
CritiCal Care MediCine

136 July 2021 ANESTHESIOlOGy, V 135   •   NO 1

aBStraCt
Background: Sepsis is one of the leading causes of mortality in intensive 
care units, and sedation in the intensive care unit during sepsis is usually per-
formed intravenously. The inhalative anesthetic sevoflurane has been shown to 
elicit protective effects in various inflammatory studies, but its role in peritonitis- 
induced sepsis remains elusive. The hypothesis was that sevoflurane controls 
the neutrophil infiltration by stabilization of hypoxia-inducible factor 1α and 
elevated adenosine A2B receptor expression.

Methods: In mouse models of zymosan- and fecal-induced peritonitis, male 
mice were anesthetized with sevoflurane (2 volume percent, 30 min) after the 
onset of inflammation. Control animals received the solvent saline. The neu-
trophil counts and adhesion molecules on neutrophils in the peritoneal lavage 
of wild-type, adenosine A2B receptor −/−, and chimeric animals were deter-
mined by flow cytometry 4 h after stimulation. Cytokines and protein release 
were determined in the lavage. Further, the adenosine A2B receptor and its 
transcription factor hypoxia-inducible factor 1α were evaluated by real-time 
polymerase chain reaction and Western blot analysis 4 h after stimulation.

results: Sevoflurane reduced the neutrophil counts in the peritoneal lavage 
(mean ± SD, 25 ± 17 × 105 vs. 12 ± 7 × 105 neutrophils; P = 0.004;  
n = 19/17) by lower expression of various adhesion molecules on neutrophils 
of wild-type animals but not of adenosine A2B receptor −/− animals. The 
cytokines concentration (means ± SD, tumor necrosis factor α [pg/ml], 523 
± 227 vs. 281 ± 101; P = 0.002; n = 9/9) and protein extravasation (mean 
± SD [mg/ml], 1.4 ± 0.3 vs. 0.8 ± 0.4; P = 0.002; n = 12/11) were also 
lower after sevoflurane only in the wild-type mice. Chimeric mice showed the 
required expression of the adenosine A2B receptor on the hematopoietic and 
nonhematopoietic compartments for the protective effects of the anesthetic. 
Sevoflurane induced the expression of hypoxia-inducible factor 1α and ade-
nosine A2B receptor in the intestine, liver, and lung.

Conclusions: Sevoflurane exerts various protective effects in two murine 
peritonitis-induced sepsis models. These protective effects were linked with a 
functional adenosine A2B receptor.
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What We Already Know about This Topic

• Sepsis is a major cause of mortality in critically ill intensive care 
unit patients because of host inflammatory injury.

• Although inhaled sevoflurane is reported to have anti-inflammatory 
effects, its role in laboratory models is not well characterized.

What This Article Tells us That Is New

• In two murine peritonitis-induced sepsis models, sevoflurane 
reduced peritoneal lavage neutrophil counts by lower adhesion 
molecule expression, reduced cytokines, and protein extravasation. 
The mechanism of these reported protective effects was due to 
the expression of hypoxia-inducible factor 1α and adenosine A2B 
receptor in the intestine, liver, and lung.

Sepsis is one of the leading causes of mortality and critical 
illness worldwide. Despite decades of intensive research, 

the underlying mechanisms remain elusive.1 In the early 
stage of sepsis, neutrophils are the first cells of the innate 
immune system to be recruited to the site of infection.2 

These cells are necessary for the clearance of the patho-
gen, but their excessive infiltration into the tissue leads to 
destruction and impairs organ function.3–5

Patients with severe sepsis are treated in the intensive 
care unit (ICU) and require sedation, which is usually 
performed with the intravenous anesthetic propofol. In 
a model of polymicrobial peritonitis, propofol enhanced 
morbidity and mortality in rats.6 Moreover, sevoflurane, a 
volatile anesthetic mainly used in the operation theater, can 
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be applied to ICU units.7 Sevoflurane has been shown to 
elicit protective effects in terms of hepatic ischemia–reper-
fusion injury8 and acute pulmonary inflammation.9–11 In 
a septic model, sevoflurane reduced mortality,12 but the 
underlying mechanism has not been investigated thus far. 
A link between the protective effects of sevoflurane and 
adenosine A2B receptor is supposed.8 Therefore, adenosine 
A2B receptor is known to be crucial in terms of anti-in-
flammatory effects in acute inflammation, influencing 
neutrophil migration and microvascular permeability.13 
Patients in the ICU have been shown to occasionally have 
reduced ligand affinity and distribution of adenosine recep-
tors.14 The aim of our study was to investigate the detailed 
effects of sevoflurane in two peritonitis models and the 
link between the anesthetic and functional adenosine A2B 
receptor with the underlying mechanism. The primary 
goal of our study was to examine the effects of sevoflurane 
on the migratory behavior of neutrophils. The role of the 
hypoxia-inducible factor 1α/adenosine A2B receptor sig-
naling pathway in this context served as a secondary goal. 
We hypothesized that sevoflurane had protective effects 
via hypoxia-inducible factor 1α/adenosine A2B receptor 
signaling. A link between sevoflurane and adenosine A2B 
receptor would allow analyses of the adenosine A2B recep-
tor distribution in patients who would potentially benefit 
from the therapeutic use of sevoflurane in sepsis. Recent 
literature on inflammation has suggested the identification 
of subgroups of patients for a specific therapy.15

Materials and Methods

Animals

We used adenosine A2B receptor gene-deficient mice 
(adenosine A2B receptor −/−) and corresponding wild-
type mice (C57BL/6) from Charles River Laboratories 
(Germany). The mice were male and between 8 and 12 
weeks old. All animal protocols were approved by the 
Animal Care and Use Committee of the University of 
Tübingen (Tübingen, Germany) and the institutional 
animal protection board of the University of Würzburg 
(Würzburg, Germany). The small intestinal submucosal 
scaffold was generated from jejunal explants of piglets as 
described previously.16

Peritonitis Models and Application

All experiments were performed in deeply anesthetized 
mice (xylazine at 100 mg/kg body weight; ketamine at 
10 mg/kg body weight), and all animals bled to death, as 
described previously.17 The mice inhaled sevoflurane in a 
custom-made chamber at 2 volume percent with an addi-
tional oxygen supply for 30 min breathed spontaneously but 
lost consciousness. To detect the optimal time point for the 
administration of anesthetic sevoflurane, we performed a 
time curve. Sevoflurane was applied simultaneously 1 and 
3 h after zymosan (fig. 1A). Because the protective effects 

of the anesthetic were greatest 1 h after zymosan installa-
tion, we chose this time point for all subsequent experi-
ments, including fecal-induced peritonitis experiments as 
described previously.17

In Vivo Migration Assay

Lungs and liver samples were homogenized. Cell counts 
of blood, peritoneal lavage, lungs, and liver samples 
were determined, and the samples were stained with a 
fluorescent antibody mix consisting of CD45 (Becton 
Dickinson, USA), 7/4-fluorescein isothiocyanate (AbD 
Serotec, USA), and Gr-1 (Lymphocyte Culture, USA) to 
detect neutrophils. A detailed description of the gating 
process is described in Supplemental Digital Content 1, 
fig. 1A (http://links.lww.com/ALN/C603). The samples 
were measured with a FACSCanto II flow cytometer 
(Becton Dickinson), and data analysis was performed by 
using FlowJo software (version 7.8.2; Ashland, USA). For 
the analyses of the expression of the adhesion molecules 
on neutrophils, additional staining was carried out with 
CD11a-phycoerythrin, CD11b-phycoerythrin, CD31-
phycoerythrin, CD44-phycoerythrin, CD45-peridinin-
chlorophyll-protein, CD162-phycoerythrin (all from 
Becton Dickinson), and CD54-phycoerythrin (Molecular 
Probes, USA).

Chemokine Release

The release of keratinocyte-derived chemokine, macrophage- 
inflammatory protein-2, tumor necrosis factor α, and inter-
leukin-6 was measured in the peritoneal lavage of mice 
by enzyme-linked immunosorbent assays (R&D Systems, 
USA) according to the manufacturer’s protocol.

Gene Expression

Total RNA was isolated from the murine intestine, lungs, 
and liver by using pegGOLD TriFast (Peqlab, USA). cDNA 
synthesis was performed by using a Bio-Rad iScript kit 
(Bio-Rad, USA) according to the manufacturer’s directions. 
Gene expression of murine adenosine A2B receptor and 
the transcription factor hypoxia-inducible factor 1α was 
evaluated by using the following primers: adenosine A2B 
receptor, 5´-gcattacagacccccaccaa-3´ and 5´-tttatacctgag-
cgggacgc-3´; and hypoxia-inducible factor 1α, 5´-atgttct-
gcccaccctgt-3´ and 5´-gagagcgcggaaaactct-3´. The 18s 
gene served as the housekeeping gene (5´-gtaacccgttgaac-
cccatt-3´ and 5´-ccatccaatcggtagtagcg-3´).

Western Blot

The organs were removed and prepared for Western blot 
analysis 4 h after zymosan administration. Protein concen-
tration was determined according to the standard protocol 
of the protein assay kit (Pierce; Thermo Fisher, USA). After 
the protein concentration was equalized, the samples were 
loaded on sodium dodecyl sulfate–polyacrylamide gels. 
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After the proteins were blotted on polyvinylidene difluo-
ride membranes, anti-adenosine A

2B
-R (H-40; Santa Cruz, 

USA) and anti-hypoxia-inducible factor 1α (ab1; Abcam, 

United Kingdom) were utilized. The rabbit monoclonal 
anti–glyceraldehyde 3-phosphate dehydrogenase antibody 
was used as a housekeeping protein (Santa Cruz).

Fig. 1. Time dependency of the anti-inflammatory effects of sevoflurane. (A) Wild-type animals inhaled sevoflurane simultaneous with the 
induction of inflammation by zymosan or 1 to 3 h afterward. Neutrophil migration was assessed by flow cytometry in the blood, peritoneal 
lavage, liver, and lung (all values n = 6). (B and C) Myeloperoxidase, an enzyme released from activated neutrophils, was determined in peri-
toneal lavage (B; for all values n = 6), and the protein concentration (C) was determined as a marker for capillary leakage (all values n = 6). 
The data are presented as the mean ± SD or as the median and interquartile range. *P < 0.05; **P < 0.01; ***P < 0.001. Statistical analyses 
were performed by one-way ANOVA and Bonferroni test or Kruskal–Wallis test.

Copyright © 2021, the American Society of Anesthesiologists. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/135/1/136/509386/20210700.0-00020.pdf by guest on 20 M
arch 2024



 Anesthesiology 2021; 135:136–50 139

Sevoflurane Dampens Peritonitis-related Sepsis

Ngamsri et al.

Microvascular leakage

Protein extravasation into the peritoneal lavage as a marker 
for capillary leakage was determined 4 h after the onset of 
inflammation by using a bicinchoninic protein assay kit 
according to the standard protocol (Pierce; Thermo Fisher).

Generation of Chimeric Mice

Chimeric mice that expressed adenosine A2B receptor 
on either hematopoietic (adenosine A2B receptor blood) 
or nonhematopoietic cells (adenosine A2B receptor tis-
sue) were generated by transferring bone marrow between 
wild-type and adenosine A2B receptor −/− mice as previ-
ously described.18

Immunohistochemical Neutrophil Detection

With a Vectastain ABC kit, neutrophil accumulation in the 
intestine, lung, and liver tissue was visualized by immuno-
histochemistry (Vector Laboratories, Germany) as previ-
ously described.17 Tissue slides were processed with a Leitz 
DM IRB microscope (Leica, Germany) and analyzed with 
AxioVision, version 4.8.2 (Carl Zeiss, Germany).

In Vitro Neutrophil Migration

We performed an in vitro transmigration assay of human 
neutrophils through a monolayer of CaCo-2 cells (ATCC 
HTB-37, USA). Human epithelial cells were cultivated on 
inserts of a Transwell system (Costar, USA) until reaching 
confluence. Epithelial cells were seeded on the bottom 
side of the inserts so that cells migrated—comparable to 
the in vivo migration—from the basolateral side through 
the epithelial monolayer. Neutrophils from whole human 
blood were isolated. The cells were treated with sevoflu-
rane vaporization of 2 volume percent continuously in a 
custom-made chamber for 30 min. Neutrophil migration 
through a monolayer of epithelial cells was initiated by the 
chemoattractant formyl-methionyl-leucyl-phenylalanine 
(20 ng/ml; Sigma-Aldrich, USA). After 1 h, migrated neu-
trophils in the lower chamber were quantified by the deter-
mination of myeloperoxidase (absorption length, 405 nm).

To verify our in vivo findings, we evaluated the effects of 
sevoflurane after adenosine A2B receptor inhibition with 
a specific antagonist, PSB1115 (Sigma–Aldrich). Human 
neutrophils and CaCo-2 cells were pretreated with the 
adenosine A2B receptor antagonist, and neutrophils were 
applied to the inserts. Neutrophil transmigration through 
the basolateral side of the intestinal epithelial monolayer 
was initiated by formyl-methionyl-leucyl-phenylalanine. To 
test our hypothesis that the protective effects of sevoflurane 
treatment depend on adenosine A2B receptor/hypoxia- 
inducible factor 1α signaling, we additionally depleted ade-
nosine A2B receptor by small interfering RNA (20 nm; 
OriGene, USA) and evaluated the effects of overexpression 
of adenosine A2B receptor by a human cDNA plasmid 

(4 µg; OriGene). The effects of hypoxia-inducible factor 
1α depletion on neutrophil migration were determined 
by human small interfering RNA hypoxia-inducible fac-
tor 1α (Santa Cruz). Nontargeting small interfering RNA 
(OriGene) and small interfering RNA control (Santa Cruz) 
were used as controls.

Furthermore, we used an advanced model of the human 
intestinal barrier to study the effects of sevoflurane on neu-
trophil transmigration. This model is based on a porcine 
decellularized small intestinal submucosal scaffold. In this 
biologic scaffold, the architecture of the intestinal extracel-
lular matrix is preserved. Human intestinal epithelial cells 
(CaCo-2) were cultured on the bottom side of the scaf-
fold as described previously.19 Confluence was controlled 
by the permeability of fluorescein-dextran. Compared to 
Transwell-based models, in which neutrophils migrate 
through synthetic pores, neutrophils have to migrate through 
the extracellular matrix mostly composed of collagen and 
elastin, which mimics the situation in vivo. The inflamma-
tion-induced effects of formyl-methionyl-leucyl-phenylal-
anine on the accumulation of intracellular cyclic adenosine 
monophosphate (cAMP) in human epithelial intestinal 
cells were investigated by enzyme-linked immunosorbent 
assays following the manufacturer’s instructions (Enzo 
Biosciences, Germany).

Statistical Analysis

Continuous variables are reported as the mean ± SD or 
median and interquartile range according to their distribu-
tion. The distribution was evaluated by investigating kur-
tosis, skewness, Q-Q plots, and histograms. The required 
number of animals needed for the experiments was based 
on our previous experience with this design. No a priori 
statistical power calculation was conducted. For all the ani-
mal experiments, the mice were randomly assigned to the 
groups and used in alternating sequential order, and experi-
ments were performed at the same time point. Additionally, 
blinding of the experimenters took place in the animal 
experiments to avoid subjective bias. There were no miss-
ing data, and all animals were included in further analy-
ses. However, in some in vitro experiments, sample sizes 
were adapted according to the observed effect strengths 
and based on previous experiences. No P value adjust-
ments were made for these interim analyses of the data. 
Independent-sample t tests were used to compare numer-
ical variables that were approximately normally distrib-
uted, whereas Mann–Whitney tests were used to evaluate 
skewed variables. For comparisons between more than two 
groups, one-way ANOVA was performed and adjusted by 
Bonferroni correction for multiple comparisons. Residuals 
were inspected; in the case of severe deviation from a nor-
mal distribution even after log transformation, nonparamet-
ric methods were used (Kruskal–Wallis test). All statistical 
tests were two-tailed, and the significance level was set at 
P ≤ 0.05 (corrected for multiple testing). Statistical analysis 
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was performed using GraphPad Prism version 8.4.2 for 
Windows (GraphPad Software, USA).

results

Time-dependent Anti-inflammatory Effects of 
Sevoflurane

We determined neutrophil accumulation in the circula-
tion, peritoneal lavage, and liver and lung tissue 4 h after 
zymosan-induced peritonitis by flow cytometry (fig.  1A; 
Supplemental Digital Content 2, table 1A, http://links.lww.
com/ALN/C604). The anesthetic sevoflurane was applied 
simultaneously with the induction of peritonitis and 1 and 
3 h after zymosan administration. In the circulation, neu-
trophilia was similar to baseline neutrophil counts without 
inflammation after the application of sevoflurane simulta-
neously with and 1 h after the induction of inflammation. 
In the peritoneal lavage, neutrophil influx was lower 1 h 
after zymosan administration. At this time point, a reduc-
tion in neutrophil migration into the liver and lung was 
also observed. To verify our findings, we determined myelo- 
peroxidase, which is an enzyme released upon neutrophil 
activation and is associated with leukocyte activity, in the 
peritoneal lavage (fig. 1B; Supplemental Digital Content 2,  
table 1B, http://links.lww.com/ALN/C604). In accordance 
with our flow-cytometric findings, myeloperoxidase was 
reduced 1 and 3 h after zymosan. The application of sevo-
flurane diminished the microvascular permeability when 
the anesthetic was applied 1 h after inflammation (fig. 1C; 
Supplemental Digital Content 2, table 1C, http://links.
lww.com/ALN/C604). For all subsequent experiments, 
we chose sevoflurane application 1 h after the induction of 
zymosan.

The Protective Effects of Sevoflurane Depend on 
Functional Adenosine A2B Receptor Signaling

Zymosan-induced peritonitis was induced in wild-type 
and adenosine A2B receptor −/− animals, and the effects 
of sevoflurane on neutrophil migration were evaluated. 
Confirming our previous results and demonstrating repro-
ducibility, the application of the anesthetic reduced neu-
trophil accumulation in the circulation and neutrophil 
migration into the peritoneal lavage and lung and liver tis-
sues in the wild-type animals. This effect was not observed 
in the adenosine A2B receptor −/− animals (fig.  2A; 
Supplemental Digital Content 3, table 2A, http://links.lww.
com/ALN/C605). To visualize the effects of sevoflurane on 
neutrophil migration, we performed immunohistochem-
ical detection of neutrophils in all three organs (fig.  2B). 
Neutrophils were marked with a specific antibody so that 
they appeared brown in the tissue. Sevoflurane reduced the 
detected neutrophils in the lung, liver, and intestine in the 
wild-type animals but had no effect on neutrophil influx 
into the organs of the adenosine A2B receptor −/− animals. 

The concentration of myeloperoxidase affirmed this finding 
with a reduction after sevoflurane in the wild-type mice and 
no effect in the adenosine A2B receptor −/− mice (fig. 2C; 
Supplemental Digital Content 3, table 2B, http://links.lww.
com/ALN/C605). Capillary leakage was also lower in the 
wild-type mice after the inhalation of sevoflurane (fig. 2D; 
Supplemental Digital Content 3, table 2C, http://links.
lww.com/ALN/C605). The anesthetic failed to influence 
microvascular permeability in the adenosine A2B receptor 
−/− animals.

Because the release of cytokines triggers neutrophil 
migration, we determined the concentration of the two 
main neutrophil chemoattractants in the mice in peritoneal 
lavage: keratinocyte-derived chemokine and macrophage- 
inflammatory protein-2, which resemble human inter-
leukin-8. Both chemoattractants were lower in the wild-
type animals after sevoflurane administration (fig.  2E; 
Supplemental Digital Content 3, table 2D, http://links.
lww.com/ALN/C605). In addition, the cytokines tumor 
necrosis factor α and interleukin-6 were diminished by 
the administration of sevoflurane in the wild-type animals. 
Confirming our previous finding, sevoflurane had no effects 
in the adenosine A2B receptor −/− animals in this setting.

To increase the clinical impact of our study, we eval-
uated the effects of sevoflurane in a fecal-induced model 
of peritonitis. The application of the anesthetic 1 h after 
inflammation reduced neutrophil migration into the 
peritoneal lavage and both organs (fig.  2F; Supplemental 
Digital Content 3, table 2E, http://links.lww.com/ALN/
C605). This finding was confirmed by the determination 
of myeloperoxidase (fig. 2G; Supplemental Digital Content 
3, table 2F, http://links.lww.com/ALN/C605), where sevo-
flurane also reduced the release. Microvascular permeability 
was also lower after the animals inhaled sevoflurane, high-
lighting the protective properties of sevoflurane in sepsis 
(fig. 2H; Supplemental Digital Content 3, table 2G, http://
links.lww.com/ALN/C605).

The Influence of Sevoflurane on Adhesion Molecules on 
Neutrophils

We determined the expression of specific adhesion mole-
cules on neutrophils. The investigated adhesion molecules 
all play distinct roles in the different steps of neutrophil 
migration, and the expression patterns change during 
migration.20

We investigated the expression of CD44, CD31, CD162, 
CD54, CD11b, and CD11a. Sevoflurane diminished the 
expression of CD44 and CD31 on intravascular neu-
trophils in the wild-type animals (fig.  3A; Supplemental 
Digital Content 4, table 3A, http://links.lww.com/ALN/
C606). In these animals, neutrophils in the peritoneal 
lavage showed lower expression of CD162, CD54, CD44, 
and CD31 on their surfaces after inhalation of sevoflurane 
(fig. 3B; Supplemental Digital Content 4, table 3B, http://
links.lww.com/ALN/C606). In the livers of the wild-type 
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Fig. 2. Influence of the therapeutic use of sevoflurane on neutrophil migration and cytokine release in wild-type and adenosine A2B receptor 
knockout mice. (A) Neutrophil accumulation into the indicated compartments was assessed in the wild-type and adenosine A2B receptor −/− 
mice after zymosan-induced peritonitis (blood: n = 15/17/13/13; lavage: n = 19/17/10/9; liver: n = 13/19/17/13; and lung: n = 14/12/12/15). 
(B) Histologic slides of the lung, liver, and intestine were taken (one slide for each tissue from each animal; n = 4 mice), and neutrophils are 
marked with a specific antibody, appear brown, and are additionally marked with arrows. The left column of slides received only zymosan, 
whereas the right column additionally obtained sevoflurane. The asterisk represents a vein. (C) Myeloperoxidase (n = 9/8/8/9) and (D) protein 
concentrations were determined in peritoneal lavage (n = 12/11/12/10). (E) Zymosan-induced release of the cytokines keratinocyte-derived 
chemokine (n = 9/10/12/10), macrophage-inflammatory protein (n = 8/11/10/12), tumor necrosis factor α (n = 9/9/13/11), and interleu-
kin-6 (n = 14/12/12/15) was determined by enzyme-linked immunosorbent assays. (F) Inflammation was induced by fecal injection, and the 
migration of neutrophils into the peritoneal lavage (n = 8/8), liver (n = 8/8), and lung (n = 8/8) was determined. (G and H) Myeloperoxidase 
(G; n = 11/8) and protein (H) concentrations were measured in peritoneal lavage (n = 8/8). The data are presented as the mean ± SD or as 
the median and interquartile range. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Statistical analyses were performed by one-way 
ANOVA and Bonferroni test and two-group analyses by unpaired t tests or Mann–Whitney tests.
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Fig. 3. Influence of sevoflurane on the expression of adhesion molecules on neutrophils. Wild-type and adenosine A2B receptor −/− mice 
were treated with zymosan and sevoflurane, and the surface expression of CD31 (platelet endothelial cell adhesion molecule; pecam-1), 
CD44 (homing cell adhesion molecule; HCAM), CD162 (p-selectin glycoprotein ligand-1; PSGl-1), CD54 (intercellular adhesion molecule 
1; ICAM-1), CD11b (macrophage-1 antigen; MAC-1), and CD11a (lymphocyte function-associated antigen 1; lFA-1) on neutrophils was 
assessed (n ≥ 8). Sevoflurane-induced differences in the adhesion molecules on neutrophils in the blood (A, CD44: wild-type: n = 8/11; ade-
nosine A2B receptor −/−: n = 8/9; CD31: wild-type: n = 10/8; adenosine A2B receptor −/−: n = 9/8), peritoneal lavage (B, CD162: wild-type: 
n = 9/9; adenosine A2B receptor −/−: n = 8/7; CD54: wild-type: n = 8/7; adenosine A2B receptor −/−: n = 8/8; CD44: wild-type: n = 8/10; 
adenosine A2B receptor −/−: n = 8/8; CD31: wild-type: n = 9/8; adenosine A2B receptor −/−: n = 8/8), liver (C, CD162: wild-type: n = 8/8; 
adenosine A2B receptor −/−: n = 8/7; CD54: wild-type: n = 8/8; adenosine A2B receptor −/−: n = 7/7; CD44: wild-type: n = 8/8; adenosine 
A2B receptor −/−: n = 8/7; CD31: wild-type: n = 9/8; adenosine A2B receptor −/−: n = 8/8; CD11a: wild-type: n = 9/8; adenosine A2B recep-
tor −/−: n = 8/8; CD31: wild-type: n = 8/8; adenosine A2B receptor −/−: n = 8/7), and lung (D, CD11a: wild-type: n = 8/8; adenosine A2B 
receptor −/−: n = 8/7; CD31: wild-type: n = 8/8; adenosine A2B receptor −/−: n = 8/8) were determined. The data are presented as the mean 
± SD. *P < 0.05; **P < 0.01; ***P < 0.001. Statistical analyses were performed by one-way ANOVA and Bonferroni test or Kruskal–Wallis test.
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animals, CD162, CD54, CD44, CD31, CD11a, and CD11b 
were reduced on neutrophils (fig. 3C; Supplemental Digital 
Content 4, table 3C, http://links.lww.com/ALN/C606). 
In the lung, an effect of sevoflurane on the expression of 
CD11b and CD11a was detectable (fig. 3D; Supplemental 
Digital Content 4, table 3D, http://links.lww.com/ALN/
C606). According to our finding that the effect of sevo-
flurane depends on functional adenosine A2B receptor, the 
expression of adhesion molecules on neutrophils was not 
affected in the adenosine A2B receptor −/− animals.

Sevoflurane Increases the Expression of Adenosine A2B 
Receptor and Hypoxia-inducible Factor 1α during Acute 
Peritonitis

Next, we investigated the impact of sevoflurane on the 
expression of adenosine A2B receptor. The gene expression 
of adenosine A2B receptor in the intestine, liver, and lung 
was greater after the application of sevoflurane (fig.  4A; 
Supplemental Digital Content 5, table 4A, http://links.lww.
com/ALN/C607). Western blots confirmed these results at 
the protein concentration (fig.  4B; Supplemental Digital 
Content 6, fig. 2A, http://links.lww.com/ALN/C608; 
Supplemental Digital Content 5, table 4B, http://links.
lww.com/ALN/C607). Under inflammatory conditions, 
hypoxia-inducible factor 1α has been shown to be a tran-
scription factor of adenosine A2B receptor. We investigated 
the impact of sevoflurane on this transcription factor in our 
setting (fig. 4C; Supplemental Digital Content 5, table 4C, 
http://links.lww.com/ALN/C607). The therapeutic use 
of sevoflurane enhanced the gene and protein expression 
of hypoxia-inducible factor 1α in all three organs (fig. 4D; 
Supplemental Digital Content 6, fig. 2B, http://links.lww.
com/ALN/C608; Supplemental Digital Content 5, table 
4D, http://links.lww.com/ALN/C607), explaining our 
findings on the impact of sevoflurane on adenosine A2B 
receptor.

The Role of Adenosine A2B Receptor in Hematopoietic 
and Nonhematopoietic Tissue

To investigate whether adenosine A2B receptor on hema-
topoietic or nonhematopoietic cells is crucial for the pro-
tective effects of sevoflurane, we determined the effects on 
neutrophil migration in chimeric mice (fig. 5A). Adenosine 
A2B receptor expression in the different tissues of the chi-
meric mice was confirmed by real-time polymerase chain 
reaction (Supplemental Digital Content 1, fig. 1B, http://
links.lww.com/ALN/C603). Neutrophil influx was deter-
mined in the lavage, liver, and lung samples of the chimeric 
mice (fig. 5A), in which sevoflurane did not show any pro-
tective effects. The anesthetic had no effect on the release 
of myeloperoxidase in either chimeric mouse (fig. 5B). In 
addition, a functional adenosine A2B receptor was neces-
sary in both compartments to prevent capillary leakage by 
sevoflurane (fig. 5C).

The Protective Effects of Sevoflurane In Vitro Depend on 
a Functional Adenosine A2B Receptor

To further verify our in vivo findings, we determined the 
effect of sevoflurane on the migration of human neutro-
phils through a monolayer of human intestinal epithelium 
in a Transwell system in vitro. Migration was reduced by 
the anesthetic, and the blockade of adenosine A2B recep-
tor by a specific antagonist reversed this finding (fig. 6A; 
Supplemental Digital Content 5, table 4E, http://links.
lww.com/ALN/C607). The elevation of adenosine A2B 
receptor expression by a plasmid did not show a synergis-
tic effect when it was combined with sevoflurane in terms 
of neutrophil migration through an epithelial monolayer 
(fig. 6B; Supplemental Digital Content 5, table 4F, http://
links.lww.com/ALN/C607). Adenosine A2B receptor 
depletion by small interfering RNA abolished the pro-
tective effects of the anesthetic on neutrophil migration 
(fig. 6C; Supplemental Digital Content 5, table 4G, http://
links.lww.com/ALN/C607), further confirming our in 
vivo results. The impact of sevoflurane on the migration 
of human neutrophils through intestinal tissue was fur-
ther investigated by the use of a three-dimensional human 
intestinal tissue model based on porcine decellularized 
small intestinal submucosal scaffolds.19 This migration 
was again lowered by sevoflurane (fig. 6D; Supplemental 
Digital Content 5, table 4H, http://links.lww.com/ALN/
C607).

We determined the impact of sevoflurane on the release 
of the intracellular signaling protein cAMP, a component of 
the downstream signaling pathway of adenosine A2B recep-
tor. The anesthetic elevated the release of cAMP, further 
confirming our in vivo findings on the impact of sevoflu-
rane on the expression of adenosine A2B receptor (fig. 6E; 
Supplemental Digital Content 5, table 4I, http://links.lww.
com/ALN/C607).

After depletion of the transcription factor hypoxia- 
inducible factor 1α by small interfering RNA, a Transwell 
migration assay of human neutrophils through a monolayer 
of human intestinal cells was performed. Hypoxia-inducible 
factor 1α depletion abolished the anti-inflammatory effects 
of sevoflurane on neutrophil migration (fig.  6, F and G; 
Supplemental Digital Content 5, tables 4J and 4K, http://
links.lww.com/ALN/C607). A schematic overview of the 
effects of the anesthetic in our model of acute inflammation 
is shown (fig. 6H).

discussion
We investigated the detailed effect of anesthetic sevoflurane 
in the acute phase of zymosan- and polymicrobial-induced 
peritonitis. We detected reduced neutrophil migration into 
the peritoneal lavage, liver, and lung with altered expression 
of adhesion molecules on neutrophils and anti-inflammatory  
effects of the therapeutic use of sevoflurane on microvascu-
lar permeability.

Copyright © 2021, the American Society of Anesthesiologists. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/135/1/136/509386/20210700.0-00020.pdf by guest on 20 M
arch 2024

http://links.lww.com/ALN/C606
http://links.lww.com/ALN/C606
http://links.lww.com/ALN/C606
http://links.lww.com/ALN/C607
http://links.lww.com/ALN/C607
http://links.lww.com/ALN/C608
http://links.lww.com/ALN/C607
http://links.lww.com/ALN/C607
http://links.lww.com/ALN/C607
http://links.lww.com/ALN/C608
http://links.lww.com/ALN/C608
http://links.lww.com/ALN/C607
http://links.lww.com/ALN/C603
http://links.lww.com/ALN/C603
http://links.lww.com/ALN/C607
http://links.lww.com/ALN/C607
http://links.lww.com/ALN/C607
http://links.lww.com/ALN/C607
http://links.lww.com/ALN/C607
http://links.lww.com/ALN/C607
http://links.lww.com/ALN/C607
http://links.lww.com/ALN/C607
http://links.lww.com/ALN/C607
http://links.lww.com/ALN/C607
http://links.lww.com/ALN/C607
http://links.lww.com/ALN/C607


144 Anesthesiology 2021; 135:136–50 Ngamsri et al.

CRITICAL CARE MEDICINE

Fig. 4. Sevoflurane increased adenosine A2B receptor and hypoxia-inducible factor 1α expression during acute peritoneal inflammation. 
(A and B) All wild-type animals had zymosan-induced peritonitis, and the influence of sevoflurane on the gene (A, interstine: n = 30/30; 
liver: n = 30/23; lung: n = 30/24) and protein expression (B, interstine: n = 2/2; liver: n = 2/2; lung: n = 2/2) of adenosine A2B receptor 
was determined. (C and D) The effects of sevoflurane on hypoxia-inducible factor 1α gene (C, interstine: n = 10/7; liver: n = 10/7; lung: 
n = 11/9) and protein expression (D, interstine: n = 3/2; liver: n = 4/3; lung: n = 4/4) in the intestine, liver, and lung tissue of wild-type 
animals were evaluated by real-time polymerase chain reaction and Western blots. Glycerinaldehyde-3-phosphate dehydrogenase served 
as control protein. The data are presented as the mean ± SD or as the median and interquartile range. *P < 0.05; **P < 0.01; ***P < 0.001. 
Statistical analyses were performed by unpaired t tests or Mann–Whitney tests.
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In a model of cecal ligation and puncture, the inha-
lation of sevoflurane and the intravenous application of 
the primary sevoflurane metabolite improved survival 
and reduced tissue damage. Cellular infiltration, histol-
ogy, or capillary leakage was not assessed in this study.12 
Lucchinetti et al.21 investigated the effects of sevoflurane 
in a model of ischemia–reperfusion injury. The authors 
detected a downregulation of CD11b, which is consid-
ered an activation marker of leukocytes, on neutrophils. 
Similarly, in the current study, the expression of CD11b 
on neutrophils was reduced in both organs—liver and 
lung. We detected a significant reduction in adhesion 
molecules on neutrophils in all investigated compartments 
and organs (circulation, peritoneal lavage, liver, and lung 
tissue) in the wild-type animals after sevoflurane treat-
ment, indicating the pivotal effect of the anesthetic on 
neutrophils. Because peritonitis and subsequent sepsis are 
major problems in ICUs, we tried to increase the clinical 
impact of our study by administering sevoflurane after the 

onset of inflammation so that the anesthetic was used as 
a therapeutic.

Extracellular adenosine signaling has anti-inflammatory  
functions in the acute phase of diverse diseases, such as 
acute lung injury and intestinal inflammation.22 During 
inflammation, extracellular adenosine predominantly stems 
from the breakdown of precursor nucleotides such as ade-
nosine triphosphate.23 Experimental data showed that a 
reduced extracellular adenosine concentration exacerbated 
the inflammatory response during acute pulmonary inflam-
mation.24 Patients in ICUs may have altered adenosine 
receptor expression or ligand affinity.14,25 Additional stud-
ies on these adenosine receptors in diverse clinical settings 
are needed to further define their exact role, expression, 
and function in different states of inflammation and critical 
illnesses. The findings of this study may provide a molecu-
lar link between the protective effects of sevoflurane and 
functional adenosine A2B receptor during peritonitis- 
induced sepsis. Similarly, Kiers et al.26 observed an increased 

Fig. 5. The expression of adenosine A2B receptor on hematopoietic and nonhematopoietic cells is necessary for the anti-inflammatory 
effects of sevoflurane. (A) Chimeric mice with adenosine A2B receptor only on nonhematopoietic cells were generated by transplanting bone 
marrow from adenosine A2B receptor −/− mice to wild-type mice (adenosine A2B receptor-tissue); chimeric mice with adenosine A2B recep-
tor only on hematopoietic cells were received by transplanting bone marrow from wild-type to adenosine A2B receptor −/− mice (adenosine 
A2B receptor-blood). Inflammation was induced by zymosan, and the migration of neutrophils into the peritoneal lavage, liver, and lung was 
determined (all values n = 6). (B and C) Myeloperoxidase (B, all values n = 6) and protein concentrations (C, all values n = 6) were measured 
in peritoneal lavage. The data are presented as the mean ± SD, *P < 0.05; **P < 0.01; ***P < 0.001. Statistical analyses were performed by 
one-way ANOVA and Bonferroni test.
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Fig. 6. In vitro effects of sevoflurane on human neutrophils. (A) Human neutrophils were isolated and treated with sevoflurane with a specific ade-
nosine A2B receptor antagonist (PSB1115), and migration through a monolayer of human intestinal epithelial cells (CaCo-2; n = 4/6/4/4) initiated 
by the chemoattractant formyl-methionyl-leucyl-phenylalanine was assessed. (B and C) In vitro migration of human neutrophils was performed 
after upregulation of adenosine A2B receptor with a plasmid (B, n = 4/4/6) and after adenosine A2B receptor depletion by small interfering RNA (C, 
n = 4/4/6). (D) The effects of sevoflurane on neutrophil migration through a three-dimensional tissue model based on small intestinal submucosal 
scaffolds were assessed (n = 2 control group; n = 4 treatment groups). The number of control groups without inflammation was kept low, because 
we focused on the inflammatory groups. (E) The concentration of the intracellular signaling protein cyclic adenosine monophosphate (cAMP) after 
sevoflurane treatment in human intestinal epithelial cells was evaluated by enzyme-linked immunosorbent assays (n = 6/6). (F and G) Furthermore, 
we detected the effects of the anesthetic on neutrophil migration after the depletion of hypoxia-inducible factor 1α by small interfering RNA  
(F, n = 4/6/4) and the control small interfering RNA (G, n = 4/6/7). The data are presented as the mean ± SD or as the median and interquartile 
range. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Statistical analyses were performed by one-way ANOVA and Bonferroni test and 
Kruskal–Wallis test. Data from two-group analyses were derived from unpaired data by t tests or Mann–Whitney tests. (H) Schematic overview 
of the effects of sevoflurane on hypoxia-inducible factor 1α and adenosine A2B receptor expression during acute inflammation.
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extracellular adenosine concentration, reduced endotox-
in-related inflammation, and augmented adenosine A2B 
receptor expression in a murine model of short-term 
hypoxia. The authors added experiments with healthy vol-
unteers in an endotoxemia analysis, in which short-term 
hypoxia also elevated adenosine expression and reduced 
inflammatory cytokine concentrations. Therefore, inflam-
mation is linked with hypoxemic conditions.27 In humans, 
sevoflurane has been shown to reduce cytokine expression 
during lung resection and cardiopulmonary bypass surger-
ies.28,29 For a few years, sevoflurane has been available for 
application in ICUs by using the AnaConDa device. Jerath 
et al.30 indicated in their meta-analysis that sevoflurane may 
promote faster weaning and extubation of ICU patients, 
showing beneficial aspects for the use of this anesthetic in 
the ICU.

Adenosine A2B receptor is well known to be protective 
in terms of acute lung inflammation and liver ischemia.8,18,31 
In cecal ligation and puncture-induced peritonitis, the loss 
of adenosine A2B receptor enhanced chemokine release 
and dampened survival.13 Inflammation increases the 
expression of adenosine A2B receptor, most likely as part 
of natural defense mechanisms, but an increase in adenos-
ine A2B receptor stimulation by a specific agonist damp-
ens acute inflammation even further.18,32,33 Furthermore, 
it seems that the activation of adenosine A2B receptor on 
regulatory T cells can induce protective effects during acute 
inflammation.34 Specific inhibition of equilibrative nucle-
oside receptor 2, a cellular adenosine transporter, reduced 
the uptake of adenosine and raised adenosine expression, 
which induced protective effects during acute pulmonary 
inflammation through adenosine A2B receptor.35

Various experimental studies in mice have shown that 
BAY60-6583, the most examined activator of adenosine 
A2B receptor, has protective effects in different models 
of inflammation.36,37 Unfortunately, to the best of our 
knowledge, there are no clinical data available.38 Adenosine 
itself has a short half-life and undesirable side effects, 
such as atrial fibrillation.39 In contrast, various hypoxia- 
inducible factor–prolyl hydroxylase inhibitors, which 
prevent the degradation of hypoxia-inducible factor and 
induce a transient increase in hypoxia-inducible factor– 
related genes, exist. These hypoxia-inducible factor–prolyl 
hydroxylase inhibitors are currently under investigation in 
clinical trials. Elevated hypoxia-inducible factor–related 
genes can increase renal erythropoietin. In chronic kidney 
disease–related anemia, hypoxia-inducible factor inhibi-
tors were used and successfully passed phase 3 of clinical 
development.40,41

The inflammatory process is linked with hypoxia and 
hypoxic mechanisms.27 In inflammatory colitis, hypoxia- 
inducible factor 1α was elevated,42 and the mucosa became 
hypoxic.43 Hypoxia-inducible factor 2α, an immunomod-
ulatory isoform of the transcription factor, demonstrated 
cardioprotective effects in a cardiac ischemia–reperfusion 

model.44 To the best of our knowledge, there is no connec-
tion between hypoxia-inducible factor 2α and adenosine 
A2B receptor signaling. Therefore, we focused our exper-
iments on hypoxia-inducible factor 1α/adenosine A2B 
receptor signaling.

Our findings detected a link between sevoflurane and 
hypoxia-inducible factor 1α/adenosine A2B receptor sig-
naling, but the possible direct mechanism remains elu-
sive. In a recently published study, sevoflurane reduced 
the immune response by decreasing cytokine expres-
sion via elevated activation of signal transducer and 
activator of transcription 3 signaling in a hepatic ischemia– 
reperfusion model in rats.45 Signal transducer and activa-
tor of transcription 3 is involved in inflammation-induced 
hypoxia-inducible factor 1α gene expression.46 Based on 
these studies and our findings, it is tempting to speculate 
that sevoflurane induced elevated gene expression and sta-
bilization of hypoxia-inducible factor 1α, providing the 
observed beneficial effects during peritonitis-related sepsis 
via activation of signal transducer and activator of transcrip-
tion 3 signaling. Further studies are needed to prove exactly 
how the anesthetic sevoflurane contributes to the stabiliza-
tion of hypoxia-inducible factor 1α.

In this study, we utilized only male mice, and this study 
did not highlight possible sex-specific differences. As lim-
itations of our study, the potential effects of the other ade-
nosine receptors, adenosine A1 receptor, adenosine A2A 
receptor, and adenosine A3 receptor, were not considered. 
Furthermore, it would be interesting to investigate the 
effects of sevoflurane on the activation and stabilization of 
hypoxia-inducible factor 2α in future projects.

Conclusions

The presented results demonstrate a protective role of the 
anesthetic sevoflurane in two murine peritonitis-induced 
sepsis models. Sevoflurane reduced the release of inflam-
matory cytokines, neutrophil migration, and protein release 
in two different peritonitis models. Functional adenosine 
A2B receptor and hypoxia-inducible factor 1α appear to be 
involved in these effects. Although the exact mechanism of 
sevoflurane in mitigating inflammation related to sepsis is 
still not understood, these findings further support the idea 
that clinical sevoflurane administration should be consid-
ered for sepsis and systemic inflammation.
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aneStHeSiOlOGY reFleCtiOnS FrOM tHe WOOd liBrarY-MUSeUM

Hanaoka Style: A Blend of East and West That’s Off 
the Hook

Seishu Hanaoka (1760 to 1835), a prominent Japanese physician, famously demonstrated his ingenuity when 
treating a boy with an errant fishhook (lower right) lodged in his throat. Unlike his medical peers, Hanaoka 
avoided tugging on the fishline dangling from the patient’s mouth. Instead, by stringing abacus beads onto 
the line, Hanaoka created a beaded rod to advance the hook and dislodge it from traumatized tissue. Most 
contemporary Japanese physicians practiced traditional medicine, kanpo, which used herbs to treat disharmony. 
So-called “Hanaoka Style” blended kanpo with rangaku, or Western medicine, which emphasized the assess-
ment of organs to discern the cause of illness. As in the fishhook incident, the brilliant Hanaoka always taught 
his students to individualize patient therapy to alleviate suffering. In 1804, he would administer the world’s 
first recorded general anesthetic by mixing the plants monkshood and moonflower to make Mafutsusan. In this 
herbal preparation, aconitine from monkshood potentiated the sedative effect of moonflower, an anticholiner-
gic. Once again, Seishu Hanaoka reimagined existing medical knowledge with his signature style. (Copyright 
© the American Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology.)
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