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The objective of this study was to investigate the effect of desflurane on inflammatory response and 
cardiac function during cardiopulmonary bypass in cardiac surgery. Thirty adult male Sprague-Dawley 
rats (body weight, 250-300g) were purchased from the Provincial Academy of Agricultural Sciences, and 
the rats were housed in a specific pathogen-free facility and maintained under controlled conditions. The 
rats were divided into control group (CG), surgical model group (SMG) and desflurane group (DG). The 
level of circulating mtDNA and the mRNA expressions of interleukin 6 (IL-6), Tumor necrosis factor α 
(TNF-α) and IL-1β were detected by RT-PCR. Organ damage during extra corporeal circulation (ECC) 
was compared by histopathological analysis. Compared with the CG, the mtDNA level in the SMG was 
higher (P<0.05), and the mtDNA level in the DG was lower than that in the SMG (P<0.05). The mRNA 
expressions of IL-6, TNF-α and IL-1β in the SMG were higher than those in the CG (P<0.05). The mRNA 
expressions of IL-6, TNF-α and IL-1β in the DG were lower than those in the SMG (P<0.05). It was 
found that the use of the volatile anesthetic desflurane in the rat cardiac surgery model can significantly 
reduce the levels of inflammatory factors in cardiopulmonary bypass, inhibit myocardial cell apoptosis 
and oxidative stress, and improve cardiac function.

INTRODUCTION

Extracorporeal circulation (ECC) is very important for 
routine cardiac surgery and life support (Bang et al., 

2021; Bartoszko and Karkouti, 2021). Although ECC has 
brought profound benefits to patients all over the world, 
it often triggers severe systemic inflammatory response, 
which significantly reduces the quality of clinical results 
(Bavare et al., 2021; Belhadjer et al., 2020; Benke et al., 
2021). Cardiac surgery using ECC is related to systemic 
inflammatory response, which may lead to significant 
morbidity and mortality (Bielecka-Dabrowa et al., 2020; 
Bojkova et al., 2020; Bughrara et al., 2020). This kind 
of reaction is multifactorial, including extracorporeal 
circuit of circulating blood exposed to artificial surface, 

*      Corresponding author: mushanshan2022@163.com
0030-9923/2023/0001-0001 $ 9.00/0

  
Copyright 2023 by the authors. Licensee Zoological Society of 
Pakistan. 
This article is an open access  article distributed under the terms 
and conditions of the Creative Commons Attribution (CC BY) 
license (https://creativecommons.org/licenses/by/4.0/).

non-physiological shear stress of ECC roller pump, 
hypothermia and possibly inevitable ischemia-reperfusion 
injury. The subsequent activation of a series of inflammatory 
cascades may be further aggravated by the tissue damage 
during ECC, which is quite different from the normal 
vascular endothelium (Busch et al., 2021; Chetrit et al., 
2020). During this inflammatory reaction, white blood 
cells, especially neutrophils, are activated and adhere to 
vascular endothelial cells, and then migrate to the stroma, 
where they may release proteases, oxygen free radicals 
and pro-inflammatory factors, thus damaging tissues 
(Deng et al., 2021; Floh et al., 2020; Glasenapp et al., 
2020). The clinical sequelae of this pro-inflammatory state 
will lead to high dynamic circulation, increased cardiac 
output and decreased systemic vascular resistance, thus 
requiring positive muscle strength and vasoconstriction 
support. Therefore, the clinical results after improving 
ECC depend on suppressing this systemic inflammatory 
response. Although ECC loop has some significant 
improvements, such as heparin coated loop, complications 
secondary to tissue injury and inflammatory reaction still 
exist, and may have a profound impact on postoperative 
results (Heijman et al., 2020; Hinterdobler et al., 2021). 
Recent studies have shown that volatile anesthetics have 
neuroprotective effects on ischemia-reperfusion injury. 

A B S T R A C T

Pakistan J. Zool., pp 1-7, 2023. DOI: https://dx.doi.org/10.17582/journal.pjz/20230813075411

https://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.17582/journal.pjz/20230813075411
crossmark.crossref.org/dialog/?doi=10.17582/journal.pjz/20230813075411&domain=pdf&date_stamp=2008-08-14


2                                                                                        

Onlin
e F

irs
t A

rtic
le

Halothane, isoflurane, sevoflurane and desflurane play a 
protective role during focal and global cerebral ischemia. 
Desflurane is also a vasodilator, which can uniformly 
promote the cooling of ECC. Recently, desflurane has a 
neuroprotective effect on piglets during deep hypothermic 
circulatory arrest. The present study evaluated the effects 
of desflurane on inflammatory response and cardiac 
function during cardiopulmonary bypass (CPB) in cardiac 
surgery.

MATERIALS AND METHODS

Experimental rats
Thirty adult male Sprague-Dawley rats (body weight, 

250-300g) were purchased from the Provincial Academy 
of Agricultural Sciences. They were kept in a facility free 
of specific pathogens and kept under controlled conditions 
(22±3°C, 55% humidity and 12-h day-night circulation). 
Rats can get food and water at will. All animals had accepted 
the principles of experimental animal care and had been 
approved by the local animal welfare and ethics review 
committee. The study has been approved by the hospital’s 
animal ethics committee, and observe the experiment 
process ARRIVE guidelines (https://arriveguidelines.org) 
for the reporting of animal experiments.

ECC rat model and grouping
Rats were given pentobarbital (50 mg/kg body 

weight), ketamine (50 mg/kg body weight) or volatile 
anesthetic (about 1 minimum alveolar concentration 
[MAC] or 6.7% desflurane). Rats anesthetized with 
pentobarbital and ketamine were allowed to spontaneously 
breathe indoor air on an electric heating pad in warm light, 
while rats treated with volatile anesthetics spontaneously 
breathed when they received about 1 MAC of volatile 
drugs in indoor air. Their body temperature was monitored 
by rectal probe and kept at 37 °C. To initially anesthetize 
rats with volatile anesthetic (desflurane), the rats were 
placed in a 10-L closed room on a warm blanket, with 
inflow and outflow hoses at the top and bottom of the 
room, respectively. Volatile anesthetics were transported 
in the indoor air at a rate of 5 l/min using a drug-specific 
evaporator. The evaporator was set to maintain the volatile 
anesthetic concentration in the chamber at 1 MAC, which 
was monitored by the sampling gas of the infrared analyzer 
at the outflow hose. According to the research scheme, rats 
were divided into the following three groups: control group 
(CG) (this group of rats did not receive midline laparotomy 
and ECC intubation, n=10), operation model group (SMG) 
(rats received median sternotomy to simulate heart surgery 
after anesthesia, and then ECC was performed by Stöckert 
multi-flow roller pump (GMBH, Munich, Germany) 

using the same bypass loop system as humans, n= 10), 
desflurane group (DG) (rats were anesthetized with volatile 
anesthetic for 1 h, and after volatile anesthetic treatment 
for 1 h, pentobarbital was anesthetized in abdominal cavity 
immediately after waking up, and midline laparotomy and 
ECC intubation were performed, n=10).

Detection of total mtDNA
According to the manufacturer’s agreement, QIAamp 

DNA Blood Mini Kit (Qiagen®) was used to purify DNA 
from blood or body fluids. DNA was extracted from 200 μl 
plasma and concentrated by double elution with 50 μl AE 
buffer. Real-time polymerase chain reaction (RT-qPCR) 
was used to detect the primer of cytochrome C oxidase 
subunit III of rat mitochondrial gene, and the level of 
mtDNA was measured. In each test well, 1 μl DNA, 12.5 
μl SYBR Green PCR Master Mix (Applied Biosystems of 
Thermo Fisher Scientific), 0.5 μlmtDNA primer and 10.5 μl 
water were used to prepare the reaction. For each research 
probe, the same RT-qPCR reaction was also carried out 
using sterile water negative control and HUVECmtDNA 
positive control.

RNA isolation and quantitative real-time PCR
In order to measure the plasma markers of ECC-

induced systemic inflammation in our model, blood 
samples were taken at the end of the experiment, and 
plasma was separated by centrifuging the total sample 
at 1000 ×g and 4 ℃ for 15 min. Remove the plasma 
supernatant and store it at-70 ℃ until analysis. Total 
RNA was extracted with Trizol (invitrogen, Carlsbad, 
California) reagent. RNA concentration was determined 
by spectrophotometry reading at 260 nm, and it was run 
on agarose gel to verify the equal RNA input and RNA 
quality. Reverse transcriptase polymerase chain reaction 
(RT-PCR) was performed to analyze the expression of pro-
inflammatory genes. The primers were designed according 
to the published sequence of rat gene bank (Bethesda, 
MD). All PCR reactions were completed after incubation 
at 68°C for 7 min to allow enzymatic completion of 
incomplete complementary DNA. Optimize the number of 
PCR cycles of each primer pair, so that the optical density 
measurement of the obtained band can increase linearly 
with the increase of the number of PCR cycles (15-30 
cycles). The initial amount of RNA was also optimized to 
produce a linear increase in the measured optical density 
of the obtained band at a certain number of polymerase 
chain reaction cycles. The product was separated in 6% 
polyacrylamide gel and stained with Syber Green (Roche, 
Indianapolis), and the band strength was quantified by 
Fluor-S Multi Imager (BioRad Laboratory).
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Evaluation of organ function and tissue damage
After the operation, the left lung and kidney of 

rats were harvested and fixed in 4% paraformaldehyde 
at 4 ℃ overnight, and the organ damage was evaluated 
by histopathology. The paraffin-embedded sections (3 
μm thick) were stained with hematoxylin and eosin, 
and examined by a pathologist who was unaware of the 
experimental group under an optical microscope. The 
severity of lung injury was scored on a 5-point scale (0 
= normal histology, 5 = the most serious injury), taking 
into account alveolar congestion, hemorrhage, neutrophil 
accumulation in air cavity or blood vessel wall, alveolar 
wall thickness and transparent membrane formation. Renal 
tubular injury was defined as epithelial swelling, absence 
of brush edge at the top and vacuolation in cytoplasm. The 
degree of acute renal tubular necrosis was graded by four 
grades, and the percentage of affected renal tubules in four 
high-power fields of light microscope was: 0, no renal 
tubules were affected; 1, < 25% renal tubular involvement; 
2, 25–50%; 3 points, 50–75%; 4 points, > 75%. Calculate 
the average score of each part for each animal.

Echocardiography
A series of M-mode echocardiography images 

of rats anesthetized with desflurane were injected by 
Vevo 2100 imaging platform (VisualSonics ultra-high 
resolution small animal ultrasound imaging system). 
Using rectal temperature probe, the body temperature 
was carefully kept between 36.7°C and 37.3°C during the 
whole study. Observe the heart on the short axis between 
the two papillary muscles. By averaging the results of 3 
consecutive heartbeats, each measurement was obtained in 
M mode. The LV internal dimension (LVID) was measured 
during diastole and systole (LVIDd and LVIDs). The LV 
EF was calculated by the following formula: EF (%) = 
100 × ([LVIDd3 – LVIDs3]/LVIDd3). Digital images 
were analyzed offline by blind observers using Vevo 2100 
workstation software.

TUNEL staining
At the end of the experiment, the heart was retrograde 

perfused with heparinized ECC, and then 10% neutral 
buffered formalin solution was added for 15 min. Then, 
the heart was cut into 3 pieces from the top to the bottom, 
fixed in formalin for 24 h, then tissue treatment, paraffin 
embedding and heart sectioning were performed. Paraffin-
embedded 4μm thick heart slices were dewaxed in xylene, 
rehydrated gradually with 100%, 95% and 70% ethanol, 
and then antigen repaired. After pre-incubation with serum 
blocking solution, primary antibody was used to identify 
the expression of different markers, including anti-α-actin 
(sarcomere) antibody of myocardial cells. According to 

the manufacturer’s protocol (GeneCopoeia, VB-4005G), 
TUNEL staining was performed to detect apoptotic 
nuclei by using terminal deoxynucleotidyl transferase-
mediated in situ fluorescein-conjugated dUTPnick end 
labeling technique. Re-staining with nuclear DAPI. The 
fluorescence staining was observed by Zeiss 780 confocal 
laser scanning microscope. The number of apoptotic 
cells with TUNEL positive nuclei was expressed as the 
percentage of total cells.

Western blot analysis
The frozen heart tissue was treated in 

radioimmunoassay (RIPA) lysis buffer (10 mM Tris-HCl, 
pH 7.2, 150 mM NaCl, 1% NP-40, 0.5% SDS and 0.5% 
deoxy-acid salt), supplemented by protease inhibitor and 
phosphatase inhibitor (Thermo Fisher Scientific Shile 
Technology Co., Ltd., used for western blot analysis 
in protein). The crude extracts of experimental animal 
hearts were washed twice with ice-cold PBS, and lysed 
in RIPA buffer and the same inhibitor. The cardiac lysate 
was passed through 10% SDS-PAGE and transferred to 
polyvinylidene fluoride (PVDF) membrane. The blots 
were washed with Tris buffered saline containing Tween 
20 (TBST) and blocked with TBST of 5% milk for 1 h. 
The western blot was observed by ECL Plus kit (Pierce).

Statistical analysis
Graphpad prism version 8.1.2 was used for statistical 

analysis. The result was expressed as the average SE of 
each time point in each group, and the P-value < 0.05 was 
considered statistically significant. Due to the nature of 
experiments with few animals, nonparametric comparative 
analysis was used. Wilcoxon symbol rank test was used 
for matching pairs, and in relevant cases, Bonferroni 
correction method was used to adjust P value for multiple 
comparison. For more than two groups of comparisons, 
Friedman test was used, and Dunn method was used to 
correct multiple comparisons.

RESULTS

The level of circulating mtDNA was detected by 
RT-PCR. The mtDNA results in Figure 1 shows that the 
level of mtDNAin the SMG was higher than that in the 
CG (P<0.05), while that in the DG was lower than that in 
the SMG (P<0.05). According to the results of detection of 
inflammatory factors during cardiopulmonary bypass, the 
mRNA expression of IL-6, TNF-α and IL-1β was detected 
by RT-PCR. The mRNA expression of IL-6, TNF-α and 
IL-1β in the SMG was higher than that in the CG (P<0.05), 
while the mRNA expression of IL-6, TNF-α and IL-1β in 
the DG was lower than that in the SMG (P<0.05) (Fig. 2).
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Table I. Effect of desflurane on inflammatory response and cardiac function during cardiopulmonary bypass cardio.

Indexes Groups Variance ratio P value
CG SMG DG

Lung injury 0.34±0.05 4.25±1.26 2.16±0.52 11.426 0.025
Renal tubular injury 0.24±0.03 1.94±0.16 1.21±0.08 9.187 0.014
LVEF 86.35±10.26 42.53±5.73 68.26±8.41 9.364 0.004
LVFS 52.38±8.44 27.42±5.13 38.56±6.57 12.517 0.011
Apoptosis 5.35±2.47 37.56±8.56 19.14±5.88 12.853 0.027
Catalase 1.87±0.15 1.14±0.10 1.82±0.14 11.683 0.028
GPX1 1.94±0.17 1.06±0.05 1.90±0.15 13.425 0.015
NOX4 1.02±0.01 1.95±0.14 1.13±0.06 9.374 0.007

Fig. 1. mtDNA results among the study groups.

Fig. 2. mRNA expression of inflammatory factors was 
detected by rt-PCR.

The desflurane results for organ damage, cardiac 
function, cardiomyocyte apoptosis and oxidative stress 
during ECC have shown in Table I. Compared with the 
CG, the lung injury and renal tubular injury in the SMG 
increased (P<0.05), and the lung injury and renal tubular 
injury in the DG decreased (P<0.05). Desflurane can reduce 
the organ injury during ECC. The left ventricular ejection 

fraction (LVEF) and left ventricular fractional shortening 
(LVFS) during ECC were recorded by echocardiography. 
LVEF and LVFS in the SMG were lower than those in 
the CG (P<0.05), while LVEF and LVFS in the DG were 
higher than those in the SMG (P<0.05). The apoptosis of 
myocardial cells was detected by TUNEL staining. The 
results showed that the apoptosis of the SMG was higher 
than that of the CG (P<0.05), and that of the DG was lower 
than that of the SMG (P<0.05). It indicated that desflurane 
reduced the apoptosis of cardiomyocytes during ECC. 
The desflurane results also showed that The expression 
of Catalase, glutathione peroxidase (GPX1) and NADPH 
oxidase 4 (NOX4) in the heart was detected by western 
blot analysis. Compared with the CG, the expression of 
Catalase and GPX1 in the SMG decreased (P<0.05), while 
that of DG increased (P<0.05), and that of NOX4 in the 
SMG increased (P<0.05).

DISCUSSION

Heart disease is the main cause of death and often 
requires surgery. However, patients undergoing cardiac 
surgery often suffer from heart failure, which is the main 
cause of morbidity and mortality in this environment 
(Jahnukainen et al., 2021; Jian et al., 2020). Ischemia 
induced by ECC can lead to heart failure, in which 
cardioplegia is injected to cause diastolic cardiac arrest. 
This complication is related to the duration of ECC and 
the baseline cardiac status of patients. In the field of 
anesthesiology and postoperative intensive care, more and 
more attention has been paid to the cardioprotective effects 
of halogenated anesthetic desflurane and intravenous 
hypnotic (propofol)-induced myocardial preconditioning 
(and postconditioning). The concept that the choice of 
narcotic drugs may provide additional cardioprotection 
during open heart surgery is relatively new. ECC open 
heart surgery is related to acute inflammatory reaction, 

J. Guo et al.
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which has an impact on postoperative recovery and 
myocardial function (Karunakaran et al., 2021; Lee et 
al., 2021). Despite major changes and improvements in 
surgical techniques, inflammation is still a major problem. 
Therefore, the development of strategies to control 
inflammatory response is still the focus of extensive 
experimental and clinical research. Besides ECC, 
reperfusion injury of myocardium and lung and surgical 
trauma are also important triggers of inflammatory 
response.

Desflurane is favored as an anesthetic in cardiac 
surgery, and it may be advantageous because it has better 
myocardial protection against ischemia-reperfusion injury 
than isoflurane in animal experiments. A large number of 
experimental animal studies have attempted to evaluate 
the vasomotor effect of this intoxicating agent on coronary 
artery. It has been shown that volatile anesthetics of 
different degrees can reduce myocardial contractility 
and myocardial oxygen demand, and this characteristic 
has been suggested to explain the cardioprotective effect 
on ischemia and reperfusion. It is also found that these 
anesthetics induce cardioprotection through a mechanism 
similar to that involved in ischemic preconditioning. 
Mitochondrial damage-related proteins have been shown to 
be inflammation regulators, which can cause tissue damage 
in various pathological conditions, including systemic 
inflammatory response syndrome, connective tissue 
diseases, myocardial infarction, vascular dysfunction, and 
individuals undergoing chemotherapy and hemodialysis 
(Lesouhaitier et al., 2022). Relevant studies have proved 
that mtDNA activates neutrophils through TLR9/p38 
MAPK, and the increase of circulating mtDNA can be 
used as a means to predict inflammatory response. In 
this study, firstly, the accumulation of mitochondrial 
DNA in circulation was confirmed by cardiac surgery/
cardiopulmonary bypass model. In addition, it was shown 
that pretreatment with desflurane, a volatile anesthetic, can 
significantly reduce the expression of inflammatory factors 
IL-6, TNF-α and IL-1β during cardiopulmonary bypass, 
and improve the cardiac function of model rats. After 
cardiac surgery, inflammation was thought to be related 
to stimulation including cardiopulmonary bypass, surgical 
trauma and ischemia-reperfusion. Our results showed that 
cardiac surgery/ECC leaded to the increase of mtDNA 
and pro-inflammatory cytokines. For myocardial cell 
apoptosis, the death of necrotic cells will further activate 
the inflammatory cascade reaction, leading to more serious 
secondary tissue damage. TUNEL analysis showed that 
desflurane reduced the apoptosis of cardiomyocytes during 
ECC. In addition, the cascade reaction of inflammatory and 
cytotoxic injury activated during reperfusion can amplify 
the sublethal injury. In this study, organ damage during ECC 

was compared by histopathological analysis. The results 
showed that desflurane pretreatment could significantly 
improve organ damage caused by cardiac surgery/ECC. 
Oxidative stress can cause myocardial damage during 
open heart surgery. The main source of ROS during ECC 
open heart surgery is considered to be neutrophils, which 
also release several proteolytic enzymes. Neutrophils are 
activated by agents from systemic circulation, coronary 
vascular system and muscle cells. Cytokines stimulate the 
up-regulation of adhesion molecules on cardiomyocytes, 
and make neutrophils adhere and release ROS and 
proteolytic enzymes, which will lead to cardiac function 
inhibition and apoptosis. A previous study showed that 
overexpression of Catalase in mouse model can significantly 
improve the phenotype of heart aging. Our results showed 
that heart surgery /ECC could reduce the expression of 
antioxidant proteins (Catalase and GPX1) and increase 
the level of protein of NOX4 in the heart of model rats, 
and desflurane treatment could restore the expression of 
catalase and GPX1 and reduce the expression of NOX4. 
These findings suggested that desflurane can reduce 
oxidative stress in cardiac surgery /ECC. Inflammation 
consists of the expression of cytokines, chemokines and 
adhesion molecules. The regulation of volatile anesthetics 
on inflammatory cascade and ischemia-reperfusion injury 
has been described in heart and liver. In the heart, volatile 
anesthetics can prevent ischemia-reperfusion injury by 
reducing the adhesion of neutrophils in the coronary artery 
system after ischemia. Studies have shown that desflurane 
weakens the activation of adhesion molecules involved in 
neutrophil activation. Another study showed that desflurane 
significantly reduced the inflammatory response associated 
with multiple organ dysfunction syndrome. Lesouhaitier et 
al. (2022) was described that volatile anesthetic exposure of 
human monocytes significantly reduced the release of pro-
inflammatory cytokines, IL-1β and TNF-α. Therefore, these 
previous studies and our current research supported our 
hypothesis that volatile anesthetics can protect ECC injury by 
reducing necrosis and inflammatory cardiomyocyte death.

CONCLUSION

The research proves that the volatile anesthetic 
desflurane can significantly reduce the level of inflammatory 
factors during cardiopulmonary bypass, inhibit myocardial 
apoptosis and oxidative stress, and improve the state of 
cardiac function, which has a cardioprotective effect 
during cardiopulmonary bypass.
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