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Abstract
Background: Acute respiratory distress syndrome (ARDS), a clinical syndrome resulting from
intrapulmonary and/or extrapulmonary causes, is characterized by refractory hypoxemia. Currently,
venovenous extracorporeal membrane oxygenation (VV ECMO) is considered as a reasonable alternative
to salvage ARDS, but it requires sedation of the patient. Several studies suggest that anesthetics, such as
sevo�urane and propofol, have lung protective and immunomodulatory functions. The aim of this study
was to explore the effects of sevo�urane and propofol on ARDS in VV ECMO rat models.

Methods: To establish the ARDS model, male Sprague-Dawley (SD) rats were injected with 100mg/kg
oleic acid (OA). Twenty-four SD rats were randomly divided into two groups: sevo�urane group (Sevo
group) and propofol group (Pro group). The basic vital signs of rats in each group were continuously
monitored using a life monitor, and arterial blood gas tests were performed at the following three time
points: T0 (baseline), T1 (the time to ARDS), and T2 (after weaning from ECMO for 1 h). Bicinchoninic
acid assay (BCA) method was used to determine protein concentration in bronchial alveolar lavage �uid
(BALF), whereas hemotaxylin and eosin (HE) staining was used to evaluate the lung pathological scores
in each group. In addition, in�ammatory factors (IL-1b, TNF-a, and MPO) in BALF, serum, and lung were
determined using enzyme-linked immunosorbent assay (ELISA) and immunohistochemistry (IHC).

Results: With regard to the blood gas index, the Sevo group exhibited a better effect in improving the
oxygenation function than the Pro group (P<0.05). However, there was no signi�cant difference in mean
arterial pressure (MAP) between the two groups (P>0.05). After VV ECMO assistance, the degree of lung
injury and in�ammatory changes in the Sevo group were signi�cantly reduced compared to the Pro
group.

Conclusion: This study shows that sedation with sevo�urane during VV ECMO assisted ARDS in rats
improved lung injury and in�ammation, and was better than propofol in improving the oxygenation
function.

Introduction
Acute respiratory distress syndrome (ARDS) is a common condition encountered in the intensive care unit
(ICU), with about 10% of all patients admitted to the ICU developing ARDS [1]. The Extracorporeal Life
Support Organization guideline proposed that extracorporeal membrane oxygenation (ECMO) is an
effective treatment for patients suffering from severe ARDS [2]. Venovenous extracorporeal membrane
oxygenation (VV ECMO) is a rescue therapy used in severe ARDS patients to allow lung protective
mechanical ventilation and provide adequate time for treating the cause of ARDS, thereby permitting lung
healing [3, 4]. However, some ARDS patients require deep sedation during the early phase of admission
[5]. It is worth noting that the primary goal of sedation for patients receiving lung protective ventilation
strategy is to provide comfort and safety [6]. Patients receiving VV ECMO may require higher sedation
compared to ARDS patients without VV ECMO in order to tolerate the invasiveness of the procedure,
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compensate for sedatives consumed by the ECMO circuit itself, and because patients who receive ECMO
tend to be younger and have higher illness severity [4, 7, 8].

Evidence suggests that the desired depth of sedation dictates the sedative choice [9]. For mechanically-
ventilated adults, guidelines recommend analgesia-�rst, and if continuous sedation is required, propofol
is the ideal agent [10]. When patients do not require deep sedation, sevo�urane will induce light-to-deep
sedation [11]. In addition, accumulating evidence has shown that propofol and sevo�urane have anti-
in�ammatory effects [12, 13]. Moreover, a previous study found that the in�ammatory response in
ventilated patients undergoing lung resection was signi�cantly suppressed by sevo�urane than propofol
[14]. Propofol was also shown to inhibit neutrophil and IL-8 responses in a rabbit ARDS model [15].
Ferrando et al. revealed that sevo�urane ameliorated the lung in�ammatory response more than propofol
in ARDS model pigs [16]. However, the effect of these anesthetic agents on the in�ammatory response in
ARDS patients during VV ECMO has not yet been evaluated.

Given the unique physiological characteristics of VV ECMO, the above �ndings of sevo�urane and
propofol in non-VV ECMO patients are not generally applicable to this process. Therefore, this study used
the previously established VV ECMO rat model to explore the anti-in�ammatory response effect of
inhaled sevo�urane and intravenous propofol during VV ECMO. The �ndings provide a valuable
theoretical basis for clinical application.

Methods
All protocols were approved by the Lanzhou University Second Hospital (Lanzhou, Gansu, China) animal
experimental ethics committee (approval number: D2021-020) and were in accordance with the animal
care guidelines of the National Institutes of Health and Animal Research: Reporting of In Vivo
Experiments (ARRIVE) guidelines. All efforts were made to minimize suffering and to reduce the number
of rats used.

Animals 

Experiments were performed in male Sprague-Dawley (SD) rats aged 12 weeks, weighing 350 ± 50g and
purchased from Lanzhou Veterinary Research Institute, Chinese Academy of Sciences (Lanzhou, Gansu,
China). All rats were housed in standard conditions, with a 12-h light/dark cycle, and ad-libitum access to
food and water. Notably, all experiments were performed during the light cycle (from 9:00 am to 5:00 pm).

The experimental protocol

Animals were randomly assigned to two experimental groups (n=12 for each group): sevo�urane (Sevo)
group and propofol (Pro) group. Rats were �rst anesthetized with 1% pentobarbital sodium 50mg/kg
intraperitoneally, followed by �xing on the anatomical operating table in the supine position. Next,
endotracheal intubation with a 16G needle was performed under direct vision and animals were
connected to a rodent ventilator (Shanghai Alcott Biotech Co. Ltd., China). According to a previous study,
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the ventilator parameters were set as follows: tidal volume 6ml/kg, respiratory rate 70-75 breaths/min,
positive end-expiratory pressure (PEEP) 2 cmH2O, and inhalation/exhalation ratio (I:E) 1:2. An electronic
thermometer was placed in the anus to monitor the body temperature, and the temperature of the rats
was maintained at 36±0.5℃ using a heating lamp. Notably, the right femoral artery and vein were
exposed and free under local anesthesia with 1% lidocaine. A 24G intravenous indwelling needle was
punctured into the femoral artery and a monitor was connected for continuous hemodynamic monitoring.
ARDS was then induced by intravenous injection of 100mg/kg oleic acid (OA) (99%, Sigma-Aldrich, USA)
as previously described. The arterial blood gas was measured 1 h after OA injection, and the
PaO2/FiO2≤300 was used as the model standard of ARDS. The VV ECMO rat model was established as
previously reported [17]. After VV ECMO running, Sevo group rats inhaled 2% sevo�urane (Maruishi
Pharmaceutical Co. Ltd., Japan), whereas Pro group rats were infused with 1% propofol 500μg·kg-1·min-1
(Corden Pharma S.P.A., USA). Notably, the whole experiment lasted for 3 h. Figure 1 shows the �ow
diagram of the experimental protocol.

Arterial blood gas analysis (BGA) and collection of bronchoalveolar lavage �uid (BALF) 

Blood was collected from the femoral artery, and BGA was performed at the following three time points:
T0 (baseline), T1 (the time to ARDS), and T2 (after weaning from ECMO for 1 h). At the end of the
experiment, the left hilum was clipped with non-invasive blood vessels, and BALF was performed with 2.0
ml pre-cooled normal saline (0.9%). The lavage was repeated three times, and it was considered
successful if the recovery rate was above 80%. Finally, the total protein content in the BALF was
measured using Bicinchoninic acid (BCA) Protein Quantitation Kit (Solarbio, China) according to the
manufacturer's protocol.

Lung wet/dry ratio (W/D)

Rats were sacri�ced when the experimental period was complete. The left lung was isolated and weighed
immediately (wet weight) after the lung surface liquid was absorbed using an absorbent paper. To obtain
the dry weight, lungs were placed in a 60°C oven for 72 h until a constant weight was achieved. The lung
wet/dry weight ratio was then calculated. 

Hematoxylin-eosin (H&E) staining 

The middle lobe of the left lung was �xed with 4% paraformaldehyde. After �xation and dehydration, the
specimens were embedded in para�n and cut into 5mm-thick sections. Next, sections were stained with
hematoxylin and eosin in accordance with routine procedures of hematoxylin-eosin staining, followed by
observation of the histopathological changes of lungs under a light microscope (Olympus, Japan). Two
pathologists then observed and scored the extent of lung tissue damage using the double-blind method.
The lung tissue was scored according to the following four items: congestion/edema in the alveolar
cavity; lung tissue hemorrhage and thickening; in�ammatory cell in�ltration in the alveolar cavity and
blood vessel cavity; and alveolar wall congestion, edema, thickening, and hyaline membrane form [18].
The scores of the four aspects were added up to form a visual �eld lung injury score: 0 points for no
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pathological changes, 1 point for mild pathological changes, 2 points for moderate pathological changes,
3 points for severe pathological changes, and 4 points for very severe pathological changes. Finally, the
200 alveoli of lung tissue samples were examined at ×400 magni�cation to determine the lung injury
score.

Immunohistochemistry (IHC)

Sections were placed in the 60°C ovens to bake for 60 min. After dewaxing and rehydrating, antigen
retrieval was performed with 10 mM citrate buffer (ZSGB-BIO, China) for 5 min. Next, sections were
incubated with the rabbit anti-rat MPO (1:2000 dilution, Abcam, USA) primary antibody overnight at 4℃.
On the next day, the sections were incubated with the biotinylated sheep anti-rabbit IgG secondary
antibody at room temperature for 20 min, followed by staining with DAB from the SP-POD kit (ZSGB-BIO,
China). Finally, sections were sealed with neutral resin and analyzed under a light microscope (Olympus,
Japan). MPO-positive nuclei were counted in three randomly selected areas per section from each
individual rat, and the percentage of MPO-positive nuclei was calculated for each area.

Enzyme-linked immunosorbent assay (ELISA) 

BALF, serum, and lung specimens were used to evaluate the immunomodulatory function of the sedative.
The cervical venous blood was collected and centrifuged at 3500rpm/min for 15 min at 4℃. The
supernatant was then collected and stored at -80℃ until use. Next, lung tissues were homogenized and
the supernatant was collected for analysis by ELISA. The level of TNF-α and IL-1b in different specimens
was determined using the ELISA kit (Shanghai Enzyme-linked Biotechnology Co. Ltd., China) according to
the manufacturer’s instructions.

Statistical analysis
 All statistical analyses were performed using SPSS statistical software 22.0 (SPSS Inc, Chicago, IL,
USA). Measurement data were expressed as mean ± standard deviation. Repeated measurement analysis
of variance (ANOVA) was used to compare indexes at different time points in the same group, whereas
one-way ANOVA was used to compare indexes at the same time points among different groups. P<0.05
was considered statistically signi�cant.

Results
Sevo�urane improved oxygenation function and stabilized circulation

Table 1 summarizes the blood gas analysis (BGA) and hemodynamic variables at each stage. Results
showed that there were no signi�cant differences between the two groups with regard to pH (P>0.05).
There were signi�cant differences in PaO2, PaCO2, PaO2/FiO2, and MAP in the two groups at the T1 stage
compared to the T0 stage (P<0.05), suggesting successful establishment of the ARDS rat model.
Similarly, there were also signi�cant differences in PaO2, PaCO2, PaO2/FiO2, and MAP between the two
groups in the T2 stage compared to the T1 stage (P<0.05), indicating that VV ECMO was bene�cial to
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ARDS in rats. At the T2 stage, the PaO2 and PaO2/FiO2 between the Sevo and Pro groups were
statistically signi�cant (P<0.05), suggesting that sevo�urane could improve oxygenation.

Table 1
Important physiological parameters of rats at each stage

Main parameter Group T0 T1 T2

pH Sevo 7.292±0.095 7.276±0.049 7.266±0.026

Pro 7.317±0.100 7.267±0.020 7.251±0.034

PaO2 (mmHg) Sevo 164.4±8.0 99.8± 8.3‡ 346.8±9.4∗†

Pro 165.2±8.7 98.4±7.0‡ 312.6±10.4†

PaCO2 (mmHg) Sevo 37.2±6.1 49.2±3.8‡ 44.0±9.0†

Pro 38.2±7.2 48.8±3.8‡ 45.0±8.7†

PaO2/FiO2 Sevo 427.0±10.4 262.6±8.8‡ 383.6±7.9∗†

Pro 428.4±10.5 263.6±5.3‡ 353.4±8.7†

MAP (mmHg) Sevo 111.2±8.4 58.4±3.9‡ 90.0±7.5†

Pro 113.0±8.0 60.0±3.2‡ 81.8±6.3†

∗p<0.05 vs Pro; †p<0.05 vs T1; ‡p<0.05 vs T0

Abbreviations: Sevo: Sevo�urane group; Pro: propofol group; T0: Baseline; T1: The time to ARDS; T2:
Weaning from ECMO for 1h; PaO2: arterial partial pressure of oxygen; PaCO2: arterial partial pressure
of carbon dioxide; PaO2/FiO2: oxygenation index; MAP: mean arterial pressure.

Sevo�urane alleviated lung injury during VV ECMO-assisted ARDS in rats

HE staining revealed the pathological changes of lung tissues in the two groups. The pathologic changes
in the Pro group (Fig. 2a) were evident, and lung tissues showed mild interstitial hyperplasia, moderate
vascular congestion, and moderate in�ammatory cell in�ltration. Results showed that mild pulmonary
interstitial hyperplasia and vasocongestion were scattered in the Sevo group (Fig. 2b), and in�ammatory
cell in�ltration was signi�cantly less than in the Pro group. Fig. 2c shows the lung injury scores. Moreover,
the W/D ratio of the Pro group was signi�cantly increased compared to the Sevo group (P<0.05; Fig. 3a).
With regard to the BALF protein content (Fig. 3b), it was found that the Sevo group could signi�cantly
reduce pulmonary capillary alveolar leakage compared to the Pro group (P<0.001).

Sevo�urane inhibited the release of in�ammatory mediators and decreased neutrophil in�ltration in lung
tissue during VV ECMO-assisted ARDS in rats
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Myeloperoxidase (MPO) staining in lung tissues of the Sevo group and Pro group are shown in Fig. 4. The
positive expression of MPO was signi�cantly lower in the Sevo group compared to the Pro group (P<0.05;
Fig. 4c). Fig. 5 shows the BALF, lung, and serum levels of TNF-α and IL-1β in rats. The levels of TNF-α and
IL-1β in the Pro group were higher than in the Sevo group (P<0.05), indicating that sevo�urane could
relieve in�ammatory responses in ARDS rats.

Discussion
This study found that sevo�urane was signi�cantly better than propofol in improving oxygenation
function and reducing in�ammation during VV ECMO. Evidence suggests that ARDS is one of the most
common complex acute diseases in the clinic, with a fatality rate of about 30% [19]. At present, VV ECMO
is a clinically accepted technique for temporarily supporting ARDS patients who do not respond to
conventional treatment to achieve a "lung rest strategy" [20, 21]. The in�ammatory process in ARDS is
caused by the release of in�ammatory mediators by pulmonary endothelial cells, macrophages, and
neutrophils [22]. During this process, the microvascular barrier of alveolar tissue is destroyed, and
in�ammatory cells from the blood vessels accumulate in the lung tissue [23]. Notably, the hyaline
membrane is formed when in�ammatory cells accumulate, thereby making it di�cult to transfer oxygen
from alveolar tissue to blood vessels [24].

In recent years, several studies have con�rmed that sedative drugs can reduce lung in�ammation during
the sedation of ARDS patients [25, 26]. Sevo�urane is a commonly used inhalation anesthetic whose anti-
in�ammatory properties have been demonstrated in LPS-induced lung injury, whereas propofol is a
commonly used intravenous anesthetic in clinical practice [27]. Studies have revealed that the protective
effect of propofol on lung tissue is associated with oxidative stress and in�ammatory response.
Speci�cally, propofol can scavenge hydroxyl free radicals and H2O2, induce HO-1 expression, and inhibit
the expression of IL-6, TNF-α, and other in�ammatory factors, thereby playing a protective role on organs
[28–30]. This study found that different sedatives produce different anti-in�ammatory effects during VV
ECMO-assisted ARDS, with sevo�urane being signi�cantly superior to propofol.

Furthermore, neutrophils and macrophages were involved in the in�ammatory response of ARDS,
Cytokines such as IL-1β and TNF-α released by macrophages act locally through stimulating activation of
chemotaxis and neutrophils [31]. It should be noted that neutrophils play an essential role in developing
ARDS, and MPO is a marker protein of neutrophils [32]. Herein, results showed that sevo�urane
signi�cantly reduced the in�ltration of pulmonary neutrophils during VV-ECMO-assisted ARDS. Previous
experimental studies have shown that reducing in�ammation of the lungs could improve pulmonary
oxygenation function and pulmonary edema [27]. Our results showed that rats in the sevo�urane
treatment group had less lung tissue pathological damage and lower W/D ratio compared to rats in the
propofol group, suggesting that sevo�urane was superior to propofol in improving the oxygenation
function and hemodynamic stability. It is worth mentioning that the protein concentration in BALF is an
essential indicator of the structural integrity of the alveolar wall [33]. This study found that sevo�urane
signi�cantly reduced the protein concentration in BALF compared to propofol.
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However, this study had the following limitations: (1) the duration of the experiment was 3 h which only
allowed observation of the early auxiliary effect on VV ECMO. Therefore, further studies should be
conducted to explore the long-term effect. (2) We only used blood pressure, heart rate, and other simple
indicators for anesthesia depth monitoring. (3) Although it was found that sevo�urane could improve
oxygenation function and reduce in�ammation, we did not explore the speci�c mechanism of action.
Therefore, our next study will elucidate the underlying mechanism of action.

Conclusions
This study shows that sevo�urane sedation had a superior effect to propofol sedation in reducing lung
injury, and improving lung in�ammation and oxygenation in VV ECMO-assisted ARDS in rats, which laid a
foundation for the subsequent molecular mechanism study.

Abbreviations
VV ECMO: Venovenous extracorporeal membrane oxygenation; OA: oleic acid; ARDS: Acute respiratory
distress syndrome; BALF: bronchial alveolar lavage �uid; BCA: Bicinchoninic acid assay; Sevo:
Sevo�urane; Pro: Propofol; MPO: Myeloperoxidase; MAP: mean arterial pressure; IHC:
immunohistochemistry; ELISA: Enzyme-linked immunosorbent assay; IL-1β: Interleukin 1 beta; TNF-
α:tumor necrosis factor Alpha; SD: Sprague-Dawley; PEEP: positive end-expiratory pressure; BGA: arterial
blood gas analysis; W/D: wet/dry ratio; H&E: Hematoxylin-eosin; ANOVA: Analysis of variance
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Figure 1

Flow diagram showing the experimental protocol. The experiment lasted for 3 h, including 1 h of OA
induced ARDS and 2 h of VV ECMO assisted ARDS. Created with BioRender (https://biorender.com/).

Figure 2

Pathological evaluation of lung tissues. Representative images of lung sections stained with
hematoxylin-eosin (H&E). Scale bars: 200X, 50μm; 400X, 20μm (a, b). The lung injury score of each group
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was graded from 0 (no injury) to 4 (maximum injury) (c). **P<0.01, compared to Sevo group, n=12 in each
group.

Figure 3

The water content in lung tissue was determined using the wet/dry ratio (a). The alveolar capillary barrier
was determined by measuring the total protein content in BALF (b).***P <0.001, compared to Sevo group,
n=12 in each group.
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Figure 4

MPO staining was used to detect neutrophil in�ltration in lung tissue. IHC staining was used to detect
MPO, a marker of neutrophil in lung tissue. Scale bars: 200X, 50μm; 400X, 20μm (a, b). Three �elds were
randomly selected to quantitatively analyze the activity of MPO (c).**P<0.01, compared to Sevo group,
n=12 in each group.
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Figure 5

BALF, lung, and serum levels of TNF-α and IL-1β in each group of rats. The levels of IL-1β and TNF-α were
decreased in BALF, lung, and serum of Sevo group rats compared to the Pro group rats. *P<0.05,
***P<0.001, compared with Sevo group, n=12 in each group.


