (nNOS) in blood at 5 min and 30 min after 
reperfusion. In addition, thigh girth at 24 h and 48 h after operation, the leaving bed time, the 
incidence of tourniquet-related hypertension and short-term (3 days after operation) complica-
tions (nausea and vomiting, swelling, blister, wound infection) and long-term (3 months after 
operation) complications (joint instability, stiffness, nerve paralysis, pain) were recorded.
Main Results: The expression of dystrophin in the rocuronium group was higher than that in 
group S after ischemia (P <0.05). The concentration of MDA in the rocuronium 1.2 mg/kg 
group was lower at 30 min after reperfusion (P < 0.05). There was no significant difference in 
nNOS among groups at each time point (P > 0.05). The change of thigh girth was the smallest 
in the rocuronium 1.2 mg/kg group after operation (P<0.05). The leaving bed time was 
significantly earlier after operation in the rocuronium group than that in group S (P <0.05).
Conclusion: Rocuronium can protect skeletal muscle from ischemia-reperfusion injury 
induced by tourniquet. The mechanism may be related to the fact that rocuronium can reduce 
the loss of dystrophin in skeletal muscle and have the effects of anti-oxidation and anti-stress.
Trial Registration: The study was registered at  http:/ /www.chictr.org.cn 
(ChiCTR1800019221, registered on 2018–10-31).
Keywords: ischemia-reperfusion injury, rocuronium, dystrophin, TKA

Introduction
Total knee arthroplasty (TKA) is one of the most effective joint reconstructive 
surgeries in the past 30 years. It is mainly used for severe joint pain, joint 
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instability, joint deformity, and daily activity disorder 
caused by various types of non-suppurative arthritis and 
traumatic arthritis in clinical practice, and ineffective after 
conservative treatment. Tourniquets can block blood cir-
culation, reduce intraoperative blood loss, ensure a clear 
operative field, and provide a better bone–bone cement 
interface for TKA, but the potential risks caused by tour-
niquet use have gradually attracted attention.1 Inflation of 
the tourniquet can lead to early complications, such as 
nerve paralysis, vascular injury, postoperative pain exacer-
bation, postoperative limb swelling, stiffness, delayed 
recovery of muscle strength, delayed wound healing, and 
deep venous thrombosis of lower extremities induced by 
limb ischemia and hypoxia.2

After long-term ischemia, the tissue undergoes anaero-
bic metabolism, increasing the production of lactic acid 
and H+ and decreasing the level of adenosine triphosphate 
(ATP) and the intracellular pH value.3 A group of cytos-
keleton proteins are distributed on the membrane, jointly 
maintaining the stability of the sarcolemma, including 
dystrophin, dystroglycan complex (DG), sarcoglycans, 
and syntrophin.4 Dystrophin is the main component of 
the cytoskeleton of the myofibrillar membrane, and it is 
the bridge between actin and a series of proteins on the 
sarcolemma. Acute ischemia can lead to the loss of dys-
trophin and the depletion of dystrophin-associated 
proteins.5 The loss of dystrophin was observed in the 
histological evidence of myocardial ischemia in varying 
degrees, indicating that it may be a marker of early 
ischemia.6

The body is in a state of oxidative stress due to a large 
number of oxygen-free radicals being activated while blood 
flow and oxygen supply are restored after deflation.7 

Neutrophil activation significantly increases oxygen con-
sumption of tissues and stimulates phagocytes to produce 
a respiratory burst. L-arginine synthesizes arginine-nitric 
oxide under the action of NOS. A high concentration of 
NO reacts with O2- to form peroxynitrite anion (ONOO-), 
and its decomposition product hydroxyl radical (OH-) can 
cause cell and tissue damage. Radical oxygen species 
(ROS) form polyunsaturated fatty acids or lipoproteins 
through lipid peroxidation, which destroys the normal 
structure of the cytomembrane, and results in ischemia- 
reperfusion injury (IRI).8 Malondialdehyde (MDA) is one 
of the end-products of lipid peroxidation, which can indir-
ectly reflect the production of ROS, and is an objective 
index to reflect the degree of lipid peroxidation and ische-
mia-reperfusion injury in the organism.9 It is difficult to 

directly measure enzyme-generated NO in vivo, and gen-
erally, the production of NO can be indirectly reflected by 
measuring NOS.10 There are three isoforms of NO synthase 
isozymes: neuronal nitric oxide synthase (NOSI/nNOS), 
endothelial nitric oxide synthase (NOSIII/eNOS) and indu-
cible nitric oxide synthase (NOSII/iNOS). Both NOSI/ 
nNOS and NOSIII/eNOS are related to the maintenance of 
adequate micro-vascular blood flow and the regulation of 
skeletal muscle function.11

There is evidence that the degree of muscle injury caused 
by IRI is closely related to the duration of ischemia,12 

tourniquet inflation pressure,13 and mode.14 Therefore, sur-
geons often try to shorten the time of ischemia, reduce the 
pressure of the tourniquet, and change the method of using 
tourniquets in order to reduce the IRI of skeletal muscle of 
the operated limb.15 However, due to the limitations of 
surgical conditions and surgical techniques, it is often hard 
to succeed. Therefore, it has become a common concern of 
surgeons and anesthesiologists how to find additional strate-
gies to reduce muscle ischemia-reperfusion injury, reduce 
short-term and long-term postoperative complications, and 
improve quality of life after discharge.

Previous studies prove that intraoperative use of 
dexmedetomidine,16 propofol,17 and sevoflurane18 has cer-
tain impacts on skeletal muscle IRI caused by tourniquet. 
The non-depolarizing neuromuscular block, rocuronium 
bromide, is an adjuvant for general anesthesia used for 
endotracheal intubation during routine induction anesthe-
sia and for intraoperative muscle relaxation maintenance. 
Rocuronium induces skeletal muscle relaxation by block-
ing the N-cholinergic receptor. It has been shown that 
rocuronium has a protective effect on skeletal muscle 
ischemic injury in rats,19 but there is no clinical evidence 
to show the effects of rocuronium on muscle ischemia 
injury in humans. The main purpose of this study was to 
investigate whether different doses of rocuronium can 
alleviate the ischemia-reperfusion injury caused by tourni-
quet after TKA. It provides a new idea for clinical preven-
tion of ischemia-reperfusion injury caused by 
perioperative orthopedic tourniquet.

Patients and Methods
This is a prospective, single-center, double-blind, rando-
mized, controlled clinical trial. It has been approved by the 
Research Ethics Committee of Affiliated Hospital of 
Xuzhou Medical University (Xuzhou city, Jiangsu pro-
vince, China) on 24 January (XYFY2019-KL014) and 
registered in the Chinese Clinical Trial Registry 
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(ChiCTR1800019221). Written informed consent was 
obtained from all study participants before the operation.

Participants
From February 2019 to October 2019, 90 patients aged 50 
to 80, ASA I–III, scheduled to undergo TKA at the 
Affiliated Hospital of Xuzhou Medical University, were 
selected for this study. Patients with metabolic diseases 
such as diabetes, rheumatoid arthritis, or long-term use of 
hormones, neuromuscular diseases, infectious diseases, 
cholinergic and adrenergic drug use, severe anemia or 
coagulation dysfunction, congestive heart failure or 
arrhythmia, severe damage to liver and kidney function, 
bilateral TKA, allergy to any of the drugs used in the 
present study and body mass index ≥30 kg/m2 were 
excluded. Elimination criteria: tourniquet inflation time 
>150 min or < 60 min; admission to ICU after surgery.

Randomization and Masking
All subjects were randomized into three groups using 
a computer-generated table of random numbers: Group 
S (normal saline), Group L (rocuronium 0.6 mg/kg), and 
Group H (rocuronium 1.2 mg/kg), and 30 patients in 
each group. The grouping was kept in a numbered opa-
que and sealed envelope by a nurse independent of the 
study. The grouping is blinded to patients and anesthe-
siologists. A doctor opened the sealed envelope and 
prepared the relevant drugs according to the grouping 
once the patient entered into the operating room. The 
intervention drugs were diluted to 10 mL and encapsu-
lated in colorless syringes of the same size for anesthesia 
induction by the staff who did not participate in follow- 
up and data analysis. Another person who did not know 
about the grouping was responsible for perioperative 
data collection and statistics. Postoperative follow-up 
and postoperative data were recorded by another doctor 
whose grouping and intraoperative conditions were 
unknown.

Anesthesia and Intervention
Patients did not receive premedication. ECG, pulse oxygen 
saturation, heart rate (HR), invasive arterial blood pressure 
(IBP), BIS, and nasopharyngeal temperature were routinely 
monitored after entering the room. Neuromyoelectric module 
(NMT) (GE Healthcare, China) was used during the operation. 
Train-of-four stimulation (TOF) and post-tetanic count stimu-
lation (PTC) were used to monitor the muscle twitch of the 
adductor pollicis muscle to judge the degree of muscle 

relaxation and reflect the efficacy and elimination of rocuro-
nium. Anesthesia was induced with midazolam 0.03 mg/kg, 
etomidate 0.3 mg/kg, sufentanil citrate 0.6 μg/kg and rocur-
onium (0.6–1.2 mg/kg), or saline. A laryngeal mask was used 
for mechanical ventilation for all patients, maintaining PET 

CO2 35–45 mmHg (1 mm Hg=0.133 kPa), and patients under-
went nerve blocking after induction (5 mL of 2% lidocaine and 
10 mL of 0.75% ropivacaine diluted to 20 mL with normal 
saline). During operation, 1% sevoflurane, propofol, and remi-
fentanil were maintained. The dose of propofol and remifen-
tanil was adjusted according to IBP, HR, and BIS (to maintain 
HR at 50–100 bpm, to keep systolic blood pressure fluctuation 
to no more than 20% of the baseline, and to maintain BIS 
40–60 during operation). If the systolic blood pressure 
decreased more than 20% of the baseline or was lower than 
90 mmHg, or HR was less than 50 bpm, ephedrine 5 mg or 
atropine 0.5 mg were given intravenously as appropriate. 
Automatic pneumatic tourniquet (Changzhou yanling co. 
LTD) was tied to the upper and middle thigh with inflating 
pressure as the SBP+150 mmHg.13 Tourniquet was inflated 
before skin incision and deflated after implant. Then, the 
incision was closed after safe hemostasis. Patient-Controlled 
Analgesic (PCA) (2 μg/kg sufentanil and dolasetron 25 mg 
diluted to 100 mL with normal saline, speed 2 mL/h, locking 
time 15 min, 0.5 mL each pressing) was linked 30 min before 
the end of the operation to relieve the postoperative pain. All 
operations were performed by the same team of surgeons. The 
perioperative use of antibiotics and postoperative rehabilita-
tion treatment program were the same in the three groups. 
Patients with VAS > 4 were given flurbiprofen axetil intrave-
nously by surgeons who did not know the grouping after the 
operation. The effective pressing times of PCA, and the 
dosage of sufentanil and flurbiprofen axetil were recorded.

Histological Outcome
The primary outcome measure was expression of dystrophin 
by immunohistochemistry (IHC) when the tourniquet was 
inflated for 60 min. Femoral medialis muscle 6 mm × 6 mm 
was taken from the incision edge of the surgical side and 
stored at −80°C immediately. Frozen tissues were cut into 
4–5 μm sections and incubated with 1% acetone and 3% 
H2O2-methanol solution at room temperature (15–25°C); 
the slides were sealed with goat serum after being rinsed 
with phosphate-buffered saline (PBS); the sections were 
diluted with mouse anti-Dystrophin antibody (USA 
Proteintech Group 12715-1-ap) (diluted at 1:50), and incu-
bated at 37°C for 2 hours. Subsequently, general mouse/ 
rabbit polymer (MXB Biotechnologies, Fuzhou, China) 
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was added and incubated at 37°C for 30 min. The immunor-
eactions were visualized using Elivision™ plus Polymer 
HRP (Mouse/Rabbit) (MXB Biotechnologies, Fuzhou, 
China, kit-9002), followed by color development 
with 3,3′-diaminobenzidine tetrahydrochloride (MXB 
Biotechnologies, Fuzhou, China, DAB-1031). Sections 
were stained with hematoxylin and examined in a high- 
resolution light microscope (Olympus BX43, JAPAN). The 
immunohistochemical positive reaction was located around 
the sarcolemma, dark brown staining was strongly positive, 
brown was positive, light yellow was weakly positive, and no 
staining was negative. The image was quantitatively ana-
lyzed by computer (HP Pro3005MT, USA), and the integral 
optical density (IOD) and positive area (AREA) were 
obtained.

Biochemical Outcomes
Blood samples were collected from the radial artery of 
each patient to examine the concentration of malondialde-
hyde (MDA) and neuronal nitric oxide synthase (nNOS) 
immediately after tourniquet inflation (T0), 60 min after 
inflation (Ti), 5 min after deflation (Td1) and 30 min after 
deflation (Td2). After centrifuging at 3000 r/min for 
10 min, serum was stored at −80°C until determination. 
Serum MDA concentrations were assayed according to 
the thiobarbituric acid method (TBA) (Jiancheng 
Bioengineering, Nanjing, China). Serum nNOS concentra-
tions were measured by Enzyme-Linked Immunosorbent 
Assay (ELISA) (Cloud.Clone corp., USA).

Clinical Outcomes
The clinical outcomes included recording the occurrence 
of tourniquet-related hypertension (tourniquet-related 
hypertension is defined as blood pressure increasing by 
more than 30% during 30–60 min after tourniquet use with 
sufficient depth of anesthesia), tourniquet inflation time, 
PTC count after induction, and time of TOF ratio (TOFr) 
recovering to 25% and 90%. Thigh girth (10 cm below the 
groin) was recorded at the end of the operation, 24 h after 
operation, and 48 h after operation. The leaving bed time 
after operation, the range of motion (ROM) (refers to the 
maximum range of motion that the joint can complete in 
a specific position) of the operated limb, postoperative 
VAS score, and sufentanil and flurbiprofen axetil dosage, 
and incidence of short-term (3 days) and long-term 
(3 months) complications were recorded.

Statistical Analysis
The sample size calculations were performed based on the 
expression of dystrophin. According to previous studies, the 
expression of dystrophin in rocuronium groups was 36% 
higher than that in normal saline groups after ischemia, 
which could significantly reduce the damage to muscle 
cells.19 Assuming that the expression of dystrophin in the 
rocuronium group increased by 36% or more than that in the 
normal saline group, the values 1-β = 0.9, α = 0.05 were 
selected. It was calculated that 25 patients were needed in 
each group. Given the 20% drop-out rate, 30 patients were 
enrolled in each group and the total sample size was 90.

Data were analyzed using SPSS Statistics software ver-
sion 23.0 (IBM, USA). The Kolmogorov–Smirnov test was 
used to determine whether the continuous data conform to 
the normal distribution. The quantitative variables that obey 
normal distribution are presented as mean ± SD. Non-normal 
distribution data are represented by median (M) and inter-
quartile range (IQR). Binomial variables are expressed as 
rate. The continuous data of normal distribution were ana-
lyzed by one-way analysis of variance (ANOVA) at the same 
time point among the three groups, by repeated ANOVA at 
different time points within each group, by multivariate- 
ANOVA at different time points among the three groups. 
Post-hoc analysis with an LSD test was performed. The 
continuous data of non-normal distribution among the three 
groups were analyzed by the Kruskal–Walis rank-sum test. 
Categorical data were analyzed using the chi-square test. 
P < 0.05 was considered to indicate statistical significance.

Results
Study Population
A total of 90 patients were screened between February 2019 
and October 2019, 8 were excluded (1 patient used tourni-
quet for more than 150 min, 1 patient refused to use PCA, 
3 patients were with incomplete data, 3 patients were lost to 
follow-up). Thus, 82 patients were enrolled in the study, and 
the records of the patients were available for the final 
analysis. The specific content is shown in the flow chart 
(Figure 1). Study methods for each group are shown in 
Figure 2. There were no significant differences in terms of 
age, sex, BMI, tourniquet pressure, or duration among the 
three groups (P>0.05) (Table 1).

The H&E stained sections of skeletal muscle all 
showed that the myofibers were uniform in size and 
arranged in a grid with blue nuclei around. In group H, 
the membranous staining of dystrophin was dark brown 
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and remained intact (Figure 3A); in group L, the membra-
nous staining was brown with membrane integrity pre-
served (Figure 3B); in group S, the cell membrane 
staining was light yellow and some cells lysed 
(Figure 3C). The integrated optical density (IOD) (7.07 

±2.42 vs 5.46±2.19, P=0.019) and positive area (AREA) 
(11.63±3.64 vs 9.13±3.43, P=0.015) in group H were 
higher than those in group S; there were no significant 
differences of IOD and AREA between group H and 
group L at different time points (P>0.05) (Table 2).

Figure 1 Flow chart of the study.

Figure 2 Study methods for each group.
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There were no significant differences in the concentra-
tions of MDA at different time points within three groups 
(P>0.05). Compared to group S, the concentrations of 
MDA decreased in group H at 30 min after reperfusion 
(1.226±0.495 nmol/mL and 2.285±1.082 nmol/mL, 
P=0.028). MDA concentrations at four time points in 
three groups are shown in Figure 4.

The levels of nNOS in group H decreased at 30 min 
after reperfusion, whereas there was no significant differ-
ence in serum nNOS levels at every time point within 
three groups (P>0.05). There were no significant differ-
ences in nNOS levels after ischemia-reperfusion among 

three groups (P>0.05). Serum nNOS levels at four time 
points in three groups are shown in Table 3.

All patients experienced deep muscle relaxation after 
induction in group H and group L. The time of TOF ratio 
(TOFr) back to 25% and 90% was significantly extended 
in group H compared with group L (61.6 ±6.3 min vs 
33.8 ±6.4 min, P = 0.001; 85.2±5.7 min vs 56.7 ±6.2 
min, P = 0.001). The incidence of tourniquet-related 
hypertension showed no significant difference among 
the three groups (P=0.127). There was no significant 
difference in MAP fluctuation immediately after deflation 
among the three groups (P=0.236). Recovery times of 

Table 1 Demographic and Perioperative Characteristics in the Three Groups

Variables Group H (n=28) Group L (n=27) Group S (n=27) P-value

Age (y) 70.1±6.9 66.1±6.3 66.4±5.4 0.065a

Sex (male/female) 7/21 6/21 4/23 0.631b

BMI (kg/m2) 26.7±2.6 26.6±3.1 25.2±3.0 0.123a

ASA (I/II/III) 5/18/5 6/19/2 6/17/4 0.831b

Tourniquet time (min) 79.3±15.8 84.0±17.6 82.4±15.0 0.554a

Tourniquet pressure (mmHg) 279.8±21.4 288.9±23.9 281.3±17.5 0.247a

Propofol (mg) 264.7±66.7 277.9±65.4 255.7±64.5 0.671a

Remifentanil (μg) 866±224 916±224 901±230 0.695a

Notes: Data are mean ± SD or number (%). aOne-way ANOVA. bChi-square test. 
Abbreviations: BMI, body mass index; ASA, American Society of Anesthesiologists.

Figure 3 Expression of dystrophin in immunohistochemistry. (A) The membranous staining of dystrophin was dark brown and remained intact in the rocuronium 1.2 mg/kg 
group; (B) the membranous staining was brown with membrane integrity preserved in the rocuronium 0.6 mg/kg group; (C) the cell membrane staining was light yellow and 
some cells lysed in the normal saline group. Bar=20 μm.
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muscle relaxation and blood pressure fluctuations are 
demonstrated in Table 4.

Increases of thigh girth 24 h after operation from that 
before surgery were 0.33±1.32 cm in group H, 1.22 
±1.83 cm in group L, and 1.62±1.01 cm in group 
S (P=0.191,P=0.002, and P=0.001, respectively); 
increases of thigh girth 48 h after operation were 1.12 
±1.51 cm in group H, 1.83±2.04 cm in group L, and 2.07 
±1.45 cm in group S (P=0.001, P=0.001, and P=0.000, 
respectively). The change of thigh girth after operation in 
group H is smaller than that in group S (P=0.001 24 h after 
operation, P=0.039 48 h after operation), showing 
a significant difference between group H and group 
S. The time leaving bed after operation in group H was 
the earliest, group L was the second, and that in group 
S was significantly later than that in group H (P =0.026). 
Compared to group S, the hospital stay decreased in the 
rocuronium group, but the difference was not statistically 
significant (P=0.728). Evaluation of the postoperative 
recovery index after operation is demonstrated in Table 5.

Compared to group S, VAS scores of group H at 
24 h and 48 h after surgery were reduced and the 
difference was statistically significant (P=0.006 and 
P=0.015). There were no statistically significant differ-
ences in the number of effective presses of postopera-
tive analgesia pump, the doses of sufentanil and 
flurbiprofen axetil among the three groups (P>0.05). 

Postoperative VAS score and dosage of analgesics are 
demonstrated in Table 6.

No residual neuromuscular blockade was observed in 
all groups. There was no significant difference in the 
incidence of short-term (3 days after operation) complica-
tions (nausea and vomiting, swelling, blister, wound infec-
tion) and long-term (3 months after operation) 
complications (joint instability, stiffness, nerve paralysis, 
pain after a long walk) (P>0.05). The incidence of short- 
and long-term postoperative complications is demon-
strated in Table 7.

Discussion
The study reveals that non-depolarizing muscle relaxant 
rocuronium can prevent the loss of dystrophin on the 
cytomembrane and maintain the integrity of the sarco-
lemma before ischemia. Large doses of rocuronium can 
prevent the up-regulation of MDA after reperfusion, so it 
can be speculated that rocuronium can alleviate the oxida-
tive stress induced by excessive release of ROS after 
deflation. However, these effects were not obvious in 
rocuronium at 0.6 mg/kg.

Rocuronium, as an adjuvant for general anesthesia, is 
used for endotracheal intubation during routine induction 
anesthesia and for maintaining intraoperative muscle 
relaxation. The ED95 (95% effective doses) of rocuronium 
was 0.3 mg/kg, the conventional intubation dose (2 times 
ED95) was 0.6 mg/kg, the clinical action time (the time 
from the end of injection to 25% recovery of muscle 
twitch) was 30 to 40 min, and the total action time (90% 
recovery time of muscle twitch) was 50 min. The dose of 
rapid intubation (4 times ED95) was 1.2 mg/kg and the 
total duration was about 70 min.20 The PTC was 0 either 
with 0.6 mg/kg or 1.2 mg/kg after induction, indicating 
that both doses could obtain a state of deep muscle relaxa-
tion. Combined with the TOF recovery time of different 
doses of rocuronium, the patients in the high-dose group 
were still in a state of complete muscle relaxation when 
deflated, the 0.6 mg/kg group was already recovering, 
while the saline group was in the state of no muscle 

Table 2 IHC Results of Dystrophin

Variables Group H (n=28) Group L 
(n=27)

Group S 
(n=27)

P-value 
H vs S

P-value 
L vs S

IOD (104) 7.07±2.42 6.63±2.84 5.46±2.19 0.019 a 0.090 a

AREA (104) 11.63±3.64 10.80±4.16 9.13±3.43 0.015 a 0.106 a

Notes: Data are mean ± SD. aOne-way ANOVA. 
Abbreviations: IOD, integrated optical density; AREA, positive area.

Figure 4 Serum MDA concentrations at four time points in three groups. Data are 
expressed as mean ± standard deviation, *P=0.028, Group H vs Group S. 
Abbreviation: MDA, malondialdehyde.
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Table 6 Postoperative VAS Score and Dosage of Analgesics

Variables Group H 
(n=28)

Group L 
(n=27)

Group S 
(n=27)

P-value 
H vs S

P-value 
L vs S

VAS score PACU 1 (0–1) 1 (0–2) 1 (0–3) 0.146 c

24 h after 1 (1–2) 2 (1–3) 3 (1–3) 0.006 c 0.413 c

48 h after 1 (0–1) 1 (1–2) 1 (1–2) 0.015 c 1.000

Effective press of PCA 2 (1–3) 2 (1–3) 2(2–3) 0.126 c

Sufentanil (μg) 54.5 (50–60) 60 (48–65) 55 (49–60) 0.879 c

Flurbiprofen axetil (mg) 50 (0–100) 50 (0–50) 50 (0–100) 0.932 c

Notes: Data are median (IQR). cKruskal-Walis rank-sum test. 
Abbreviations: VAS, visual analog scale; PACU, post-anesthesia care unit; PCA, postoperative analgesia.

Table 3 Serum nNOS Levels at Four Time Points in Three Groups

Time Group H 
(n=28)

Group L 
(n=27)

Group S 
(n=27)

P-value

T0 0.136 (0.087–0.183) 0.136 (0.1–0.203) 0.124 (0.099–0.298) 0.975 c

Ti 0.138 (0.11–0.204) 0.136 (0.096–0.179) 0.127 (0.094–0.241) 0.638 c

Td1 0.133 (0.092–0.154) 0.129 (0.093–0.154) 0.137 (0.097–0.294) 0.568 c

Td2 0.125 (0.1–0.165) 0.202 (0.137–0.396) 0.151 (0.1–0.282) 0.262 c

Notes: Data are median (IQR). cKruskal-Walis rank-sum test. 
Abbreviation: nNOS, neuronal nitric oxide synthase.

Table 4 Recovery Time of Muscle Relaxation and Blood Pressure Fluctuations

Variables Group H 
(n=28)

Group L (n=27) Group S 
(n=27)

P-value

PTC after introduction 0 0 14.6±0.7 0.000a

TTOF25% (min) 61.6±6.3 33.8±6.4 0 0.001a

TTOF90% (min) 85.2±5.7 56.7±6.2 0 0.001a

Tourniquet-related hypertension (%) 3 (10.7) 7 (25.9) 9 (33.3) 0.127b

ΔMAP (mmHg) −12.4±12.9 −17.0±12.2 −17.1±8.3 0.236a

Notes: Data are mean (±SD), or number (%). aOne-way ANOVA. bChi-square test. 
Abbreviations: TTOF25% and TTOF90%, from the time of inflation to the time TOF ratio recovering to 25% and 90%; ΔMAP, MAP fluctuation immediately after deflation.

Table 5 Evaluation of Postoperative Recovery Index After Operation

Variables Group H (n=28) Group L 
(n=27)

Group S 
(n=27)

P-value 
H vs S

P-value 
L vs S

Thigh girth (cm) Before 53.2±2.9 52.0±4.4 51.2±3.3 0.052 d 0.484 d

24 h after 53.6±2.7 53.2±4.6 52.8±3.4 0.511 d 0.773 d

48 h after 54.5±3.0 53.8±5.1 53.3±3.7 0.319 d 0.687 d

ΔThigh girth (cm) 24 h after 0.33±1.32 1.22±1.83 1.62±1.01 0.001 d 0.310 d

48 h after 1.12±1.51 1.83±2.04 2.07±1.45 0.039 d 0.601d

ROM 

(°)

3 days 75.64±2.97.66 72.93±2.81 70.77±2.67 0.000d 0.007d

3 months 1221.82±2.95 120.41±2.14 118.85±3.08 0.000d 0.042d

Time leaving bed (h) 54 (50–66) 62 (54–68) 68 (54–71) 0.026c 0.819c

Hospital stay (d) 9.5 (7–13.7) 9.0 (7–12.0) 12 (7–14) 0.728c

Notes: Data are mean (±SD) or median (IQR). cKruskal-Walis rank-sum test. dMultivariate ANOVA. 
Abbreviations: ΔThigh girth, the change of thigh girth after operation from before; ROM, range of motion.
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relaxation. Therefore, perfect muscle relaxation can sig-
nificantly reduce the oxygen consumption of the muscle 
and reduce the injury caused by ischemia to the muscle in 
the period of muscle ischemia.21 In addition, no residual 
neuromuscular blockade was caused due to the action time 
of 1.2 mg/kg rocuronium matching the operation time 
of TKA.

Dystrophin, an indispensable cytoskeleton protein, can 
protect the integrity of free sarcolemma from the destruc-
tion caused by longitudinal forces of contraction.22 The 
location and abundance of dystrophin changed and most of 
it translocated to myofibril or was lost after ischemia. 
A series of cellular stress events such as the production 
of reactive oxygen species (ROS) and calcium overload 
weaken the sarcolemma through unknown mechanisms, 
and lead to myocyte necrosis when muscle contractile 
force is reintroduced after reperfusion.5 Dystrophin- 
deficient muscles are more sensitive to oxidative stress- 
induced muscle damage and cell death, with membrane 
repair and regeneration ability decreased, resulting in 
impaired muscle function and decreased myodynamia.23 

Ledowski et al confirmed for the first time at the cellular 
level that rocuronium can prevent the down-regulation of 
dystrophin and reduce the decrease of cellular metabolic 
activity induced by ischemia, and thus prevent the release 
of intracellular free calcium.19 In this study, immunohis-
tochemistry was used to determine the expression of dys-
trophin on the skeletal muscle cell membrane. The results 
showed that rocuronium 1.2 mg/kg prevented the up- 
regulation of dystrophin after ischemia and had a certain 
protective effect on ischemic injury caused by inflation of 
tourniquet. The results are consistent with the previous 
experiment.

The mechanism of ischemia-reperfusion injury in ske-
letal muscle has not been fully elucidated, and may be 
related to the damage of oxygen free radicals, calcium 
overload, and NO to skeletal muscle cells after ischemia- 
reperfusion. Jeong et al showed that rocuronium has the 
function of anti-oxidation and scavenging oxygen free 
radicals to a certain extent, and dose-dependently protects 
vascular endothelial injury induced by ROS.24 This study 
showed that rocuronium reduced serum MDA 30 min after 
reperfusion. It can be seen that rocuronium also has 
a protective effect on reperfusion injury induced by oxida-
tive stress.

NO can aggravate skeletal muscle ischemia- 
reperfusion injury, but its nature is unstable, so this study 
measured nitric oxide synthase (NOS). Tsui et al indicated 
that up-regulation of NOS may be associated with muscle 
dysfunction following acute ischemia and reperfusion, 
which elevates both the NOS I/nNOS mRNA and protein 
during reperfusion occurs in skeletal muscle.11 However, 
nNOS did not change significantly during either ischemia 
or reperfusion in this study. One possible reason is that 
nNOS does not play a role in ischemia-reperfusion injury. 
A study confirmed this conjecture that there was no dif-
ference in infarct size between wild-type and nNOS 
knockout mice after myocardial ischemia, suggesting that 
nNOS does not play a role in myocardial reperfusion 
injury.25 These results seem to be contradictory and need 
to be further studied. Another possible reason is that we 
detected nNOS in the blood of the radial artery rather than 
in the femoral vessels of the operated limb, which reduced 
the sensitivity of the results. Garcia et al showed that the 
level of oxidative stress markers in blood from reperfused 
limbs was higher than that from peripheral blood.9 This is 

Table 7 The Incidence of Short- and Long-Term Postoperative Complications

Complications Group H (n=28) Group L (n=27) Group S (n=27) P-value

Residual neuromuscular blockade 0 (0) 0 (0) 0 (0) 1.000 c

Short-term (3 days) Nausea and vomiting 5 (17.9) 5 (22.2) 4 (14.8) 0.927 c

Swelling 3 (10.7) 5 (18.5) 6 (22.2) 0.495 c

Blister 1 (3.57) 0 (0) 0 (0) 1.000 c

Wound infection 0 (0) 2 (7.4) 2 (7.4) 0.178 c

Long-term 

(3 months)

Joint instability 0 (0) 0 (0) 0 (0) 1.000 c

Stiffness 5(17.9) 4(14.8) 7(25.9) 0.573 c

Nerve paralysis 6(21.4) 7(25.9) 9(33.3) 0.604 c

Pain Mild 6(21.4) 8(29.6) 9(33.3) 0.602 c

Moderate 3 (10.7) 3(11.1) 4(14.8) 0.881 c

Notes: Data are median (IQR). cChi-square test.
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a limitation of this study, which may affect the accuracy of 
the results.

The clinical indicators observed in this study also 
showed that rocuronium can alleviate ischemia- 
reperfusion injury in skeletal muscle. The results showed 
that the thigh girth of patients 24 hours and 48 hours 
after TKA was greater than that before operation, the 
increase of thigh girth was more obvious in the saline 
group, and the change was the smallest in the 1.2 mg/kg 
group, consistent with the research of Dennis which 
demonstrated that the thigh girth increased after tourni-
quet use in TKA, which may be related to myocyte 
swelling and tissue edema after compression.2 Janda 
et al detected heart rate variability (HRV) in children 
who received endotracheal intubation, demonstrating that 
children without muscle relaxant had higher HRV para-
meters such as low frequency/high frequency ratio after 
intubation, and they had stronger stress response to 
endotracheal intubation than those with muscle 
relaxant.26 Relaxation of skeletal muscle is conducive 
to reducing the confrontation between the skeletal mus-
cle of the affected limb and the great pressure of the 
tourniquet, thus alleviating the postoperative swelling, 
pain, and discomfort of the affected limb’s tourniquet 
compression area, relieving the stress response caused 
by the tourniquet and surgical operation, and reducing 
the IRI to skeletal muscle induced by the tourniquet.19

It is clear that muscle weakness translates into declines 
in functional mobility, as do severe pain, large wound, 
compression bandaging, and lower limb swelling.27 

A previous study proved that ischemia can lead to micro-
circulatory disorder, and rocuronium can inhibit the 
inflammatory response and relieve pain after ischemia.28 

Range of motion (ROM) was used to reflect the flexibility 
of knee joint after operation in an experiment which 
showed that rocuronium can improve knee mobility and 
flexibility, significantly in larger doses.29 It can be seen 
that the application of different doses of rocuronium dur-
ing TKA can reduce the tourniquet-related reaction of the 
affected limb, relieve the postoperative pain, improve the 
flexibility of the affected limb, shorten bed time after 
operation, and speed recovery. It is preliminarily inferred 
that the protective effect of rocuronium on skeletal muscle 
is dose-dependent, and the beneficial effect of high-dose 
rocuronium on skeletal muscle ischemic injury is more 
obvious. All the patients included in the study were suc-
cessfully extubated, and there were no adverse reactions 
such as delayed recovery of muscle relaxation, dyspnea, or 

residual neuromuscular blockade. The dosage of general 
anesthesia during the operation was adjusted according to 
the entropy index, so the dosage was reduced to 
a minimum under the condition of meeting the require-
ments of the operation. Combined with the use of 
a laryngeal mask instead of an endotracheal catheter, the 
postoperative respiratory complications of the patient 
could be effectively reduced.

The limitation of this study is that due to the limited 
surgical conditions, there is a lack of tissue of the operated 
limb before inflation as a control, which can be used to 
reflect the degree of ischemia-reperfusion injury after tour-
niquet application. Although there was no significant dif-
ference in the length of stay and the incidence of 
complications in this study, the length of stay and the 
incidence of complications in the non-muscle relaxant 
group were higher than those in the rocuronium group. 
The probable cause is that the sample size of this trial is 
calculated according to the changes in patients’ dystrophin 
after ischemia led to the relatively small sample size. 
Therefore, future research needs to expand the samples’ 
quantity and extend the follow-up time.

Conclusion
In summary, rocuronium bromide administered intrave-
nously under general anesthesia can alleviate the ischemia- 
reperfusion injury of skeletal muscles induced by tourniquet 
after total knee arthroplasty. The mechanism may be related 
to the fact that rocuronium can reduce the loss of dystrophin 
in skeletal muscle and have the effects of anti-oxidation and 
anti-stress.

Abbreviations
ASA, American Society of Anesthesiologists; ATP, adeno-
sine triphosphate; BMI, Body Mass Index; ED95, 95% 
effective dose; ELISA, Enzyme-Linked Immunosorbent 
Assay; HR, heart rate; HRV, heart rate variability; IBP, 
invasive blood pressure; IHC, immunohistochemistry; 
IOD, integrating optical density; IRI, ischemia reperfusion 
injury; MDA, malondialdehyde; NMT, neuromuscular 
transmission; NO, nitric oxide; NOSI/nNOS I/nNOS, neu-
ronal nitric oxide synthase; NOSII/iNOS, inducible nitric 
oxide synthase; NOS ш/eNOS, endothelial nitric oxide 
synthase; PETCO2, end tidal carbon dioxide partial; PTC, 
post-titanic count stimulation; ROM, range of motion; 
ROS, reactive oxygen species; SBP, systolic blood pres-
sure; SpO2, pulse oxygen saturation; TKA, total knee 
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arthroplasty; TOF, train-of-four stimulation; VAS, Visual 
Analogue Scale.
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