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Abstract: This study investigated the cardioprotective effect(s) of sevoflurane in rheumatic heart disease patients 
undergoing double valve replacement surgery (DVRS) under cardiopulmonary bypass (CPB) and its potential mecha-
nisms (ChiCTR2100051220 on http://www.ChiCTR.org.cn). Forty-six patients were randomly assigned to undergo 
propofol or sevoflurane anesthesia during surgery. The levels of myocardial injury markers, inflammatory cytokines, 
heat shock protein-70 (HSP70), and superoxide dismutase (SOD) activity were measured from blood samples. 
Mean arterial pressure, cardiac index, and stroke volume index were significantly higher in the sevoflurane group 
than in the propofol group at the end of CPB. However, there were no significant differences in operative duration, 
length of CPB or aortic cross-clamp time, auto-resuscitation heart rate, drainage within 48 h after surgery, time to 
extubation, and recovery time after DVRS. The dose of inotropic agents (dopamine and noradrenaline) was signifi-
cantly lower in the sevoflurane group than in the propofol group. Sevoflurane was associated with smaller increases 
in the levels of myocardial injury-associated markers (CK-MB and cardiac troponin I [cTnI]) and inflammatory cyto-
kines (interleukin [IL]-6, IL-8, and tumor-necrosis factor-alpha [TNF-α]); however, there was a greater increase in 
HSP70 levels compared with propofol after surgery. Moreover, SOD activity after surgery was significantly higher in 
the sevoflurane group than in the propofol group. Increased HSP70 levels in the sevoflurane group were positively 
correlated with cTnI, IL-6, IL-8, and TNF-α levels, and negatively correlated with SOD activity. These results suggest 
a cardioprotective effect of sevoflurane during DVRS. Sevoflurane may reduce biomarkers of cardiac injury through 
its anti-inflammatory effects via upregulation of HSP70.
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Introduction

Rheumatic heart disease (RHD) induced by 
rheumatic fever causes permanent damage to 
heart valves, and represents a major health 
problem in low-income and developing coun-
tries worldwide [1]. RHD patients may experi-
ence valve stenosis and/or regurgitation, lead-
ing to valve insufficiency [2]. Generally, for pa- 
tients with severe valve lesions, double valve 
replacement surgery (DVRS) is required to im- 
prove cardiovascular hemodynamics, achieve a 
better quality of life, and reduce mortality [3]. 
However, RHD patients who undergo cardiopul-
monary bypass (CPB) surgery often experience 
abnormal physiological perfusion, thrombosis, 

and local kidney ischemia or hypoxic injury, 
which may cause ischemia-reperfusion (I/R) 
injury to the heart. 

A previous review article described that, during 
cardiac surgery, repeated exposure of the myo-
cardium to a volatile anesthetic agent protects 
the myocardium against I/R injury [4]. In addi-
tion, studies have shown that volatile anesth- 
etics may exert cardioprotective effects, result-
ing in decreased morbidity and mortality, in- 
creased cardiac index (CI), and decreased post-
operative elevation(s) in cardiac troponin I (cTnI) 
levels [5, 6]. Furthermore, because oxidative 
stress and inflammatory reactions contribute  
to I/R injury, volatile anesthetic (sevoflurane)-
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induced preconditioning has been reported  
to exert inhibitory effects on inflammatory 
responses during coronary artery bypass graft 
surgery [7, 8]. A recent study reported that pre-
CPB administration of dexmedetomidine can 
reduce the levels of cTnI and inflammatory cyto-
kines after CPB in valve replacement surgery 
with sevoflurane postconditioning [9]. Althou- 
gh numerous animal and human studies have 
explored potential mechanisms and pathways 
underlying the cardioprotective role of sevoflu-
rane, these mechanisms have only been partly 
elucidated.

Heat Shock Protein70 (HSP70), as a stress pro-
tein, leads to the refolding or degradation of 
denatured proteins that result from stress 
including I/R injury. 

It was reported that HSP70 levels increased  
in cardiomyocytes in response to ischemia,  
and that was connected with cardioprotective 
effects. In addition, clinical studies of HSP70 
have demonstrated elevated HSP70 concen-
trations in peripheral blood lymphocytes in 
groups of patients with ischemic stroke and 
myocardial infarction [10]. Moreover, recent 
animal experiments also found that sevoflu-
rane postconditioning reduces I/R injury in car-
diomyocytes via upregulation of HSP70 [11, 
12]. However, there is no clinical research per-
formed to validate the role of HSP70 during the 
cardio-protective effects of sevoflurane. Con- 
sequently, the present study aimed to investi-
gate whether pretreatment of sevoflurane con-

pital were retrieved and analyzed. Patients > 
50 years of age and underwent coronary ar- 
teriography to rule out coronary heart disease 
were included. Patients with severe arrhyth- 
mia(s), those who underwent previous coronary 
or valvular cardiac surgery, experienced acute 
myocardial infarction within the previous 4 
weeks, those who exhibited preoperative left 
ventricular ejection fraction (LVEF) < 40%, and 
those with severe systemic diseases involving 
the renal and hepatic systems and respiratory 
disease were excluded. Ultimately, 46 patients 
who fulfilled the inclusion criteria were random-
ly assigned to receive either propofol or sevo- 
flurane anesthesia (Figure 1). Data regarding 
clinical characteristics, preoperative medica- 
tion(s), and American Society of Anesthesio- 
logists (ASA) class were also collected.

Anesthesia and surgery

Anesthesia was induced using midazolam 
(0.05-0.1 mg/kg), sufentanil (1 μg/kg), etomi-
date (0.2 mg/kg), and cisatracurium (0.3 mg/
kg) in both groups. Anesthesia in the propofol 
group was maintained using intravenously ad- 
ministered propofol (2-4 mg/kg/h). In parallel, 
patients in the sevoflurane group received 
sevoflurane at 1.0 minimum alveolar concen-
tration. The oxygen flow rate was 5 L/min and 
depressed to 2 L/min after reaching a pre-
defined concentration of propofol or sevoflu-
rane. In addition, 1 μg/kg/h of sufentanil and 
0.15 mg/kg/h of cisatracurium were continu-
ously infused during anesthesia. Body-position 

Figure 1. Flow diagram of the present study.

fers cardio-protection against 
future I/R damage during CPB 
via induction of HSP70. 

Materials and methods

Study population

This single-center randomiz- 
ed controlled study was app- 
roved by the Ethics Commi- 
ttee of Shaoxing People’s Ho- 
spital (Zhejiang, China), and 
informed written consent was 
obtained from each patient. 
From January 2017 to June 
2021, data from 50 conse- 
cutive patients with RHD, who 
underwent DVRS under CPB 
at the Shaoxing People’s Hos- 
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changes, vasoactive drugs (e.g., noradrena-
line), epinephrine, and nitroglycerin were ad- 
ministered to maintain mean arterial pressure 
(MAP) between 70 and 100 mmHg. CPB was 
established after an activated coagulation time 
> 480 s. Routine cardioprotective strategies 
(e.g., 2 g methylprednisolone) were used for 
each subject. Surgery was performed under 
standard hypothermic CPB (28-30°C), and  
all procedures were performed by the same 
group of anesthesiologists. In the recovery 
room, indexes of this entity, including respira-
tion time, time to extubation, and time to eye 
opening (either spontaneous or response to 
verbal commands) were measured. A modified 
Aldrete score, including variables of activity, 
respiration, consciousness, hemodynamic sta-
bility, and oxygen saturation, for a total score 
ranging from 0 to 10 [13], and the time elaps- 
ed to reach an Aldrete score of 9 or 10 were 
assessed. A visual analog scale (VAS) [14] was 
also administered.

Hemodynamic testing

Hemodynamic variables were registered at six 
specified time points: before the start of sur-
gery (T0), before the start of CPB (T1), immedi-
ately at the end of CPB (T2), immediately after 
transfer to the intensive care unit (ICU) (T3), 
and 6 h (T4) and 12 h (T5) after admission to 
the ICU. Measurements included MAP, heart 
rate (HR), central venous pressure (CVP), cardi-
ac index (CI), and stroke volume index (SVI).

Measurement of serum myocardial enzyme 
activity

Before anesthesia, immediately after surgery, 
and 24 h, 48 h, and 72 h after surgery, arterial 
blood samples were collected into heparinized 
and plain tubes. After centrifugation at 3000 
rpm for 10 min at 4°C, serum samples were  
aliquoted into polypropylene tubes and stored 
at -80°C until further analysis. Serum cTnI lev-
els were measured using a commercially avail-
able chemiluminescent immunoassay to detect 
human cTnI (ADVIA Centaur CP System, Sie- 
mens, Tokyo, Japan). The measurement range 
was 0.006-50.0 ng/ml. Serum CK-MB levels 
were measured using the double-antibody 
sandwich ELISA method, in accordance with 
manufacturer’s instructions. The sensitivity of 
the CK-MB assay was 5 ng/ml.

Determination of inflammatory cytokine levels

Serum inflammatory cytokine levels of interleu-
kin (IL)-6, IL-8, tumor necrosis factor-α (TNF-α), 
and heat shock protein-70 (HSP70) at the indi-
cated time were measured using commercially 
available ELISA kits (all obtained from Multi 
Science, Shanghai, China) in accordance with 
the manufacturer’s instructions. Antioxidant 
enzyme activity was tested using a commer-
cially available kit (Total Superoxide Dismutase 
Assay Kit, Beyotime, Jiangsu, China).

Statistical analysis

Data were analyzed using SPSS version 20.0 
(IBM Corporation, Armonk, NY, USA). The Kol- 
mogorov-Smirnov test was used to determine 
whether the continuous variables were normal-
ly distributed. The normal distributed data we- 
re presented as medians ± standard deviation 
(SD) and the differences were analyzed using 
Student’s t test between two groups. One-way 
analysis of variance (ANOVA) was used to com-
pare the difference in the changes of CK-MB, 
cTnI, HSP70, and serum inflammatory cytokin- 
es concentrations (IL-6, IL-8, TNF-α and SOD) 
before and after surgery in sevoflurane group 
and propofol group. Non-normally distributed 
variables were analyzed using the Mann-
Whitney U-test for post hoc pairwise compari-
sons. Categorical variables are expressed as 
frequencies and analyzed using the χ2 or 
Fisher’s exact test. Pearson’s correlation coef-
ficient was calculated to describe the corre- 
lation(s) between HSP70 and cTnI (or changes 
in inflammatory cytokine levels). Differences 
with a two-tailed P < 0.05 were considered to 
be statistically significant.

Results

Study population and preoperative character-
istics

Forty-six patients were included in the present 
study; the mean age of the sevoflurane and pro-
pofol groups was 54.5 ± 9.7 and 55.9 ± 7.8 
years, respectively. The baseline clinical char-
acteristics of all patients and preoperative me- 
dication(s) are summarized in Table 1. There 
were no significant differences between the 
sevoflurane and propofol groups in terms of 
preoperative data, including concomitant dis-
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ease, ASA classification, cardiac function (e.g., 
LVEF), and preoperative drug treatment. 

Effects of sevoflurane on hemodynamic vari-
ables

To investigate the cardiovascular protective 
effects of sevoflurane in patients undergoing 
DVRS, hemodynamic variables during surgery 
and ICU stay were recorded. These included 
MAP, HR, CVP, CI, and SVI at 6 time points (i.e., 
T1 to T5), which are summarized in Table 2. 
Results revealed that MAP, CI, and SVI were  
significantly higher in the sevoflurane group 
than those in the propofol group at T2 and T3, 
but demonstrated no difference at the other 
time points. However, no statistical differences 
were observed between the groups when com-
paring the HR and CVP between the two groups 
at the six specified time points (i.e., T0 to T5). 

Effects of sevoflurane on recovery time and 
postoperative complications 

Regarding recovery time after DVRS, data 
reported in Table 3 demonstrated that there 
were no statistically significant differences in 
respiration time, time to eye-opening, and time 
to achieve Aldrete 9 or 10 scores between the 
sevoflurane and propofol groups. There was 
also no significant difference between VAS 

increased in the propofol group. For the sevoflu-
rane group, the levels of CK-MB and cTnI at 0 h, 
24 h, and 48 h were significantly lower than 
those in the propofol group. Moreover, expres-
sion of HSP70 was significantly increased in 
both the propofol and sevoflurane groups at 0 h 
after surgery compared with baseline. HSP70 
expression peaked at 24 h after surgery in the 
sevoflurane group. However, postoperative se- 
rum concentrations of HSP70 at 24 h and 48  
h were significantly higher in the sevoflurane 
group than those in the propofol group (Figure 
2D). The relationship between HSP70 and cTnI 
after surgery (0 h and 24 h) was analyzed in 
both the sevoflurane and propofol groups. As 
illustrated in Figure 3A and 3B, HSP70 levels  
in the propofol group correlated with cTnI levels 
at 0 h and 24 h after surgery (r = 0.839, P < 
0.001; r = 0.553, P = 0.009, respectively). 
Unexpectedly, no correlation was observed 
between HSP70 and cTnI in the sevoflurane 
group, both at 0 h and 24 h after surgery (r = 
-0.089, P = 0.686; r = -0.327, P = 0.116, 
respectively). 

Effects of sevoflurane on serum inflammatory 
cytokine levels

Alterations in inflammatory cytokine levels am- 
ong patients undergoing DVRS in the two gr- 
oups were measured. Results revealed that 

Table 1. Baseline clinical characteristics of the study 
groups

Clinical Characteristics Sevoflurane
(n = 23)

Propofol 
(n = 23) P value

Age (years) 54.5 ± 9.7 55.9 ± 7.8 0.592
Female (n, %) 17 (73.9) 18 (78.2) 1.000
BMI (kg/m2) 25.8 ± 3.2 26.1 ± 3.1 0.748
Alcohol (n, %) 4 (18.2) 4 (12.9) 1.000
Hypertension (n, %) 11 (47.8) 9 (39.1) 0.766
Diabetes mellitus (n, %) 9 (39.1) 6 (26.1) 0.529
atrial fibrillation (n, %) 10 (43.5) 12 (52.2) 0.768
ASA (II/III) 10/13 12/11 0.768
LVEF (%) 52.1 ± 7.4 53.4 ± 6.6 0.533
Preoperative medication
    beta-blocker (n, %) 7 12 0.231
    CCB (n, %) 11 6 0.222
    ACEI (n, %) 9 7 0.757
    diuretic (n, %) 11 15 0.372
Note: BMI = body mass index; ASA = American association of 
anesthesiologists; LVEF = left ventricular ejection fraction; CCB = 
calcium channel blocker; ACEI = angiotensin converting enzyme 
inhibitors.

scores at 24 h and 48 h after surgery 
between the two groups. Subsequently, 
comparison of postoperative characteris-
tics revealed no statistical differences in 
operative duration, CPB and aortic cross-
clamp time, auto-resuscitation HR, amount 
of drainage within 48 h after surgery, and 
time to extubation between the two groups. 
It is noteworthy that dopamine and nor-
adrenaline usages in the sevoflurane group 
were significantly lower than those in the 
propofol group. Moreover, ICU monitoring 
time in the sevoflurane group was also 
shorter than that in the propofol group 
(Table 4).

Effects of sevoflurane on serum myocar-
dial injury-associated markers

As shown in Figure 2A-C, no significant dif-
ferences were observed in serum CK-MB, 
cTnI, and HSP70 levels before surgery bet- 
ween the two groups. However, compared 
with baseline levels, serum levels of CK- 
MB and cTnI after surgery were markedly 
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IL-6, IL-8, and TNF-α levels were dramatically 
increased after DVRS. Notably, IL-6, IL-8, and 
TNF-α levels in the sevoflurane group were 
lower than those in the propofol group at 48 

cess that occurs during CPB and involves mul-
tiple mechanisms, including cardiomyocyte 
apoptosis, oxidative stress, and inflammatory 
reactions [18-20]. Recently, volatile anesthet-

Table 2. Hemodynamic status of the two groups at 
each time point (mean ± SD)

Clinical Characteristics Sevoflurane
(n = 23)

Propofol 
(n = 23) P value

MAP (mmHg)
    T0 79.8 ± 3.0 80.1 ± 3.1 0.735
    T1 75.5 ± 3.3 76.9 ± 2.7 0.119
    T2 76.4 ± 2.9 72.6 ± 3.4 < 0.001*
    T3 73.9 ± 3.0 70.7 ± 2.6 < 0.001*
    T4 74.2 ± 2.8 72.5 ± 3.7 0.086
    T5 77.6 ± 5.1 76.4 ± 2.9 0.332
HR (bpm)
    T0 86.0 ± 14.0 90.0 ± 12.0 0.298
    T1 82.0 ± 7.0 84.0 ± 9.0 0.391
    T2 76.0 ± 8.0 79.0 ± 7.0 0.183
    T3 79.0 ± 9.0 83.0 ± 10.0 0.161
    T4 83.0 ± 12.0 88.0 ± 11.0 0.148
    T5 80.0 ± 9.0 83.0 ± 11.0 0.304
CVP (mmHg)
    T0 9.7 ± 1.2 10.1 ± 0.8 0.189
    T1 10.1 ± 0.9 10.5 ± 0.7 0.113
    T2 9.5 ± 1.1 9.1 ± 1.4 0.274
    T3 8.8 ± 0.9 8.6 ± 2.0 0.649
    T4 9.6 ± 1.0 9.3 ± 0.7 0.243
    T5 10.1 ± 1.3 9.8 ± 1.2 0.277
CI (L/min/m2)
    T0 3.3 ± 0.5 3.1 ± 0.6 0.221
    T1 2.8 ± 0.4 2.7 ± 0.3 0.339
    T2 2.9 ± 0.7 2.5 ± 0.3 0.015*
    T3 3.3 ± 0.4 2.9 ± 0.5 0.004*
    T4 3.4 ± 0.5 3.2 ± 0.3 0.107
    T5 3.7 ± 0.3 3.5 ± 0.9 0.291
SVI (ml/beat/m2)
    T0 30.9 ± 4.3 31.6 ± 3.7 0.552
    T1 27.5 ± 3.5 28.5 ± 2.6 0.274
    T2 28.6 ± 2.4 26.2 ± 1.7 0.002*
    T3 29.3 ± 3.2 25.3 ± 2.7 < 0.001*
    T4 29.8 ± 2.5 27.9 ± 2.8 0.065
    T5 31.5 ± 3.7 30.9 ± 4.3 0.606
Note: MAP = mean arterial pressure; HR = heart rate; CVP = central 
venous pressure; CI = cardiac index; SVI = stroke volume index. T0 = 
before the start of surgery; T1 = before the start of CPB; T2 = imme-
diately at the end of CPB; T3 = immediately after installation in the 
ICU; T4 = 6 h after installation in the ICU; T5 = 12 h after installation 
in the ICU. *P < 0.05 compared with Sevoflurane group obtained with 
Student t-test.

and 72 h after surgery (Figure 4A-C). In 
contrast, decreased SOD activity was 
observed in both the propofol and sevo-
flurane groups after surgery. Compared 
with the propofol group, SOD activity was 
markedly increased in the sevoflurane 
group (Figure 4D). Furthermore, the rela-
tionship between HSP70 and the inflam-
matory cytokine level was analyzed. As 
shown in Table 5, HSP70 levels were pos-
itively correlated with IL-6 (r = 0.498, P < 
0.001), IL-8 (r = 0.356, P = 0.029), and 
TNF-α (r = 0.417, P = 0.002) levels in the 
sevoflurane group at 0 h after surgery. 
However, these relationships between 
HSP70 and inflammatory cytokines (i.e., 
IL-6, IL-8, and TNF-α) disappeared in the 
sevoflurane group 24 h after surgery (P > 
0.05). No significant relationship was ob- 
served between HSP70 and SOD in the 
sevoflurane group at 0 h (r = 0.159, P = 
0.340) and 24 h (r = 0.233, P = 0.179) 
after surgery. In the propofol group, 
HSP70 levels were positively correlated 
with IL-6 (r = 0.469, P < 0.001), IL-8 (r = 
0.379, P = 0.015), and TNF-α (r = 0.490, 
P < 0.001) levels in the sevoflurane group 
at 0 h after surgery. The relationships 
between HSP70 and inflammatory cyto-
kines (IL-6, IL-8, and TNF-α) in the pro- 
pofol group 24 h after surgery persisted 
(P < 0.05). HSP70 levels were negatively 
correlated with SOD at 0 h (r = -0.514, P 
< 0.001) and 24 h (r = -0.318, P = 0.035) 
after surgery in the propofol group.

Discussion

This study highlighted the cardioprotec-
tive effects of sevoflurane on the inflam-
matory response in RHD patients under-
going DVRS. DVRS requires prolonged 
aortic cross-clamping and CPB for suture 
placement for valve fixation [15]. Despite 
significant advances in surgical techni- 
ques, cardiomyocytes may still incur in- 
jury from the anesthetics, aortic cross-
clamping, I/R, operative wounds, and 
even myocardial remodeling after valve 
implantation [16, 17]. Myocardial I/R in- 
jury is a common pathophysiological pro-
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ics, such as sevoflurane and desflurane, have 
been shown to protect the heart from I/R injury 
in various clinical studies [21]. Due to its wide 
use in cardiac surgery under CPB, sevoflurane 
was effective in reducing postoperative cardiac 
injury [22]. Nevertheless, the cardioprotective 
effects of sevoflurane on DVRS remain unclear.

Volatile anesthetics tend to be more effective 
in maintaining hemodynamic stability during 
cardiac surgery than intravenous anesthesia 
[23]. A previous study demonstrated that, com-
pared with propofol, sevoflurane could signifi-
cantly increase CI, but did not influence the CVP 
or MAP during coronary artery bypass grafting 
off-pump [24, 25]. However, for patients who 
underwent DVRS under CPB, we found that 
MAP, CI, and SVI all remained higher in the 
sevoflurane group than those in the propofol 
group, and more stable hemodynamic parame-
ters were observed in the sevoflurane group 
than in the propofol group. Studies have dem-

(i.e., III/IV) [27]. Herein, we demonstrated that 
sevoflurane was not inferior to propofol in terms 
of recovery time after surgery. Similar to previ-
ous studies [28, 29], the levels of CK-MB and 
cTnI were significantly elevated after surgery, 
and sevoflurane anesthesia demonstrated less 
postoperative increase in serum levels of the 
above markers of cardiac injury than propofol. 
Collectively, these data suggest that sevoflu-
rane may be more suitable than propofol for 
DVRS under CPB.

To date, a series of potential mechanisms, 
including NF-κB activation [30], PI3K/Akt sig-
naling [31], and activation of the HIF-1/PDK-1 
pathway [32], have been reported to be im- 
plicated in sevoflurane-mediated protection 
against I/R injury in cells or in animal models. 
Nevertheless, clinical evidence supporting th- 
ese findings remains lacking, and it is difficult 
to translate experimental results to clinical set-
tings. A recent study by Duan et al. reported 

Table 3. Comparation of recovery times of patients with rheumatic 
heart disease undergoing double valve replacement (mean ± SD)

Clinical Characteristics Sevoflurane
(n = 23)

Propofol 
(n = 23) P value

Respiration time, h 14.1 ± 1.2 13.6 ± 1.3 0.182
Eye-opening time, h 13.6 ± 1.4 13.0 ± 1.5 0.168
Time to Aldrete 9 or 10, h 17.4 ± 2.6 18.1 ± 1.9 0.303
VAS score 24 h 4.4 ± 0.6 4.7 ± 0.5 0.072
VAS score 48 h 1.8 ± 0.4 2.0 ± 0.4 0.097
Note: VAS = Visual analogue scale.

Table 4. Characteristics of postoperative patients with rheumatic 
heart disease undergoing double valve replacement surgery

Clinical Characteristics Sevoflurane
(n = 23)

Propofol 
(n = 23) P value

Operation time (min) 249.5 ± 25.4 251.3 ± 23.5 0.801
CBP time (min) 84.7 ± 10.6 86.2 ± 11.4 0.876
Aortic cross-clamp time (min) 53.7 ± 6.8 51.5 ± 6.0 0.425
Epinephrine usage (ng/kg/min) 31.3 ± 7.5 43.1 ± 6.2 0.015*
Noradrenaline usage (ng/kg/min) 28.6 ± 7.6 34.1 ± 6.5 0.010*
Auto-resuscitation heart rate (n, %) 24 (92.3%) 17 (77.3%) 0.223
Drainage within 48 h (mL/kg) 4.7 ± 1.7 4.4 ± 1.5 0.523
Extubation time (h) 5.7 ± 1.0 6.2 ± 0.9 0.103
Use of IABP 0 0 NA
ICU stay (days) 2.3 ± 0.8 3.5 ± 0.7 0.005*
In-hospital death 0 0 NA
Note: CBP=cardiopulmonary bypass; IABP = intra-aortic ballon pump; ICU= intensive 
care unit. *P < 0.05 compared with sevoflurane group obtained with Student t-test.

onstrated that propofol indu- 
ces a reduction in MAP, and 
the inhibition of sympathetic 
nerve activity may be a major 
mechanism of hemodynamic 
depression [14]. The mainte-
nance of MAP, CI, and SVI in- 
dicated that sevoflurane had 
little influence on sympathet-
ic nerve activity during DVRS. 
Accordingly, we demonstrat-
ed that the use of inotropic 
agents, such as dopamine 
and noradrenaline, was sig-
nificantly lower when using 
sevoflurane anesthesia com-
pared with propofol. Given 
our results, it may be con-
cluded that the maintenance 
of anesthesia using sevoflu-
rane in patients undergoing 
DVRS resulted in more stable 
hemodynamics than that wi- 
th propofol. Currently, propo-
fol is frequently used as an 
intravenous anesthetic due 
to its rapid recovery profile 
[26], whereas the most nota-
ble side effect of propofol is 
its depression of cardiovas-
cular and respiratory param-
eters, particularly for patients 
with a high ASA classification 
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Figure 2. Changes of the levels of (A) CK-MB, (B) 
cTnI and (C) HSP70 before and after surgery. The 
five time points were before surgery (baseline), im-
mediately after surgery (0 h), 24 h after surgery, 48 
h after surgery and 72 h after surgery. Data were 
expressed as mean ± SD (n = 23). *P < 0.05, com-
pared with baseline obtained with ANOVA analysis; 
#P < 0.05, compared with sevoflurane group at the 
same time point obtained with Mann-Whitney U-test.

Figure 3. Pearson correlation analysis was performed to reveal the correlation between the serum levels of heat 
shock protein 70 (HSP70) and cardiac troponin I (cTnI) at 0 h and 24 h after double valve replacement surgery (n 
= 23).
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that the levels of THAP11 in atrial tissues were 
positively correlated with cTn-I at 24 h after  
surgery, and that downregulation of THAP11 
may be implicated in the myocardial protective 
effects of sevoflurane anesthesia [33]. In the 
current study, we measured the serum levels of 
HSP70, which serves as a molecular chaperone 
to refold denatured proteins and promote the 
degradation of damaged proteins. During acute 
myocardial I/R, levels of HSP70 are upregulat-

ed [34] and enforced overexpression of HSP70 
reduces myocardial apoptosis [35]. HSP 70 has 
been reported to be involved in self-preserva-
tion system of the myocardium [36]. The cardio-
protective role of HSP70 against myocardial I/R 
injury has been demonstrated using transgenic 
animal and gene transfection models [35, 37]. 
Results of our study revealed that HSP70 levels 
exhibited a comparable postoperative increase 
in both the propofol and sevoflurane groups, 

Figure 4. Changes of the levels of (A) IL-6, (B) IL-8, (C) TNF-α and (D) the activity of SOD before and after surgery. 
The five time points were before surgery (baseline), immediately after surgery (0 h), 24 h after surgery, 48 h after 
surgery and 72 h after surgery. Data were expressed as mean ± SD (n = 23). *P<0.05, compared with baseline 
obtained with ANOVA analysis; #P < 0.05, compared with sevoflurane group at the same time point obtained with 
Mann-Whitney U-test.

Table 5. Results of correlation analysis performed between serum HSP70 and changes of inflamma-
tory cytokines

inflammatory 
cytokines

Sevoflurane (n = 23) Propofol (n = 23)
0 h 24 h 0 h 24 h

r P r P r P r P
IL-6 (ng/ml) 0.498 < 0.001 0.292 0.077 0.469 < 0.001 0.390 0.008
IL-8 (ng/ml) 0.356 0.029 0.291 0.081 0.379 0.015 0.313 0.041
TNF-α (ng/ml) 0.417 0.002 0.320 0.044 0.490 < 0.001 0.447 < 0.001
SOD (U/ml) 0.159 0.340 0.233 0.179 -0.514 < 0.001 -0.318 0.035
Note: IL-6 = interleukin 6; IL-8 = interleukin 8; TNF-α = tumor necrosis factor α; SOD = superoxide dismutase; HSP70 = heat 
shock protein 70. 
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whereas the HSP70 levels remained elevated 
in the sevoflurane group until 48 h after sur-
gery. A positive correlation between HSP70 and 
cTnI was observed in the propofol group, indi-
cating its potential as a marker of cardiac injury 
[38]. However, the correlation disappeared in 
the sevoflurane group; as such, we hypothe-
sized that this may be due to the HSP70 altera-
tion induced by sevoflurane anesthesia.

Cardiac surgery involving CPB disturbs the  
balance between pro- and anti-inflammatory 
responses, which can lead to cardiac dysfunc-
tion [39]. In this context, increasing attention 
has been devoted to the influence of anesthet-
ics on inflammatory responses. We found that, 
compared with propofol, sevoflurane signifi-
cantly inhibited the inflammatory response,  
as evidenced by the reduced serum levels of 
inflammatory cytokines, including IL-6, IL-8, and 
TNF-α, which are the most important inflamma-
tory cytokines released from injured cardiomyo-
cytes and inflammatory cells after I/R [40, 41]. 
In the current study, we found that HSP70 lev-
els were positively correlated with the above-
mentioned inflammatory cytokines in both the 
propofol and sevoflurane groups at 0 h after 
surgery. However, these relationships between 
HSP70 and inflammatory cytokines were abro-
gated in the sevoflurane group 24 h after sur-
gery. We hypothesized that sevoflurane could 
increase the expression of HSP70, thereby sup-
pressing inflammation. Due to the anti-inflam-
matory and cardioprotective properties of 
HSP70 during cardiac surgery [42], we specu-
late that the increased HSP70 expression 
induced by sevoflurane anesthesia may be a 
mechanism through which sevoflurane regu-
lates the inflammatory response during cardiac 
surgery.

Upon revascularization and restoration of the 
myocardial blood flow, oxidative stress may 
lead to cardiac injury [43]. Herein, we compared 
the extent of oxidative stress between the gr- 
oups by measuring antioxidant enzyme activity. 
SOD is a vital free radical scavenger and an 
important antioxidant defense mechanism in 
myocardial cells exposed to oxidative stress 
[44]. We found that SOD activity in the blood 
after DVRS was significantly lower in the propo-
fol group and higher in the sevoflurane group. 
An increase in SOD activity may be one of sev-
eral mechanisms underlying the protective 

effects of sevoflurane in DVRS under CPB. We 
also found that HSP70 was negatively correlat-
ed with SOD in the propofol group, whereas  
it exhibited no relationship with SOD in the 
sevoflurane group, which may also be due to 
increased HSP70 by intervention with sevoflu-
rane. Collectively, these results suggest that 
sevoflurane attenuates CPB-mediated myocar-
dial I/R injury via anti-inflammatory and anti-
oxidative stress properties, which may be medi-
ated by the upregulation of HSP70 expression.

There were limitations to our study that should 
be addressed, the first of which was its single-
center design and small sample size. As such, 
this study may not have been adequately pow-
ered for the measurements performed; thus, 
further studies are required to confirm our con-
clusions. Second, we only analyzed the rela-
tionship between HSP70 and myocardial injury 
markers or inflammatory cytokine in the serum 
sample from patients under CPB. A recent 
study by Lotz et al. found that sevoflurane as 
opposed to propofol anesthesia preserved 
mitochondrial respiration and elicited cardiac 
protection against I/R-injury [45]. Activation of 
HSP70 is able to regulate mitochondrial func-
tion and cell apoptosis in cardiomyocytes, in 
vitro [46-48]. These results all supported our 
hypothesis that sevoflurane exerted its cardio-
protective effects via activation of HSP70 dur-
ing DVRS. Last but not least, due to the limited 
number of blood samples, we determined the 
levels of only some crucial mediators. Additional 
research, therefore, is required to provide fur-
ther insights into the mechanisms underlying 
the cardioprotective effects of sevoflurane.

In conclusion, the results of the present study 
demonstrated that patients who underwent se- 
voflurane anesthesia during DVRS under CPB 
exhibited marked improvement in hemodynam-
ic parameters, exhibited less need for inotropic 
support, experienced a shorter length of ICU 
stay, and lower postoperative increase in the 
levels of myocardial injury-associated markers. 
The underlying molecular mechanisms of sevo-
flurane-induced protective effects may contrib-
ute to the regulation of inflammatory reactions 
through the increased HSP70 expression.
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