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Abstract

Background: Although immunomodulatory effects of anesthetics have been increasingly 

recognized, their underlying molecular mechanisms are not completely understood. Toll-like 

receptors (TLRs) are one of major receptors to recognize invading pathogens and danger signals 

from damaged host tissues to initiate immune responses. Among TLR family, TLR2 and TLR4 

recognize a wide range of ligands and are considered to be important players in perioperative 
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pathophysiology. Based on our recent finding that volatile anesthetics modulate TLR4 function, 

we tested our hypothesis that they would also modulate TLR2 function.

Methods: The effect of anesthetics isoflurane, sevoflurane, propofol and dexmedetomidine on 

TLR2 activation was examined by reporter assays. An anesthetic that affected the activation was 

subjected to in silico rigid docking simulation on TLR2. To test our prediction that sevoflurane and 

a TLR1/TLR2 ligand Pam3CSK4 would compete for the same pocket of TLR2, we performed 

Pam3CSK4 competitive binding assay to TLR2 using HEK cells stably transfected with TLR2 

(HEK-TLR2) with or without sevoflurane. We examined the effect of different anesthetics on the 

functions of human neutrophils stimulated with TLR2 ligands. Kruskal-Wallis test and Mann-

Whitney test were used for statistical analysis.

Results: We observed that the attenuation of TLR1/TLR2 activation was seen upon sevoflurane 

exposure, but not upon isoflurane, propofol, or dexmedetomidine exposure. The attenuation of 

TLR2/TLR6 activation was not seen in any of the anesthetics tested. The rigid docking simulation 

predicted that sevoflurane and Pam3CSK4 bound to the same pocket of TLR1/TLR2 complex. The 

binding of Pam3CSK4 to HEK-TLR2 cells was impaired in the presence of sevoflurane, indicating 

that sevoflurane and Pam3CSK4 competed for the pocket, as predicted in silico. The stimulation of 

neutrophils with Pam3CSK4 induced L-selection shedding, but did not affect phagocytosis and 

reactive oxygen species production. L-selectin shedding from neutrophils was attenuated only by 

sevoflurane, consistent with the result of our reporter assays.

Conclusions: We found that TLR1/TLR2 activation was attenuated by sevoflurane, but we 

found no evidence for an attenuation by isoflurane, propofol or dexmedetomidine at clinically 

relevant concentrations. Our structural analysis and competition assay supported that sevoflurane 

directly bound to TLR2 at the interphase of TLR1/TLR2 complex. Sevoflurane attenuated 

neutrophil L-selectin shedding, an important step for neutrophil migration.

Introduction

Immune cells are mounted with a number of pattern recognition receptors (PRRs) that 

recognize endogenous danger signals from injured tissues and foreign pathogens 

(‘alarmins’). Toll-like receptors (TLRs) are part of the PRR family and evolutionarily 

ancient mediators for innate host defense 1. So far 10 human TLRs (TLR1-TLR10) and 12 

mouse TLRs (TLR1-9, TLR11-13) are identified. Neutrophils are the most abundant 

leukocytes in human blood, and the first host defense innate immune cells reacting to stress 

such as surgery and infection. Human neutrophils express most of the TLRs (TLR1, TLR2, 

TLR4, TLR5, TLR6, TLR7, TLR8, TLR9 and TLR10) 2. Among them, TLR2 and TLR4 are 

unique that they bind to a variety of ligands. TLR4 binds to Gram negative bacterial 

constituent lipopolysaccharide and a number of endogenous alarmins. TLR2 is best known 

for its binding to ligands from Gram positive bacteria. It also binds to Gram negative 

bacteria, virus, fungus, helminth and many endogenous alarmins 3.

Clearly TLR2 is important in infection. TLR2 knockout mice inoculated with 

Staphylococcus aureus (S. aureus), Mycoplasma and Mycobacterium suffered from higher 

bacterial loads and death compared to wild type mice 3–5. Patients with TLR2 polymorphism 

were susceptible to tuberculosis 5. TLR2 is also involved in the development of ischemia-
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reperfusion injury, a neutrophil driven pathophysiology often experienced intraoperatively 6. 

It is therefore important to know if TLR2 functions are affected in the perioperative setting. 

Anesthesia is a requisite component of surgery. General anesthesia is typically provided by 

volatile and intravenous anesthetics. We and others have reported that these anesthetics can 

be immunomodulatory 7–14. Recently we found that volatile anesthetics isoflurane and 

sevoflurane directly bound to TLR4 and inhibited its function 15. TLRs have characteristic 

leucine-rich-repeat (LRRs) 16. The ectodomain of TLR2 and TLR4 can be split into three 

subdomains; N-terminal, central and C-terminal subdomains. Because TLR2 and TLR4 are 

structurally alike (Fig. 1), we hypothesized that volatile anesthetics would also affect TLR2 

function as they did on TLR4. We examined the effect of anesthetics on TLR2 activation and 

their mechanism. We also studied the effect of anesthetics on the function of neutrophils 

stimulated with TLR2 ligands.

Methods

The nuclear factor κ-light-chain-enhancer of activated B cells (NFκB) activation by TLR 
ligands

THP-1 blue cells (InvivoGen; San Diego, CA, USA) are human monocytic leukemia cell 

line with an NFκB-inducible secreted embryonic alkaline phosphate (SEAP) reporter 17. 

Similarly, TLR2 reporter cell lines, HEK-TLR2 cells containing an NFκB-inducible SEAP 

reporter (InvivoGen) were used. Both cells were cultured per the company’s protocol. They 

were stimulated with Pam3CSK4 (100 ng/mL) or lipoteichoic acid (LTA, 10 μg/mL) (both 

from InvivoGen) for 6 hours. In the experiments where cells were exposed to volatile 

anesthetics, they were placed in an air-tight chamber with inflow and outflow ports. 

Isoflurane or sevoflurane was introduced from the inflow port connected to the vaporizer 

with air passing through as a carrier and they were exposed for 6 hours as we previously 

performed 18. The concentration of volatile anesthetics was measured using infrared 

spectroscopy (Ultima; Datex Instrument Corp, Helsinki, Finland) as previously performed19. 

Intravenous anesthetics (propofol, dexmedetomidine) were added to corresponding wells for 

6 hours. Stock solutions for propofol and dexmedetomidine were dissolved in 

dimethylsulfoxide (DMSO), and the final concentration of DMSO was kept the same (0.1%) 

for propofol and dexmedetomidine experiments. Clinically used intralipid containing 

propofol was used in some of the experiments. NF-κB activation was assessed by using the 

reaction buffer Quanti-Blue to quantitate SEAP in the medium per the company protocol. 

Samples were subjected to a spectrophotometer analysis at 655 nm.

Determination of isoflurane and sevoflurane concentrations in culture media

The concentrations of dissolved isoflurane and sevoflurane were determined by liquid 

chromatography with mass spectrometry detection (UPLC/MS). Culture medium was 

collected immediately following exposure to isoflurane and sevoflurane in air-tight glass 

containers without air space as we previously performed20. Samples were diluted in mobile 

phase comprised of Part A pure methanol MS grade and Part B 0.1% formic acid in MilliQ 

water. All samples were assayed with an Acquity H-Class UPLC with a XEVO TQ triple 

quadrupole mass spectrometry detector (Waters CO., Milford, MA). We used an Acquity 

UPLC BEH 18 1.7 μm 2.1 x 100 mm column, with a VanGuard Pre-Column 2.1 x 5 mm 
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guard. The mobile phase was run on a gradient from 95% B to 90% A for 5.5 minutes. The 

flow rate was 0.3 mL/min and the injection volume was 3 μL. The detection was carried out 

by Multiple Reaction Monitoring (MRM) under positive mode. For isoflurane we used the 

transitions 185.067 > 99.867 and 185.067 > 143.927, while for sevoflurane we used 201.039 

> 153.867 and 201.039 > 168.896. Data acquisition and instrument control was done by 

Masslynx 4.1 software (Waters Co.). The accuracy and precision (% coefficient of variation) 

were 97.2-99.5% and 1.8-4.7%, respectively.

Rigid docking simulation of sevoflurane on TLR1/TLR2

Potential sevoflurane binding sites on human TLR1/TLR2 were predicted in silico using 

SiteMap (Schrodinger LLC; Cambridge, MA, USA). First, Pam3CSK4 was removed from 

PDB: 2Z7X21 to create apo-TLR1/TLR2 structure. The protein structure was prepared using 

the built-in protein preparation wizard. “Site” was defined as the protein surface suitable for 

binding of a ligand to the receptor. SiteMap was set as follows: 15 site points per reported 

site, report up to 5 sites, using a restrictive definition of hydrophobicity, standard grids and 

cropping site maps at 4 angstroms from the nearest site point. The OPLS_2005 force field 

was used for calculation. An estimated binding site with the highest score was then 

embedded into the grid with the size of 20 x 20 x 20 cubic angstroms for docking with 

sevoflurane using Autodock Vina (The Scripps Research Institute; La Jolla, CA, USA).

Pam3CSK4 competitive binding assay using HEK cells stably transfected with TLR2

HEK cells stably transfected with human TLR2 (HEK-TLR2) were kindly given by Dr. 

Dennis Kasper (Brigham and Women’s Hospital, Boston, MA, USA). HEK and HEK-TLR2 

cells were maintained in RPMI1640 with 10% heat-inactivated FBS/ 2 mM L-glutamine. 

Pam3CSK4-biotin and streptavidin-allophycocyanin (APC) were co-incubated for multimer 

formation. The multimer was co-incubated with either HEK cells or HEK-TLR2 cells for 60 

min at 37°C. Some cells were co-incubated with the multimer under isoflurane or 

sevoflurane for 60 min using an air-tight chamber as above. After washing, cells were 

subjected to flow cytometry analysis using Accuri 6 (BD Biosciences; Franklin Lakes, NJ, 

US). Binding% of Pam3CSK4 under sevoflurane was calculated as [mean fluorescence 

intensity (MFI) of HEK-TLR2 cells – MFI of HEK cells]/ [average MFI of HEK-TLR2 cells 

without sevoflurane – average MFI of HEK cells without sevoflurane] x 100(%).

L-selectin shedding assay in neutrophils

Blood was obtained from healthy volunteers and heparinized. The protocol was approved by 

the Institutional Review Board at Boston Children’s Hospital. Whole blood was stimulated 

with Pam3CSK4 (concentration; 100 ng/mL) and LTA (concentration; 10 μg/mL) under 

isoflurane, sevoflurane, propofol or dexmedetomidine, and the degree of L-selectin shedding 

from neutrophils was probed with anti-CD62L antibody (DERG-56; Biolegend, San Diego, 

CA, USA). Blood was subjected to lysis using FACS lysis buffer (BD; Franklin Lakes, NJ, 

USA) and flow cytometry analysis. Neutrophil population was gated from forward and side 

scatters as we previously performed 22.
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CD11b expression analysis on neutrophils

CD11b is a proinflammatory molecule, and its expression level increases upon 

inflammation. Heparinized blood was stimulated with Pam3CSK4 or LTA (final 

concentration: 100 ng/mL) under different anesthetics, and CD11b expression was probed 

with anti-CD11b antibody (ICRF44, Biolegend). Blood was lyzed and subjected to flow 

cytometry analysis as above. Neutrophils were gated from forward and side scatters.

Whole blood phagocytosis assay

Heparinized blood was subjected to phagocytosis assay using latex beads labeled with 

fluorescein isothiocyanate (FITC). Latex beads were opsonized with human plasma. The 

opsonized latex beads were co-incubated with Pam3CSK4 (100 ng/mL) or LTA (10 μg/mL) -

stimulated whole blood under anesthetics for 30 min at 37°C. After quenching, samples 

were subjected to lysis and washing, and analyzed by flow cytometry analysis. Neutrophils 

were gated from forward and side scatters.

Whole blood reactive oxygen species (ROS) production measurement

Heparinized blood was stimulated with Pam3CSK4 (100 ng/mL) or LTA (10 μg/mL). Blood 

was further stimulated with N-formylmethionine-leucyl-phenylalanine (fMLP, 100 ng/mL). 

ROS production was examined using rhodamine 123 (Invitrogen). Samples were subjected 

to lysis and washing, and analyzed by flow cytometry. Neutrophils were gated as forward 

and side scatters.

Statistical analysis

Statistical analysis methods were performed using PRISM 5 software (GraphPad; La Jolla, 

CA, USA). Detailed statistical analysis was described in the corresponding figure legends. 

Briefly, we used Kruskal-Wallis test to compare the groups in analyses involving more than 

two groups, and Dunn’s post hoc test was subsequently used for pairwise comparisons 

between specific groups. For analyses in which only two groups were compared, a Mann-

Whitney test was used. Statistical significance was considered when p< 0.05. An a priori 

sample size calculation was not performed, and we empirically chose 6-8 replicates per 

group.

Results

Sevoflurane attenuated TLR1/TLR2 activation

TLR2 is unique among TLRs to form functional heterodimers with other TLR members 

(TLR1 and TLR6) 3. The heterodimer formation may allow it to bind to a diverse array of 

ligands. TLR2 binds to Gram positive wall products lipoproteins and LTA 3. Pam3CSK4 is a 

triacyl lipoprotein /lipopeptide analogue and a TLR1/TLR2 agonist. LTA is a TLR2/TLR6 

agonist. First, THP-1 cells were stimulated with Pam3CSK4 and LTA at a range of 

concentrations for 6 hours (Supplemental Fig. 1). Based on this result, 100 ng/mL for 

Pam3CSK4 and 10 μg/mL for LTA were used in subsequent reporter assays. THP-1 blue 

cells were stimulated with Pam3CSK4 or LTA under isoflurane, sevoflurane, 

dexmedetomidine or propofol at a range of concentrations. Pam3CSK4 induced-TLR2 
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activation was attenuated by sevoflurane, but we did not observe attenuation by LTA 

stimulation (Fig. 2A–B). Attenuation of TLR2 activation by isoflurane was observed in 

neither Pam3CSK4- nor LTA-stimulated samples. Of note, we examined isoflurane and 

sevoflurane concentrations in the culture medium, which were 0.34 mM for 1% isoflurane 

and 0.28 mM for 1% sevoflurane, respectively. We did not find any evidence that 

intravenous anesthetics dexmedetomidine and propofol affected TLR2 activation within their 

clinically relevant concentrations (the clinically relevant concentrations of dexmedetomidine 

and propofol are < 0.01 μM 23–25 and up to ~50 μM 26–28, respectively). Both 

dexmedetomidine and propofol attenuated TLR2 activation only at the very high 

concentration (100 μM). We also tested clinically used propofol, containing intralipid. We 

did not observe change even at 100 μM (Supplemental Fig. 2). In addition, we tested the 

effect of sevoflurane and isoflurane in HEK-TLR2 reporter system. Sevoflurane attenuated 

TLR1/TLR2 activation (Fig. 3A). We did not observe the change of TLR2/TLR6 activation 

by sevoflurane (Fig. 3B), supporting our findings in THP-1 cell system.

Rigid docking simulation predicted that sevoflurane bound to the internal pocket of TLR2

Data so far showed that sevoflurane attenuated TLR2 activation by TLR1/2 agonist. 

Pam3CSK4 bind to the pocket in TLR2 at the interphase between TLR1 and TLR2 (we call 

‘internal pocket’) (Fig. 1A). Because this pocket is very hydrophobic, we hypothesized that 

sevoflurane directly bound to this pocket and impaired its function. First, we performed in 
silico docking simulation to examine if sevoflurane would bind to TLR2 using the 

previously solved TLR1/TLR2 structure (PDB: 2Z7X). Sevoflurane was predicted to bind to 

the internal pocket (Fig. 4A–B). Many hydrophobic residues were nearby from the docked 

sevoflurane (i.e. within 4 angstroms from the docked sevoflurane), which included Ile-319, 

Phe-322, Phe-325, Leu-328, Ser-346, Lys-347, Val-348, Phe-349 and Leu-350 (Fig. 4C). 

Pam3CSK4 interacts with Ile-319, Phe-325, Leu-328, Val-348 and Leu-350 via hydrophobic 

interactions and with Phe-439 via hydrogen bond 21. This fitted with our hypothesize that 

sevoflurane would compete with Pam3CSK4 at the internal pocket for TLR2 binding.

Sevoflurane attenuated Pam3CSK4 binding to TLR2

To test our hypothesis, we performed competitive binding assay of Pam3CSK4 to HEK-

TLR2 cells with or without volatile anesthetics. Knowing that Pam3CSK4 multimer 

effectively bound to TLR2 as non-multimer Pam3CSK4 (Supplemental Figure 3), we used 

multimer system for volatile anesthetic competition assay. Our data showed that sevoflurane 

significantly reduced the binding of Pam3CSK4 to TLR2, but isoflurane did not (Fig. 4D), 

compatible with our reporter assay experiments (Fig. 2A, 3A). IC50 of sevoflurane was 1.4 

(95% Confidence Intervals: 0.15-12.9). In summary, our data supported that sevoflurane 

directly bound to TLR2 to attenuate its activation.

Sevoflurane attenuated neutrophil L-selectin shedding in human whole blood

Neutrophils are critical for first-line defense during infection but also cause tissue injury 

such as ischemia-reperfusion injury in the intraoperative setting, where TLR2 is involved in 

these processes 29. Therefore, we examined the effect of anesthetics on neutrophils 

stimulated with TLR2 ligands. Circulating neutrophils are typically attracted to the site of 

infection/ inflammation via the following mechanism; When neutrophils become activated 
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with proinflammatory mediators, L-selectin on neutrophils binds to glycans on the 

endothelial cells to initiate neutrophil tethering and rolling along the luminal walls of post-

capillary venules 30. Then, they make an arrest on the endothelial cells before migrating to 

the target site. L-selectin is shed from the surface of rolling neutrophils, which is the step 

necessary for an efficient transendothelial migration of neutrophils 31,32. Shedding occurs by 

proteolytical cleavage of L-selectin 33. Once neutrophils are recruited to their destination, 

they kill bacteria by phagocytosis or ROS production. First, we examined the effect of 

anesthetics on shedding. Only sevoflurane attenuated neutrophil L-selectin shedding induced 

by Pam3CSK4 (Fig. 5A). We did not observe the attenuation of LTA-induced L-selectin 

shedding by sevoflurane. CD11b expression is often used as a neutrophil activation marker. 

CD11b expression was upregulated after both Pam3CSK4 and LTA stimulation (Fig. 5B). 

The upregulation of CD11b expression was attenuated by isoflurane and sevoflurane under 

Pam3CSK4 and LTA stimulation (Fig. 5B). Isoflurane inhibits CD11b directly 11. This might 

explain the results of isoflurane experiment. We also examined neutrophil ROS formation 

and phagocytosis. A significant ROS formation and phagocytosis were elicited by neither 

Pam3CSK4 nor LTA (Supplemental Fig. 4).

Discussion

Here we found that sevoflurane attenuated TLR1/TLR2 activation by competing with 

Pam3CSK4 for the internal pocket on TLR2. However, we did not observe the attenuation of 

TLR1/TLR2 activation by another ether-derivative volatile anesthetic isoflurane. We did not 

find any evidence that intravenous anesthetics dexmedetomidine and propofol attenuated 

TLR2 activation within their clinically relevant concentrations. The shedding of Pam3CSK4-

induced L-selectin was attenuated by sevoflurane. We did not find that LTA-induced L-

shedding was affected by sevoflurane, in line with our reporter assays. The upregulation of 

CD11b expression in human neutrophils were attenuated by isoflurane and sevoflurane.

TLR2 is predominantly expressed on myeloid cells and endothelial cells. Neutrophils are the 

most abundant myeloid cells and protect host from infection. Neutrophils are double-edge 

swords because they can also cause organ injury such as ischemia-reperfusion injury during 

surgery, which could contribute to significant perioperative morbidity and mortality 29. 

Alarmins such as high-mobility group box 1 (HMGB1) and heat shock proteins (HSPs) are 

TLR2 ligands and produced from tissues that experience ischemia and cell death 34. 

Migration of overwhelmingly activated neutrophils to the previously ischemic tissues upon 

reperfusion can lead to a significant tissue injury. Thus tight regulation of neutrophil 

function is necessary to allow neutrophils to effectively eradicate invading pathogens while 

limiting tissue damage and organ dysfunction 29. The inhibition of L-selectin shedding 

reduces leukocyte migration. CD11b is not only used as an activation maker, but also works 

as complement receptor for microbial phagocytosis 35,36. In the setting of infection, the 

attenuation of neutrophil functions by sevoflurane may not be necessarily favorable in S. 
aureus, Mycoplasma and Mycobacterium infections as TLR2 knockout mice showed worse 

outcomes 3–5. However, the effect of sevoflurane on TLR2 may be beneficial to mitigate 

neutrophil-driven tissue damage in the setting of ischemia-reperfusion injury. Knowing that 

the attenuation of L-selectin shedding by TLR2 ligands was not observed by isoflurane, it 

will be clinically important to compare the effect of isoflurane and sevoflurane on ischemia-

Mitsui et al. Page 7

Anesth Analg. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reperfusion injury. HMGB-1 is one of major alarmins, and binds to both TLR2 and TLR4 on 

neutrophils 37. Although it is reported that TLR2 and TLR4 respond to HMGB-1 differently 

regarding cytokine release 38, it remains to be examined if HMGB1 has a distinct role in 

TLR2 and TLR4 functions in the setting of ischemia-reperfusion injury. HSPs also interact 

with TLR2 and TLR4. We did not examine the impact of HMGB1 and HSPs on neutrophils 

and the effect of anesthetics. Because both isoflurane and sevoflurane attenuated TLR4 

function 15, whether or not the distinct difference between isoflurane and sevoflurane in the 

effect on TLR2 function will translate into pathophysiological difference needs to be 

investigated in the future. In addition to its role in leukocytes, the activation of endothelial 

cells by TLR2 ligands promotes them to release proinflammatory cytokines, which enhance 

vascular leakage 39. We did not study the effect of anesthetics on TLR2 on the endothelial 

cells, but we expect that sevoflurane exposure will attenuate TLR2 function on the 

endothelial cells and limit proinflammatory cytokine release.

As a target of sevoflurane on TLR2 signaling, we primarily focused on the cell surface 

receptor. This was primarily due to that fact that we observed the attenuation of TLR1/

TLR2-mediated NFκB activation by sevoflurane but did not see the attenuation of TLR2/

TLR6-mediated activation with the assumption that TLR1/TLR2- and TLR2/TLR6-

mediated NFκB activation uses the same signaling pathway. It is possible that sevoflurane 

can interact with intracellular signaling molecules, but we consider this as a future study. 

The upregulation of CD11b expression by Pam3CSK4 and LTA was attenuated by both 

isoflurane and sevoflurane. The phenotype of isoflurane may be explained by its direct effect 

on CD11b 11. Because our study was done in vitro, in vivo validation of our findings needs 

to be done in the future.

Isoflurane and sevoflurane are structurally similar, derived from ether as their prototype. 

However, we found that only sevoflurane interacted with TLR2. Sevoflurane (154 cubic 

angstroms)40 is slightly larger than isoflurane (144 cubic angstroms)40. Because the 

predicted binding pocket size of TLR2 was large enough (174 cubic angstroms) to 

accommodate isoflurane as well, it still remains to be determined about the pocket’s 

selectivity. Our recent investigation showed that Fas death domain (DD) and Fas-associated 

DD (FADD) interaction was inhibited by sevoflurane, not by isoflurane 12. It will be 

important to delineate the underlying mechanism of this selectivity to further understand the 

interaction of volatile anesthetics with proteins, which may help to decipher the yet-to-be 

determined mechanism of anesthesia.

In our THP-1 reporter assay, both propofol and dexmedetomidine at 100 μM attenuated 

Pam3CSK4-mediated NFκB activation. However, we did not find that clinically used 

propofol attenuated NFκB activation even at 100 μM. Clinically used propofol contains lipid 

emulsion (intralipid). Because THP-1 cells express lipase, fatty acids can be produced from 

intralipid by their lipase activity. Saturated fatty acids are known ligands for TLR2 and 

TLR4. Thus, propofol dissolved in intralipid may have very different effects on TLRs under 

different in vitro conditions and in vivo.
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In summary, we have shown that sevoflurane reduced TLR1/TLR2 activation and attenuated 

neutrophil shedding associated with it. However, the implication of our in vitro findings 

needs further validation in clinical settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary of Terms

PRR pattern recognition receptor

TLR Toll-like receptor

S. aureus Staphylococcus aureus

LRR leucine-rich repeat

NFκB nuclear factor κ-light-chain-enhancer of activated B cells

SEAP embryonic alkaline phosphate

LTA lipoteichoic acid

APC allophycocyanin

fMLP N-formylmethionine-leucyl-phenylalanine

ROS reactive oxygen species

HMBG1 high-mobility group box 1

HSP heat shock protein

DD death domain

FADD Fas-associated DD
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Key points

Question:

What is the effect of anesthetics on Toll-like receptor 2, an important receptor to 

recognize invading pathogens and endogenous danger signals?

Findings:

Sevoflurane bound to Toll-like receptor 2, attenuated its activation, and mitigated 

neutrophil L-selectin shedding.

Meaning:

Toll-like receptor 2 is one of sevoflurane targets for immunomodulation.
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Figure 1. Horseshoe structure of TLR2 and TLR4
Structures of (A) TLR2 (left, PBD: 2Z7X, TLR1/2 ligand Pam3CSK4 was removed from the 

original structure) and (B) TLR4 (right, PBD: 3FXI) were shown. Blue lines indicated the 

borders between N-terminal and central subdomains or between central and C-terminal 

subdomains. The red circle indicated the binding site of TLR2 ligands Pam3CSK4 and 

Pam2CSK4. In (A), The pocket in TLR2 dimerized with TLR1 was shown.
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Figure 2. The effect of anesthetics on TLR2 activation in THP-1 cells
TLR2 activation by (A) TLR1/TLR2 agonist Pam3CSK4 (100 ng/mL) and (B) TLR2/TLR6 

agonist LTA (10 μg/mL) was examined under anesthetics (isoflurane, sevoflurane, 

dexmedetomidine or propofol) in THP-1 blue cell system. Data were shown as mean +/− 

S.D. 8 independent replicates were used per group. Statistical analysis was performed using 

Kruskal-Wallis test with Dunns post hoc analysis. *, ** and *** adjusted p< 0.05, < 0.01, 

and < 0.001 vs samples stimulated with TLR2 ligands and without anesthetics. n.s = not 

significant.

Mitsui et al. Page 14

Anesth Analg. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. The effect of volatile anesthetics on TLR1/TLR2 activation in HEK-TLR2 cells
TLR1/TLR2 activation by Pam3CSK4 (100 ng/mL) and TLR2/TLR6 activation by LTA (10 

μg/mL) was examined under isoflurane and sevoflurane using HEK-TLR2 reporter cells. 

Data were shown as mean +/− S.D. 8 independent replicates were used per group. Statistical 

analysis was performed using Kruskal-Wallis test with Dunns post hoc analysis. * denotes 

adjusted p< 0.05 vs samples stimulated with Pam3CSK4 and without anesthetics.

Mitsui et al. Page 15

Anesth Analg. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Sevoflurane interaction with TLR2
(A, B, C) Rigid docking simulation was performed to predict sevoflurane binding on TLR1/

TLR2. Sevoflurane bound to the internal pocket on TLR2 that Pam3CSK4 binds to (A, B). 

Blow-out image of the sevoflurane binding site. The nearby residues around sevoflurane 

(within 4 angstroms from the sevoflurane) are shown with sticks.

(D) Pam3CSK4 binding to HEK-TLR2 cells was tested with or without volatile isoflurane or 

sevoflurane. Data were shown as mean +/− S.D. 6 independent replicates were used per 

group. Kruskal-Wallis test with Dunns post hoc analysis was performed for statistical 

analysis. *, **, and *** denote adjusted p< 0.05, 0.01, and 0.001 vs mock, respectively. n.s.; 

not significant, ISO; isoflurane, SEVO; sevoflurane, VA; volatile anesthetic.
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Figure 5. The effect of anesthetics on neutrophil functions
The effect of anesthetics (isoflurane, sevoflurane, dexmedetomidine or propofol) on 

neutrophil L-selectin shedding (A) and CD11b expression (B) was examined. Data were 

shown as mean +/− S.E. of mean of 6 independent experiments. Statistical analyses were 

performed using Kruskal-Wallis test with Dunns post hoc analysis. n.s.= not significant. * 

and ** adjusted p<0.05 and < 0.01 vs TLR2 ligand stimulation groups without anesthetics, 

respectively. ISO; isoflurane, SEVO; sevoflurane, DEX; dexmedetomidine.
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